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PREFACE 

It is my great pleasure to welcome you, the participants of the 6th Historic Mortars Conference 

(HMC 2022), live and online, at the Faculty of Civil and Geodetic Engineering of the University of 

Ljubljana. The HMC 2022 Conference is held this time as a hybrid conference, with seventy live and ten 

online participants. The participants come from all five continents, despite the restrictions due to the 

COVID-19 disease. 

Today, we can already say that the HMC conferences have become an internationally recognized 

series of conferences designed to inform the scientific and professional public about the progress of 

materials and technologies in the field of preservation, conservation and strengthening of historic 

structures. The implementation of the conferences is supported by the members of the technical 

committees of RILEM in the fields of historic mortars and grouts and test methods for evaluating their 

properties. Therefore, HMC 2022 is a conference supported by RILEM. Ljubljana is the sixth European 

city in a row to host a HMC conference, after Lisbon, Prague, Glasgow, Fira on Santorini and Pamplona. 

I would therefore like to take this opportunity to thank my predecessors who have presided over these 

conferences. Rosario Veiga, Jan Valek, John Hughes, Ioanna Papayianni and Jose Ignacio Alvarez, 

without you there would be no HMC 2022. 

The topics of HMC 2022 are not much different from those of previous conferences. This time, 

however, the focus is more on historic materials, where Portland cement is the binder, and on the 

structures in which these materials are used. This is related to the Slovenian architect Jožef Plečnik, 

who used cement and concrete in abundance. Ljubljana, but also Vienna, Prague and Belgrade, were 

most influenced by his architectural work. In 2021, selected works by Plečnik in Ljubljana were included 

in the UNESCO List of World Cultural and Natural Heritage, and the Government of the Republic of 

Slovenia declared 2022, when we celebrate the 150th anniversary of the architect's birth, as Plečnik 

Year. 

It is therefore no coincidence that both invited speakers at HMC 2022 will focus on Plečnik's legacy. 

Prof. Johannes Weber will present the advantages of image-related microanalysis using samples from 

Plečnik's buildings, while Ana Porok, curator of the Plečnik House, will present Plečnik's Ljubljana to 

the conference audience. 

The venue of the conference is the main building of the Faculty of Civil and Geodetic Engineering of 

the University of Ljubljana, which is protected as architectural heritage. I would like to thank many 

who made HMC 2022 possible: the faculty's management and support services, the sponsors for their 

invaluable support, my colleagues at the Chair of Testing in Materials and Structures, as well as Robert 

Klinc and Romana Hudin. 

The conference does not only consist of lectures and discussions after lectures and during the 

breaks. An important part is the informal gatherings of the participants. In Ljubljana, we will meet in 

two important historic buildings, the Ljubljana Castle and Cukrarna, a former sugar refinery that now 

serves as an exhibition space for contemporary art. This was made possible by the Mayor of Ljubljana, 

Mr. Zoran Janković. Therefore, a heartfelt thank you to the City of Ljubljana and the Mayor. 
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My special thanks go to the members of the Scientific Committee of the conference for their 

dedication and responsiveness in the process of reviewing the papers, and for many constructive 

comments and suggestions for improvement. Thanks to your, the contributions in the conference 

proceedings are of very high quality. 

Last but not least, I would like to thank all the speakers, chairpersons and conference participants. 

Together you make this HMC 2022 a success. 

prof. dr. Violeta Bokan Bosiljkov 

HMC 2022 Chair 
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IMPERIAL STYLES, FRONTIER SOLUTIONS: ROMAN WALL PAINTING 
TECHNOLOGY IN THE PROVINCE OF NORICUM 

Anthony J. Baragona1*, Pavla Bauerová2,3 and Alexandra S. Rodler4,5* 

(1) Freelance, affiliated with the University of Applied Arts, Vienna Salzgries 14/1, Vienna, Austria A-1013  
(2) Institute of Theoretical and Applied Mechanics of the Czech Academy of Sciences, Prosecká 809/76, 190 00 

Prague 9, Czech Republic 
(3) Faculty of Civil Engineering, Czech Technical University in Prague, Thákurova 7/2077, 166 29 Prague 6, Czech 

Republic  
(4) Research Group Object Itineraries, Department of Historical Archaeology, Austrian Archaeological Institute, 

Austrian Academy of Sciences, Franz Klein-Gasse 1, 1190 Vienna, Austria 
(5) Department of Lithospheric Research, University of Vienna, USZ 2, Althanstrasse 14, 1090 Vienna, Austria  

Abstract: Most of today’s Austria was part of the alpine province of Noricum, formally 

incorporated into the Roman Empire in the first century C.E.  As trade flourished the area was quickly 

Romanized and this is reflected by surviving wall paintings exhibiting high proficiency in painting and 

plastering technique and utilizing precious and rare pigments.   

This contribution examines the differences that can be found in roughly contemporaneous Roman wall 

paintings from Noricum.  In the context of an ongoing study of Roman pigments, the chemical profile 

of the top paint layers of plaster fragments in museum collections that displayed monochrome and 

large-scale application of commonly available Egyptian Blue and expensive Cinnabar/Vermillion were 

analysed semi-quantitatively by portable XRF.  Then stratigraphic cross sections of wall painting 

samples were made from a selection of plaster fragments that included every plaster preparation layer 

down to the arriccio. These were examined by light microscopy, SEM/EDX and digital image analysis.  

Through this process, this study intended to determine if there is a correlation between changes in 

pigment production and painting and plastering technique.    

These methods were able to reveal the technical differences in how wall paintings were prepared and 

how pigments were used in different ways at several Roman sites of Noricum.  The sites closer to Italia 

province showed artisanship more closely resembling that used in the central Empire, while those 

further north evolved a unique style.  This finding reflects trade routes and the development of 

regional techniques in the Alpine area.     

1 Introduction 

During the 1st century C.E., much of the alpine region of today’s Austria was part of the Roman province 

of Noricum, where the local Celtic cultures were in the process of rapidly becoming Romanised.  As 

part of an ongoing geochemical study by the authors focusing on the provenance/ production of the 

pigments Egyptian Blue (EB) and cinnabar used in the Roman wall paintings of Noricum (as well as 

elsewhere in the Roman Empire), a diversity of painting and plastering techniques were revealed.   

Portable XRF was used to aid in the selection of fragments bearing EB or cinnabar pigments with similar 

chemical profiles.  From these, eleven samples were selected and processed into polished cross 

sections to expand the study beyond the surface analysis of pigments into one that considered the 
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entire wall painting package from paint layer to arriccio. This was done to reveal similarities or 

differences in materials and processing techniques used for wall paintings at Italian and Noric sites (ca. 

1st century C.E.) as well as diachronic changes between important sites in the Roman peripheral 

province of Noricum (1st to 3rd century C.E.). Samples from diverse locations throughout the Empire 

were selected to further understand trade, production and application of Roman paint and pigment 

for use in decorating plastered walls, and how practices differed between the central areas of the 

Empire and Noricum; these sites are detailed in the following section 1.1. 

This work focuses on plaster bearing paint containing either Egyptian blue (EB) or cinnabar.  EB is 

widely recognized as the first artificial pigment; it is a synthetic form of the mineral cuprorivaite, made 

from relatively common materials available locally [1-3]. Cinnabar (mercury sulfide), on the other hand 

is a rare ore found in only a few places in the Mediterranean basin.  It was ground up for use as a 

prestigious red pigment and often mixed with more locally available (and cheaper) ochre (iron oxides) 

pigments.  While ancient sources name the mine in Almadén, Spain as the main source of cinnabar, it 

is known that the Romans uses sources from Italy and Slovenia as well [4-7].   Although rare, cinnabar 

paint was used throughout the Roman empire and therefore is believed to have been widely traded 

[8-10].  Thus, the study of these two pigments and how they were used helped to form a narrative 

describing both local artisanship and long-distance trade in the province of Noricum and how these 

are reflected in wall painting technique.      

1.1 Archaeological Context of the Sample Material 

To discover evidence of trade in materials and (potential) knowledge transfer of wall painting 

techniques, samples from diverse archaeological sites were analysed, including four from the province 

of Noricum and two from more central and established regions of the Empire.   These are detailed 

below, with the “central” sites listed first, and flowed by those in Noricum listed by increasing distance 

from Rome.  

The city of Pompeii was located near Naples in the Campania region of Italy, close to the Egyptian blue 

production sites in the Bay of Naples [11,12]. Due to the eruption of Mount Vesuvius in 79 C.E., wall 

paintings buried by ash are exceptionally well preserved and are the foundation for comparative 

analysis of wall painting styles across the Roman world. Two Pompeiian wall painting fragments with 

Egyptian blue top paint layers were used for this current work. They were collected from the 

frigidarium of the Sarno Baths (Regio VIII, Insula 2, modern house #17-21) in the southern part of 

Pompeii. This building was probably constructed in the Late Republican age and underwent several 

architectural changes until the destruction of Pompeii in 79 C.E. [13, 14].  

Ephesus, located in today’s Turkey, was an ancient port city and trading hub on the Aegean Sea [15] 

that became part of the Roman Empire as the capital of Asia Minor in 129 B.C.E. Wall painting 

fragments with cinnabar paint were collected from storage boxes at the Excavation House at Ephesus 

coming from two of the building complexes at Ephesus, Terrace House 1, which  covers an area of app. 

3000 m2 and consists of five living units with multiple rooms each and Terrace House 2, which covers 

an area of app. 4000 m2; it consists of seven living units. Both Terrace House 1 and 2 were built in the 

first century C.E. and destroyed during an earthquake in 262/263 C.E.  
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Celeia (Celje, Slovenia) received municipal rights as Municipium Claudium Celeia in 45 C.E. and a road 

connected Aquileia through Celeia to Pannonia. Two samples (with EB) were collected and analysed 

for this work. They are from the Museum square (Muzejski trg) at Celje, where a Roman domus with 

four different rooms and dated to the 1st to 2nd century C.E. as well as parts of a small public thermae 

from the 3rd century C.E. were excavated. The samples are from a stratigraphic layer which was 

interpreted as a levelling for the 3rd century walking surface and consists only of debris of the 1st and 

2nd century C.E. domus. This domus was systematically demolished and all usable material was 

recycled. The walls of the domus were left up to 1.3 m high and space between these walls was filled 

with the levelling made from debris (up to 10 cm diameter and consisting of plaster, pieces of mortar, 

wall painting and stucco fragments, small pieces of brick and small stones). The wall paintings from 

this layer are all from the same building phase and dated to just after 80 C.E. 

The Municipium Flavia Solva (today’s Wagna) was founded in today’s south-eastern Styria, Austria, in 

70 C.E. This site had an important relevant role in connecting settlements of the early imperial period 

within and beyond the south-eastern Alps as well as the cultural and economic integration of Noricum 

into the Roman Empire [15]. Even though the Forum of Flavia Solva has not been located and there 

was no water transportation system or canalization, Flavia Solva was part of a far-reaching trade 

network and various commodities were also locally produced [16-18]. This site flourished in the 2nd 

century C.E. and again in the mid-3rd century C.E. until it was abandoned in the early 5th century C.E. 

[19]. Three samples of wall painting fragments (one EB, two with cinnabar) were taken from the 

excavation collection onsite and analysed for this work.  

The Municipium Claudium Teurnia (today's St. Peter in Holz) was established in today’s western 

Carinthia, Austria, in 48 C.E. and counts as one of the oldest Roman cities in the province of Noricum. 

The first living units of the terrace houses were most likely finalized in 66 C.E. and there was another 

important building phase between 141 – 161 C.E. after a fire [20]. The buildings are assumed to have 

been abandoned latest by the 3rd century C.E. [21,22]. Three samples (2 EB 1, cinnabar) were taken 

from the excavation collection onsite and analysed for this work.  

The Municipium Claudium Iuvavum (Salzburg, Austria) was founded in the 1st century C.E. and had its 

apogee in the mid-2nd to -3rd century C.E. A sample with a red top layer was taken from a fragment 

collection originating from an excavation in the city centre in 1999-2001.  The Roman structures were 

found underneath significant urban development - the 1st and 2nd inner courtyard and middle wing 

of the Neue Residenz – and are dated to the 2nd-3rd century C.E. (or perhaps even 1st-4th century 

C.E.). These structures are interpreted as workshops as well as prestigious houses with wall paintings 

(up to six layers) but no mosaic floors [23,24]. One sample of a wall painting fragment was collected 

and analysed for this work based on the cinnabar top layer.   

2 Methods 

The archaeological samples were collected during fieldwork at Ephesus in 2019 (Ephesus samples) and 

by collaboration with the relevant fragment collections in Austria in 2020 and 2021 (Noricum samples). 

The polychrome surface of wall painting fragments was first visually examined and then analysed using 

the handheld energy dispersive X-ray fluorescence (HH-EDXRF, XRF hereafter) spectrometer Olympus 
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InnovX Delta Premium 6000 (Rh anode, 8-40 keV, Si-drift detector, 4W X-ray tube, current of 5-200 

μA). Based on this semi-quantitative analysis of major and trace elements, wall painting fragments 

were selected for further analysis.  

Select samples of the wall painting fragments were prepared as stratigraphic polished cross sections 

and examined by light microscopy followed by scanning electron microscopy coupled with energy-

dispersive x-ray spectroscopy (SEM/EDX) analysis, performed using a Quanta FEG 250 (FEI, U.S.A.) 

scanning electron microscope coupled to the Octane Elect Plus EDX detector (Ametek/EDAX, U.S.A.) 

equipped with the Genesis EDX Quant software. The investigations were performed under high 

vacuum at an accelerating voltage of 15-20 kV in back scattered electron (BSE) detection mode1. 

Quantitative results of the size and distribution of pigment grains in the SEM images in the depth of 

the paint layers of the cross sections were attained by analysing the images with Image-J freeware. By 

this method, the SEM images of the paint film are over-exposed so that only the pigment grains are 

visible, which allows image-analysis software to count and measure the grains and the grain-to-grain 

distance of over a predetermined area.  This data was then processed through custom Microsoft Excel 

macros. 

2.1 Sample selection by XRF 

Seven wall painting fragments with Egyptian blue top layers and six wall painting fragments with a red 

paint surface were used for this work. The samples from Iuvavum, Pompeii and Celeia were selected 

by visual inspection, while all others by the detection of high mercury or copper concentrations by XRF. 

The semi-quantitative data obtained through XRF measurements are described below and shown in 

Table 1. 

2.1.1 Blue wall painting fragments 

Interpretation of the semi-quantitative XRF results shows that there are significantly higher Si 

concentrations for the two Teurnia samples compared to the Flavia Solva sample (Table 1). The iron 

and titanium concentrations are similar for all three Egyptian blue samples; calcium, copper, 

aluminium, and sulfur concentrations vary slightly between the three samples, while only the Flavia 

Solva sample contains tin and zinc concentrations that can be detected by XRF analysis. Moreover, the 

ratio of calcium to copper to silica (4 following the stoichiometry of cuprorivaite: CaCuSi4O10) is similar 

for the two Teurnia samples, and different between Flavia Solva and Teurnia, implying a local 

production for both.  

2.1.2 Red wall painting fragments 

The XRF results show variable silica, calcium, aluminium, and titanium concentrations. The iron 

concentrations are significantly higher for one Flavia Solva and one Teurnia sample; however, these 

two samples have lower mercury concentrations compared to the low-iron Flavia Solva sample, while 

the sulfur concentrations differ more between Flavia Solva and Teurnia. The ratio of Hg to S is 1.38 for 

 
1 Samples from Iuvavum and Flavia Solva were analysed using a Tescam MIRA II LMU SEM coupled with a Bruker EDX detector 

using the same settings at ITAM, Prague 9 (see co-authors above). 
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the low-iron Flavia Solva sample, while it is 0.7 for the high-iron Flavia Solva and Teurnia samples.  The 

two Ephesian samples have iron concentrations and Hg to S ratios like those of the 1st phase at Flavia 

Solva, while the cinnabar in the 2nd phase at Flavia Solva is more like that at Teurnia.  The interpretation 

of these data, as shown in Table 1, supports the hypothesis of changes in cinnabar source over time 

with stable trade routes throughout the Empire; this led to the further study of paint and plaster to 

search for similar patterns in the artisanship of the entire wall painting.   

 Table 1. Pigment Elemental Ratios as determined by XRF. 

 Cinnabar Egyptian Blue 

Site/            

Elements 

Flavia Solva 

1st phase 

Flavia Solva 

2nd phase 

Teurnia 

1st phase 
Ephesus 

Flavia Solva 

1st phase 

Teurnia 

1st phase 

Ca/Cu/4*Si - - - - 0.19 0.46 

Hg/S 1.38 0.73 0.70 1.52 - - 

Fe % 0.55 2.44 2.71 0.92 0.70 0.75 

3 Results 

Further study of the wall painting fragments was performed on polished stratigraphic cross sections of 

plaster bearing either Egyptian blue or cinnabar paint (or in the case of Iuvavum, both).  Optical 

microscopic, SEM/EDX and image-analysis results are given below grouped by color to understand 

more clearly the similarities or differences in materials and techniques used to process pigment and 

apply it as a paint to the plastered walls of the diverse Roman sites described herein. 

3.1 Egyptian Blue – Plaster and Paint Stratigraphy 

Examples of plasters that are painted with Egyptian blue paint from 4 different sites are given below 

in Fig. 1. The top two images of plaster from Pompeii and Celeia display the classic recommended 

Vitruvian artisanship of intonaco/ intonachino plaster layers that combine to be 4-6 mm thick.  They 

consist of well cured lime putty and crushed marble, providing a white, iridescent substrate to be 

painted on.  In the case of Pompeii, a thin underpainting layer of mixed carbon black and EB is directly 

beneath the final EB pain layer (see inset), while Celeia lacks such underpainting. While it can be 

presumed that the appearance of the painted surface of the Pompeii was intended to be darker than 

that at Celeia, the carbon black underpainting allowed for an economizing of the use of EB, detailed 

further in the SEM results in Section 3.2 and Fig. 3 that follow.    

. 
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Figure 1. 4 examples of cross sections of plaster bearing Egyptian Blue paint showing paint layer and 
intonachino/ plaster stratigraphy. The three sites from Noricum (Celeia, Teurnia and Flavia Solva)  
were founded around the same time as the destruction of Pompeii, with abandonment or re-use  

occurring by the 3rd century at latest.    

The two bottom samples in Fig. 1 above from the more remote, mountainous regions of Noricum 

(Teurnia and Flavia Solva), on the other hand, display a fundamentally different approach to achieving 

similar chromatic results (as Pompeii).  This may be partially due to the differing quality of EB pigment 

available at these sites (discussed in 3.2 below) which was apparently also used more liberally.  The 

grains of EB used at Flavia Solva are larger and rougher in appearance (see inset) and there is only a 

single, 2 mm thick intonachino layer above an arriccio containing rounded, fine aggregate.  The 

example from Teurnia contains 2 intonachino/intonaco layers, but rather than having a carbon black 

underpainting layer, has fine soot mixed into the final plaster layer, while in Flavia Solva, carbon black 

(soot) has been mixed into the paint.  While the application techniques used in Pompeii and Celeia are 

similar, they achieved a different chromatic effect due to the underpainting, while in the Noric 

examples, the same final color is achieved (as Pompeii – a dark blue shown in Fig. 1 insets), but by 

different means (perhaps different interpretations of the same technique).  These results point to 

artisans with similar knowledge attempting to achieve the same chromatic result.   

 

3.1.1  Egyptian Blue – Pigment Grain Chemistry and Morphology, Chemistry  

SEM/EDX results highlight the differences – and a few similarities - of the EB pigment used at Pompeii 

and the 3 sites in Noricum shown in this study.  Cuprorivaite (EB) was formed in ancient times by mixing 

(roughly) 4 parts quartz sand with 1 part calcium carbonate and 1 part (any) copper source with an 

alkaline flux and firing at temperatures readily achievable in a wood-burning kiln (850 – 1050 ºC) [1-3, 
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25-27].   The EDX results given in Table 2, which show the average values of measurements of both the 

crystalline (EB) and glassy phases of 5 pigment grains per sample, generally support this stoichiometry.   

Of particular interest are the nearly identical high content of sodium and low content of potassium 

remaining in the glassy phases, which would seem to indicate the use of natron and not wood ash at 

all sites as well as the lack of tin or zinc, indicating the use of pure copper (as opposed to bronze).     

Table 2. Elemental Ratios for the crystalline and glassy phases of EB as determined by EDX. 

 Atm % omitting C and O 

Si Ca Cu Fe Sn Zn Na K Al 

Pompeii          

crystalline 28.00 4.50 5.75 - - - - - - 

glassy 26.40 0.47 3.22 0.45 - - 5.25 1.00 2.50 

Celeia          

crystalline 27.00 6.75 6.50 - - - - - - 

glassy 25.50 1.25 2.25 1.00 - - 5.00 0.75 3.50 

Flavia Solva          

crystalline 26.50 7.00 6.25 - - - - - - 

glassy 26.25 0.50 2.00 1.00 - - 5.50 1.00 2.25 

Teurnia          

crystalline 19.00 3.00 8.00 - - - - - - 

glassy 20.00 1.00 2.00 1.00 - - 5.00 0.50 2.25 

 

However, the morphology of the EB grains is quite distinct from site to site, with the alpine Noricum 

sites displaying the greatest differences from those found at Pompeii. Figure 2 below shows typical EB 

pigment grains from each of the 4 sites.  While cuprorivaite (labelled “CuR”) is present in all samples, 

the shape of the crystals and the relationship with ancillary minerals displays differences likely related 

to firing conditions or processing of the pigment. While the example from Pompeii shows a large, well-

formed CuR crystal, what is important is not its size (which as the following section shows is atypical) 

but rather it’s cohesiveness and close integration with interstitial glassy and quartz phases.  The sample 

from Celeia is similar, with large single grains although the glassy phases are minimally present, 

perhaps due more to grain milling than the sintering process.  Small out-gassing pores are present in 

the Celeia CuR.  In the Teurnia and Flavia Solva samples, the crystals are typically smaller, but clustered 

and bound by relatively small glassy phases.  Quartz is more prevalent and in the case of Flavia Solva 

there is even vestigial lime (CaO). This evidence points to rather a lower temperature of formation, 

perhaps caused by a firing environment that encouraged outgassing, pores of which are much more 

prevalent in these samples.     
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Figure 2. SEM-BSE photomicrographs of typical Egyptian blue pigment grains from the top paint layer of the 

plaster fragments shown in Fig. 1 above. Key: CuR – crystalline cuprorivaite, gl. – glassy phases, qz. – quartz, 

CaO – lime. 

 

While the chemistry of these grains appears similar, grain morphology indicates distinct manufacturing 

processes.  In short, the differences between the Pompeii and Celeia samples, and the differences 

between Teurnia and Flavia Solva samples are likely due to post-production milling, while the 

differences between the Pompeii samples and the Teurnia and Flavia Solva samples are likely due to 

both different production and milling.  

3.1.2 Egyptian Blue – Use in the Paint Layer 

As mentioned in Section 3.1, the intended chromatic effect of the artists who prepared these plaster 

wall paintings was likely similar.  But how the final blue color was achieved with EB of differing qualities 

relied on the skill of the artisan applying the plaster and underpainting layers, as shown in Section 3.1 

above, as well as how the paint was mixed, as shown here.  By using the SEM to create images at high 

contrast, causing the metallic EB to appear very bright, it is possible to easily visualize the density and 

dispersion of EB within the paint film shown in Figure 3, while also allowing quantitative analysis of the 

pigment grains shown in Figure 4. 
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Figure 3. SEM-BSE photomicrographs of EB grain dispersal in the paint layer of the cross sections shown in  

Fig. 1. above. The larger size and greater density of the EB grains for the later Noricum sites is clearly visible.   
 
 

 

Figure 4. Grain Size Distribution of EB grains found in paint fragments from Pompeii and 3 Noricum sites. 

These figures show that the EB paint used in Pompeii had both a lower grain particle density (Fig. 3) 

and that the grains were on the average finer (Fig. 4). Both Pompeii and Celeia use EB rather sparingly, 

while the Teurnia paint film is simply loaded with a high percentage of larger EB grains, in addition to 

(or perhaps despite) having a dark intonachino layer.  In the case of Flavia Solva, the larger grains are 

often the forementioned “cluster” types, where it is not entirely clear if the grain morphology is due 

to production or milling processes. Overall, these results imply workers with similar goals and 

knowledge but different access to resources and means of production, rather than long distance trade 

in EB.  They could be used to support the hypothesis that traveling groups of artisans in fact produced 

the wall paintings of Noricum, who adapted to local resources and styles as need be.    

3.2 Cinnabar – Plaster and Paint Stratigraphy 

The samples of wall painting plaster bearing cinnabar are shown in Figure 5 below. The images highlight 

the differences in the paint and plaster stratigraphy of 3 sites in Noricum (Iuvavum, Teurnia and Flavia 

Solva), with Ephesus standing in as an example of practices from the central Roman Empire.  These 

represent 4 roughly contemporaneous examples of red wall painting, in which the final chromatic 
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result is the same, with 4 clearly different craft practices.  The Ephesus sample consists of the classical 

thick double layer of intonachino roughly 6 mm thick which was then prepared for the final cinnabar 

layer with 2 layers of ochre underpainting, a red one below a yellow one. The Flavia Solva example 

shows underpainting with ochre as well, with ochre mixed into the final cinnabar layer, perhaps 

reflective of a more humble, provincial building.  The artists of Teurnia and Iuvavum have incorporated 

ochre pigment into the intonachino (in the case of Iuvavum up to 4 mm in depth(!)) and a yellow ochre 

underpainting layer beneath the cinnabar layer, which in both cases are mixed with red ochre.  

Uniquely, the Iuvavum fragment contains an additional underpainting layer of Egyptian blue, with a 

grain morphology most like that of Pompeii in Section 3.1.1 above.  This would point to the location 

being particularly prestigious as described in the Introduction.  This evidence all points to artisans 

adapting to the unique conditions of each site, with an expensive paint material, which as the following 

sections show, likely had a common, distant source. 

 

 
Figure 5. 4 examples of cross sections of plaster bearing cinnabar paint showing paint layer and intonachino/ 

plaster stratigraphy. The three sites from Noricum (Iuvavum, Teurnia and Flavia Solva) had their apogee 
roughly contemporaneously with the Ephesus buildings discussed herein.  

3.2.1 Cinnabar – Pigment Grain Morphology, Chemistry and Use 

Whereas the plaster and paint stratigraphy of these examples points to diverse methods of cinnabar 

utilization, SEM/EDX results appear to indicate a common source for the pigment itself.  In ancient 

times, cinnabar was a rare ore that could simply be ground up before use as a pigment and was traded 

throughout the Roman empire [4-10].  
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Table 3. Elemental Ratios of cinnabar pigments as determined by EDX. 

Atm % omitting C and O 

 Hg S Si Mg Fe Al Ca 

Ephesus 37.50 40.00 7.00 2.50 1.00 1.75 10.00 

Flavia Solva 37.50 35.50 7.00 1.75 1.00 1.25 1.00 

Teurnia 37.67 36.67 5.00 1.00 2.25 2.00 12.75 

Iuvavum 37.25 36.75 5.50 1.00 1.75 2.25 10.25 

 

Starting with the EDX results shown in Table 3 above, it can be seen that apart from the low calcium 

content of the Flavia Solva samples, the EDX results are strikingly similar. Thus, the origin of the 

cinnabar pigment is the subject of ongoing lead isotope and trace mineral analysis by the authors, 

which may provide insight into the provenance of this widely traded mineral [28-29].   

Figure 6 below shows SEM images of the cinnabar grains from the paint layers of the wall painting 

fragments shown in Figure 5. In them it is evident that the size and shape of the cinnabar grains used 

is roughly the same.  They were however used differently in the paint film. Using image-editing to 

remove the ochre2 from the image reveals to which extent the cinnabar was “diluted” with less 

expensive ochre. This is additionally shown in Figure 7 below, which displays this across the entirety of 

the samples’ paint layers.  This dilution is evidence that the site of Flavia Solva was perhaps a “less 

prestigious” site with fewer resources to spend on expensive, imported cinnabar. Image analysis can 

then be applied to the images shown in Figure 7 to a large area of the paint film to produce the grain 

size distribution chart shown in Figure 8., again produced by counting of the size of the grains and their 

spacing with image analysis software and analysing the data in Excel. The grain size distribution chart 

once again supports the working theory that the cinnabar used at all four sites was prepared in the 

same manner, and perhaps originated from a single source, then used differently as conditions 

allowed/ demanded at the four sites.   

 

 
2 The iron content is “less bright” than the mercury in SEM due to mercury’s additional shell of valence electrons that give a 
stronger signal when excited by the electron beam.  This allows for their easy selection and deletion in Photoshop®.   

12



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

 
Figure 6. SEM-BSE photomicrographs of typical cinnabar pigment grains from the top paint layer of the plaster 

fragments shown in Fig. 5 above. By adjusting the contrast of the images, the ochre is no longer visible, 

highlighting the spatial distribution of the cinnabar grains.  

 

 
Figure 7. SEM-BSE photomicrographs of the entire cinnabar paint layer of the plaster fragments in Fig. 5. While 

the pigment was used differently in each case, the grains themselves are a close match (see Figs. 6, 8 and 

Tab. 3).   
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Figure 8. Grain size distribution of the cinnabar used at Ephesus, Flavia Solva, Teurnia and Iuvavum. The size 

distribution of the pigment grains for each site is within a standard deviation for each site, supporting the 

hypothesis that the pigment was milled according to a common practice.   

4 Discussion and Conclusions 

This work discussed the analysis of plaster wall painting samples from several sites in the Roman 

Empire bearing either Egyptian blue or cinnabar-based paint as the final decorative layer.  The primary 

difference between these two pigments is that while cinnabar occurs naturally and was widely traded, 

Egyptian blue is synthetic and reliant on local resources and craftspeople for its production.  The latter 

is clearly shown in the similar chemistry, but varying morphology of the pigment grains as revealed by 

SEM/EDX.  Beyond the pigments themselves, by studying the plaster cross sections it is apparent that 

the solutions that artisans employed varied from site to site throughout the depth of the wall painting, 

i.e., from arriccio through the intonaco and intonachino up to underpainting and final paint layer.  This 

is likely reflective of a group of people with similar knowledge adjusting to different locations and 

resources.       

Overall, the sites closer to Italia Province, Celeia (Celje, Slovenia) and Flavia Solva (southern Styria, 

Austria), showed artisanship that more closely resembles the Pompeiian techniques, while those 

further north, Iuvavum (Salzburg, Austria) and Teurnia (western Carinthia, Austria) evolved a unique 

style. Even in this relatively small section of the Empire, regional differences can be distinguished 

between the materials and techniques used in the high alpine passes (and northwards) and in the areas 

closer to Italy, and that in each region, artisans had to use their knowledge and which materials were 

generally available.  These findings also reflect trade routes and the development of regional 

techniques in the Alpine area and supports the hypothesis that apart from very high value items, such 

as cinnabar pigment, knowledge transfer and perhaps traveling artisans was what was drove the 

development of Roman wall paintings.        
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THE DECORATIVE PLASTER RELIEF IN THE BAROQUE VILLA OF THE 

ARGOTTI BOTANIC GARDENS, FLORIANA, MALTA: CHARACTERISATION OF 

ORIGINAL MATERIALS AND TECHNIQUES  

Stephanie Parisi 1, Gianni Miani 2 and Chiara Pasian 1 

(1) Department of Conservation and Built Heritage, University of Malta, MSD2080 Msida, Malta  
(2) Pro Arte s.n.c., Via Asiago 32/9, 36025 Noventa Vicentina (VI), Italy 

Abstract: On the Maltese Islands, architectural decoration in historic buildings is widely made of 

the local Lower Globigerina Limestone, a soft porous stone easy to carve. Little is known, on the other 

hand, about plaster reliefs (or ‘stuccos’), particularly from a technological point of view. The present 

study focuses on a plaster relief found in the Baroque Argotti Villa, located in the historic Argotti 

Botanic Gardens (Floriana, Malta), the layout of which dates back to the period of the Knights of St 

John in Malta (1530-1798). The relief, Baroque in style and featuring a rope motif and scallop shells, 

shows the presence of three main plaster layers, and several overlapping paint layers. Remains of 

painted plaster above the relief and on the dado suggest the possible presence of a past wider 

decorative scheme. Examination on-site was complemented with analyses of samples taken from the 

relief. Cross- and thin sections were analysed under a Polarized Light Microscope (PLM) and a Scanning 

Electron Microscope (SEM) combined with Energy Dispersive X-ray Analysis (EDX). The plasters are 

composed of carbonated lime as the binder. Mainly carbonatic aggregates are present (possibly from 

local Maltese limestone, showing fossils), but also gypsum aggregates and to a much lower extent 

silicate-aluminate aggregates.  

1 Introduction: The Argotti Botanic Gardens and the plaster relief in the Argotti Villa 

The Maltese Lower Globigerina Limestone is a soft and easy-to-carve stone, which was and is 

continuously used on the Maltese Islands for building, from the Neolithic Temples until the modern 

day [1]. Locally, architectural decoration in historic buildings, from low to high reliefs to sculptures, is 

widely made of such limestone. On the other hand, little is known about materials and techniques of 

plaster reliefs (or ‘stuccos’). Studies have focused so far on plaster reliefs in Malta from the XIX and XX 

c. [2-4], but they concentrate on art historical and stylistic aspects, and and no analysis of the original 

materials has been carried out. Living tradition reports the use of gypsum as the binder for XX c. local 

reliefs (no references are found on the matter).  

The Argotti Gardens are located in Floriana, Malta, which is a town adjacent to the capital city, Valletta. 

The Argotti Gardens, the significance and history of which can be traced back to the Knights of St John’s 

period in Malta (1530-1798), are currently split into two sections: a public section, and a private section 

managed by the University of Malta and also referred to as the Argotti Botanic Gardens, withholding 

a collection of rare and exotic flora. The Argotti Gardens were first occupied by Bailiff of Acri, Don 

Emmanuel Pinto de Fonseca [5]. In 1741, when Pinto was elected Grand Master of the Order of St John, 

the Knight Argote et Guzman (Argotti) took over the garden [6] (p. 109), and in 1774, he built a palace 

(no longer existing) and grottos [7] (p. 29). A Nymphaeum is indeed present in the Gardens, a domed 

stone structure containing a unique and significant mosaic. It is reported that the Knight also erected 
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a summerhouse (the Argotti Villa), and overall magnificently enriched the garden itself [8] (p. 110), but 

so far just a terminus post quem (after 1715) and ante quem (before 1827) for the Villa construction 

can be given (drawn from archival research and comparison of historic maps). The plaster relief focus 

of this paper is located in the Baroque Argotti Villa (Error! Reference source not found.). 

 

 
Figure 1. The Argotti Villa within the Argotti Botanic Garden (Parisi©, 2021) 

 

The decorative plaster relief (Figure 2) is located in the left room of the Argotti Villa, and is largely 

made up of a repetitive rope motif which runs along the four walls, at the top half of the room. There 

is a smaller rope motif which runs directly below and parallel to the main rope motif, and is difficult to 

distinguish due to the multiple paint layers on top of it.  At each corner of the room, a large scallop 

shell is present (Error! Reference source not found.). The whole relief is decorated with multiple paint 

layers. Remainings of an off-white painted plaster above the relief (which appears to extend behind 

the relief itself) and a painted reddish plaster in the lower register of the room (dado) (Error! Reference 

source not found.) suggest the presence of a past larger decorative scheme. 
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Figure 1. SE wall. The plaster relief is located at the top and is constituted of: (Red box) Main rope motif; 

(Yellow box) Small rope motif; and (Blue box) Scallop shells in the corner of the room. The reddish plaster can 

be seen in the dado (Parisi©, 2021). 

2 Methodology 

2.1 On-site examinations of the relief 

Visual examination was the first step to understand the plaster relief and the other decorative 

elements in the room. Observation took place using both incident and raking light and was carried out 

stratigraphically, by firstly observing the support, then the plaster layers and finally the paint layers of 

the relief, trying to understand the sequence and application technique. Images were taken using a 

Canon PowerShot G5 X and a Canon PowerShot SX60 HS. Close observation was undertaken using a 

portable light microscope, Dino-Lite AM4515ZT-EDGE.  

2.2 Sampling and analysis 

The initial visual examination guided the sampling for the study of the original materials. The plaster 

and paint layers making up the elements of the relief (rope and scallop shell) were sampled to 

understand their composition. Other decorative elements in the room were sampled, including the 

off-white plaster topped with paint layers, which is observed right above the relief on the wall, and the 

painted reddish plaster, observed on the lower register of the walls. The sampling locations were 

chosen close to pre-existing losses.  

Preliminary observation of the unmounted fragments was performed under a Nikon Stereoscopic 

Zoom Microscope SMZ800  at 10x-60x magnification. Images of back and front of the samples were 

captured with a Nikon DS-Vi1 camera using the software NISElements BR 5.21.03. The plaster samples 

were embedded in polyester resin (Resina Impregnante Mixer Chim-Italia Group) and prepared as thin 

sections with a Remet Micromet M mitre saw and a Remet LS1 grinder and polisher; petrographic 
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analysis of the thin sections was conducted using an Olympus BX 40 polarized light microscope at 40-

400X magnification. Images were captured with a Pentax K-70 camera and Adobe Photoshop CS5 

Extended software. 

Cross-sections of both plaster and paint layers were prepared, after examination under the 

stereomicroscope, embedding them in polyester resin (Tiranti Clear Casting Resin). Once cured, the 

cross sections were mounted in a MOPAS-XS Polisher and were firstly wet ground with a Buehler 

Metaserv Grinder-Polisher with 400 grit silicon carbide paper and then polished using Micro-mesh™ 

papers 3200-10000 grades. The cross sections were then examined under a Nikon Polarising 

Microscope Eclipse Ci POL in visible light and UV-induced luminescence at 100X-500X magnification. 

Images were captured using a Nikon DS-Vi2 and the NISElements BR 5.21.03 software.  

Cross-sections and thin sections were investigated under a Scanning Electron Microscope ZEISS EVO 

15. Samples were analysed using a high-definition backscattered electron detector (HDBSD) at a 

working distance (WD) of 10.00 mm and at magnification 57X-1070X. SmartSEM® software was used 

to operate the instrument and acquire the images. An energy dispersive X-rays fluorescence 

spectrometer was used for chemical microanalysis. Point analysis and elemental mapping were 

performed at 16kV for cross-sections and 20kV for thin sections, with a 3.84μs amp time and 133.7eV 

resolution, using the ZEISS SmartEDX® software. 

3 Results and discussion 

3.1 Plaster relief technology: stratigraphy and application 
The plaster relief is built layer by layer in situ on the stone primary support (Globigerina Limestone 

ashlars). Areas of loss allow to observe that the Globigerina Limestone support is keyed to provide 

good adhesion for the upcoming layers. The application of the plaster relief most likely began by 

placing wooden dowels within the mortar joints of the stone wall. The wooden dowels extend behind 

the relief and in some areas are visible at the top of the relief (Figure 3a). Square and round holes were 

carved into the stone primary support, and were filled with plaster to anchor the relief to the wall 

(Figure 3b). 

  

(a) (b) 
Figure 3 (a) Wooden dowel embedded into a mortar joint; (b) Square holes filled with plaster (Parisi©, 2021). 
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On top of the stone support, there is a thin whitewash layer and a smooth white plaster layer (few mm 

thick), which can be observed in areas where there is loss of the relief. No analyses were performed 

on these layers. The smooth (not keyed) white plaster reveals the setting-out, and is topped with grey 

drawn lines and red snapped lines. The horizontal snapped line and grey drawn line most probably 

guided the artist to build the relief straight across the wall, while the two vertical snapped lines are in 

correspondence of wooden dowels (Figure 4). A sketch is also present on this plaster (Figure 4), which 

is going to be discussed later. The smooth plaster layer appears to be related to the off-white plaster 

which can be found right above the relief and which is decorated with paint layers.  

 

 
Figure 4. The smooth plaster layer with snapped and drawn lines, and the sketch of a running mould. 

Remainings of a wooden dowel are also visible, and holes filled with plaster (Parisi©, 2021). 

 

Plaster was then applied in the square and round holes (Figure 3b and 4). The plaster in the holes 

appears to extend beyond them, becoming an integral part of the relief itself and anchoring it to the 

wall. The plaster material within these holes may be similar to the upcoming bulk beige plaster (Figure 

5), however analysis of this plaster material was not performed. In general, the bulk beige plaster 

(inner layer) can be considered as the first plaster layer constructing the decorative part of the relief. 

The term ‘bulk’ is commonly used to describe the first plaster layer applied in a plaster relief, giving 

the rough shape to it [9, 10]. A second layer of beige plaster (intermediate layer), as shown in Figure 

5, was then applied over the bulk beige plaster (inner layer), and finally a white plaster (outer layer). 

The rough application of the bulking beige layers indicates a quick execution by the artist.  
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Figure 5. The stratigraphy of the plaster layers: (1) White wash layer (in this cross section the preparation 

smooth white plaster is not visible), (2) Plaster in round and square holes, (3) Bulk beige plaster (inner layer), 

(4) Beige plaster (intermediate layer), (5) White plaster (outer layer) (Parisi©, 2021). 

 

A single line of wooden canes was placed on top of the bulk beige plaster (inner layer) embedded in it 

(no other canes can be seen in cross section where loss occurred). In areas of loss of wooden canes, 

the indentation within the plaster indicates that the wooden cane was applied while the plaster was 

still fresh. The wooden canes have a similar appearance to the Maltese qasab which can be found 

locally [11]. Living tradition on the island (mid-XX c. until now) sees the use of  wooden canes (qasab) 

for plaster reliefs, typically placed between the first and second plaster layers to provide  strength and 

support. Similarly, the wooden canes in the plaster relief at the Villa appear to be placed to give 

structure, strength, and support to the relief. 

Overtop the beige plaster layer (in the upper part of the relief, where the big rope is located) is a 

smooth curved band (Figure 6). The interior of the smooth curved band is composed of beige plaster 

and stone fragments, which appear to act as bulking elements, while the exterior is made up of the 

white plaster, which is the top-most plaster layer. The band was most probably obtained using a type 

of running mould. Running moulds were known in the XVII c. as horses [12] (p. 29), and they are 

commonly used for architectural features such as cornices [13] (p. 28); the running mould would have 

a reverse shape of the intended design [13] (p. 30). The shape of a running mould is sketched on the 

exposed smooth preparation plaster (Figure 4), and its profile seems to correspond to what could have 

been used to obtain the present relief.    

The individual rope elements were then placed on top of the smooth curved band. In an area of loss 

of one of the rope elements on the SE wall, shallow key marks can be found, cut in the white plaster 

(Figure 6), which were most likely created to provide better adhesion for the attachment of the rope 

elements on the band. In addition, incisions can be observed on either side of the shallow key marks. 

These incisions appear to mark the area where each rope element and the strips in between the rope 

elements were to be placed (Figure 6).  
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Figure 6. Exterior of smooth curved band formed using a running mould. Incisions were created to make the 

elements of the rope adhere (Parisi©, 2021). 

 

The shape of the rope elements varies, indicating that a mould may not have been used to create exact 

identical shapes. Therefore, each rope element would have been modelled by hand. The rope elements 

appear to be made up of multiple layers of the white plaster (outer layer).  

Over ten paint layers are applied on the relief, suggesting that the room was most likely frequently 

used over time and therefore required maintenance. The application of paint layers may have not been 

part of the plaster relief originally and could be a later addition: this is suggested by the fine purposely 

white-looking plaster which is the final plaster of the relief. However, this is not confirmed. 

3.2 Analyses of samples: original materials composition 
The plasters forming part of the rope motif of the relief and the off-white plaster above the relief 

showed similarities in their raw materials. Petrographic analysis (Tab. 1) showed in all the samples a 

colloform to micritic air lime binder, with well-sorted aggregates with a fine and very fine grain size. 

Both carbonatic aggregates and ground crystalline gypsum (selenite) were used for the bulk beige 

plaster (ARG_NE-PL-05, Figure 7a), for the beige and white plaster (ARG_NE- PL-07, Figure 7b for the 

white layer), and for the off-white plaster above the relief (ARG_NW-PL-04) (Tab. 1). The finishing 

white plaster contains much more gypsum aggregates compared to the other plasters (up to 60%, Tab. 

1), most likely to impart a white colour to the plaster layer. The reddish plaster, still lime-based, 

contains mainly carbonatic aggregates, ca. 6% fragments of silicatic shale rich in iron oxides (giving the 

overall plaster a reddish colour), and lower amounts of carbonaceous particles and celadonite (Figure 

7c). 
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Table 1. Plaster Samples: Petrographic Analysis Overview  

Sample # Location Porosity  

 

 

(%) 

B/A  

ratio 

Carbonat

e 

aggregate 

 

(%) 

Carbonate 

aggregate 

minerals 

Other 

aggregate 

 

(%) 

Other  

aggregate  

minerals  

Aggregate  

size  

ARG_NE-PL-

05 (bulk beige 

plaster, inner 

layer)  

& ARG_NE-PL-

071 (beige 

plaster, 

intermediate 

layer)  

NE 

(rope, 

relief) 

17 1:2 83 
Calcarenites

calcite 
16 

Selenite  

(Figure 7a) 

Well-

sorted, 

0.35-0.04 

mm 

ARG_NE-PL-

071 (white 

plaster, outer 

layer)  

NE 

(rope, 

relief) 

22 1:3 40 
Calcarenites

calcite 
60 

Selenite  

(Figure 7b) 

Well-

sorted, 

0.7-0.04 

mm 

ARG_NW-PL-

04  

(off-white 

plaster layer, 

above relief) 

NW 

(above 

relief) 

18 1:3 80 Calcite 20 Selenite 

Very well-

sorted, 

0.1-0.04 

mm 

ARG_SW-PL-

06 (reddish 

plaster layer, 

dado) 

SW 

(dado) 
18 1:2 91 

Calcarenites

calcite, 

marly 

limestones 

9 

Silicate 

shale (rich 

in iron 

oxides), 

carbonaceo

us particles, 

celadonite 

(green 

earth) 

(Figure 7c) 

Well-

sorted, 

0.3-0.04 

mm 

1 The sample includes both beige and white plaster. 
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(a) 

 

(b) 

 
(c) 

Figure 7. Photomicrographs of thin sections, transmitted light and crossed polars: (a) Bulk beige plaster of the 
relief (ARG_NE-PL-05); (b) Finishing white plaster of the relief (ARG_NE-PL-07); (c) Reddish plaster of the dado 

(ARG_SW-PL-06) (Miani©, 2021). 

 

The SEM-EDX mapping also confirmed that the bulk beige (ARG_NE-PL-05), beige and white 

(ARG_NE-PL-07) plasters layers have a high presence of calcium throughout the entire sample, both 

in the matrix (carbonated lime) and in the aggregates. Sulfur is only present within the gypsum 

aggregates of the plasters (Figure 8). SEM-EDX analysis also showed silicon and aluminium-based 

aggregates in varying proportions in all plasters, though to a much lower extent compared to 

carbonatic and gypsum aggregates. It is possible that these aggregates contribute to some extent to 

hydraulic reaction with the lime binder. 
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(a) (b) (c) 
Figure 8. SEM-EDX analysis of the bulk beige plaster (ARG_NE-PL-05): (a) Backscattered electron image (BSI); 

(b) SEM-EDX mapping of calcium; (c) SEM-EDX mapping of sulfur (Parisi©, 2021). 

 

The SEM baskscattered images (BSI) showed the presence of different fossils in all the plasters of the 

relief. The bulk beige and beige plasters (carbonatic aggregates 83%, Tab. 1) showed a higher amount 

of fossils present compared to the white plaster (carbonatic aggregates 40%, Tab. 1). Fossils are 

commonly found in local carbonatic rocks [14]. In Malta, there are two types of limestones which have 

been historically used as building materials: Globigerina Limestone and Coralline Limestone [1]. 

Globigerina Limestone is a pure limestone (calcite >92%) including small quantities of quartz (up to 

2%) as well as feldspars, apatite, glauconite and clay minerals, and containing minute fossils [15]. A 

study by Turi et al. [16] lists the main fossil components found in the Maltese Islands’ sedimentary 

rocks, including Upper Coralline Limestone, Globigerina Limestone and Lower Coralline Limestone: 

Planktonic foraminifers (Globigerinacea) are the marker for Globigerina Limestone [16]. 

The bulk beige (ARG_NE-PL-05) and beige (ARG_NE-PL-07) plaster samples showed the presence of 

microfossils, which could be observed under the polarized light microscope and at the SEM (Figure 9). 

Some of these microfossils showed a strong similarity to the planktonic foraminifers (Globigerinacea) 

observed in thin sections of Lower Globigerina Limestone with PLM [17] and with SEM [15]. Also the 

finishing white plaster and the off-white plaster above the relief contain very fine planktonic 

foraminifers (Globigerinacea). Therefore, crushed Globigerina Limestone is probably present in the 

aggregates of the bulk beige, beige, and white plaster of the relief, and in the off-white plaster. 

However, this does not necessarily exclude the presence of Coralline Limestone, since its typical fossils 

[16] may be present as well. This would require further investigations. 
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(a) (b) 
Figure 9. SEM backscattered images (BSI) of plaster thin sections showing the presence of planktonic 

foraminifers (Globigerinacea): (a) Bulk beige plaster (ARG_NE-PL-05); (b) Beige plaster (ARG_NE-PL-07) 
(Parisi©, 2021). 

Analysis of cross sections (PLM and SEM-EDX mapping) of the paint layers −on the relief, on the off-

white plaster above the relief and on the reddish plaster− showed the presence of lime as the binder. 

Iron-based pigments were identified on samples from the relief (Figure 10a), the off-white plaster and 

the reddish plaster (Figure 10b). Paint layers on the reddish plaster showed the presence of 

ultramarine pigment particles (Figure 10b): they appear opaque, irregular in size and sub-rounded, 

suggesting it is artificial ultramarine [18] (p. 42) [19]. The process to obtain artificial ultramarine was 

firstly published in 1831 [18] (p. 55), therefore the paint layers on the dado were probably applied 

post-1831. 

 

  

(a) (b) 
Figure 10. Photomicrographs of cross sections: (a) Some of the paint layers on the plaster relief (ARG_SE-P-08); 

(b) Reddish plaster with paint layers (ARG_SW-PPL-09) (Parisi©, 2021). 
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3.3 Overall discussion 
Even if the addition of gypsum to the beige plasters (inner and intermediate layers) looks intentional 

(16%, Tab. 1), the reason for its use in such layers is still unclear, since the beige plasters are not visible, 

and mineral gypsum is not an aggregate commonly used locally (carbonatic local stones are typically 

preferred). Gypsum is found in the Blue Clay formation in Malta [16], therefore it is possible that the 

mineral gypsum in the plasters is local and originated from that formation. However, Blue Clay is not 

widely used for plasters, and gypsum could have been imported from abroad instead. On the other 

hand, as seen, the white plaster (outer layer) has a significantly higher amount of gypsum aggregates 

(60%, Tab. 1) compared to the beige plasters (inner and intermediate layers), and this was most likely 

added to impart a white colour to the smooth finishing plaster. It is possible that the off-white plaster 

above the relief (20% gypsum aggregates, Tab. 1) was covering a larger portion of the wall (now just 

remainings are found), being part of a larger decorative scheme. Both the white finishing plaster of the 

relief and the off-white plaster above may have been left initially exposed (hence the white colour), 

and maybe painted at a later stage; however this cannot be confirmed. 

On the other hand, although the reddish plaster in the dado appears dissimilar from the other plasters 

from a composition point of view, and does not have a direct physical relationship with the plasters of 

the relief, its presence also suggests a wider decorative scheme beyond the relief. It cannot be certain, 

though, if relief and dado were built together and/or when. The fact the paint layer of the dado was 

probably applied in the XIX c. or later does not provide information on the date of the plaster itself, 

which could have been applied also before.   

In general, the multiple paint layers on the plaster relief and surrounding decorative elements suggest 

that the room was frequently used and required maintenance to possibly keep up the changing styles. 

Since in Malta architectural decoration in historic buildings is typically and largely made of the local 

Lower Globigerina Limestone, the fact that the relief was built up in situ with plaster suggests that the 

relief may have been added at a later stage to the room, maybe as a way to embellish or enrich it. 

4 Conclusions 

Observations on-site allowed to comprehend the technology used to build the plaster relief, while 

analysis of samples gave an insight into original materials and helped to build hypothesis on the overall 

decorative scheme as well. An in situ layer-by-layer system was utilized to build the relief and all 

plasters proved to be lime-based: XX c. plaster reliefs living tradition in Malta typically does not include 

such a complex layer-by-layer technique and reliefs are rather gypsum-based. This may suggest that 

the relief is pre-XX c. 

The analyses performed on the plaster layers making up the plaster relief (i.e. bulk beige, beige and 

white plasters) and the off-white plaster above the relief show that similar raw materials were used. 

Lime was indeed used as the binder for all the plasters, and various aggregates were employed, 

including carbonatic local aggregates, with presence of planktonic foraminifers (Globigerinacea) 

fossils, which are a marker for Globigerina Limestone [16]. However, this does not exclude the 

presence of crushed local Coralline Limestone, which has also been historically widely used as a 

building material [1]. Gypsum aggregates (therefore gypsum in its mineral form) are present in all the 
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mentioned plasters. In the white plaster (outer layer), gypsum aggregates are present in a much higher 

amount compared to the other plasters, and were most likely added for optical reasons, i.e. to make 

the plaster appear white: this may suggest (but does not confirm) that the finishing white plaster (and 

possibly the off-white plaster on the wall) may have been left initially exposed, and not painted at first. 

However, in the bulk beige and beige plaster (inner and intermediate layers), the reason for the 

presence of the gypsum aggregates is not clear; they could have been added as a filler. The reddish 

plaster in the dado, different from the others from a composition point of view, cannot be physically 

related to the other plasters, but, being painted, looks nonetheless part of a decorative scheme. In 

fact, overall, the multiple painted plasters observed within the room (including the relief, the off-white 

plaster above it and the reddish plaster in the dado) suggest the presence of a larger decorative scheme 

compared to what is visible today. Additionally, they suggest that the room was frequently used and 

the plasters repainted to follow the changing styles.  

As mentioned, traditionally and historically, architectural decoration in Maltese historic buildings is 

widely made of the local Lower Globigerina Limestone, and little is known about plaster reliefs pre-

XIX-XX c. The fact that the relief object of this paper is not made of stone, and was built up in situ with 

plaster, supports the hypothesis that the relief may have been a later addition to the room. While the 

composition of the plasters may suggest that the relief is pre-XX c., and archival research on the origins 

of the Villa shows that the building was constructed after 1715, the dating of the relief is still unknown 

and further research is required to gather more information on this.  

Ongoing studies on the decoration of the Nymphaeum at the Argotti Botanic Gardens (plasters and 

mosaic, including the coat of arms of Argotti), just a few meters away from the Argotti Villa, are 

undertaken by the Department of Conservation and Bult Heritage, University of Malta. Similarities and 

differences in original materials and technology will be drawn, and this will help to put the decorative 

schemes and their buildings in context, considering the overall highly significant historic site of the 

Argotti Gardens and its links with the Maltese history and history of art. 
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DECOMPOSITION TEMPERATURE OF CALCIUM CARBONATE IN LIME 
BINDERS AGED AT ELEVATED CARBON DIOXIDE CONCENTRATION 
MONITORED BY TGA/MS ANALYSIS 
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Abstract: Calcium carbonate is the main component of lime binders, and the determination of 

its content is the basis of the chemical-mineralogical analysis of historical mortars. The study is focused 

on monitoring the decomposition temperature of calcium carbonate of various lime binders exposed 

to accelerated ageing. The samples were exposed to 1% CO2 and periodically saturated with water for 

540 days. After 30, 180 and 540 days, thermal analysis (TGA/MS) was performed to monitor changes 

in the mineralogical composition of the binders. The content of calcium carbonate decomposing in the 

temperature ranges 450-650°C (CO2 I) and 650-850°C (CO2 II) and the content of chemically bound 

water (100-450°C) was determined. The obtained results show that four of the six binders had not 

significantly changed by the accelerated ageing. This indicates the resistance of the binders to both the 

elevated concentration of carbon dioxide and water, probably because all present phases carbonated 

before the start of the experiment. The study suggests that the chemically bound water most probably 

does not come from the dehydration of the CSH phases but is released from the silica gel, which is a 

product of their carbonation. However, the accelerated ageing significantly changed the thermal 

analysis curves of the two binders. These were experimentally burned binders – a natural hydraulic 

lime and a Roman cement. The different response of these two binders to the ageing is likely caused 

by the presence of larger particles associated with the technological processes of their production. 

1 Introduction 

Mortar mixtures are heterogeneous materials that have always been influenced by the availability of 

raw materials and cultural practices in the locality. Analysis of such composites is often complicated 

and requires a combination of analytical techniques. Determining the exact composition of the original 

mixture is always a great challenge and in the case of natural hydraulic binders, there is also an 

additional issue of the presence of impurities coming from the raw material and phases formed during 

the calcination. The phases like calcium silicates and aluminates and their hydrated products (CSH, 

CASH, and CAH) are well known in cement chemistry. These phases are also present, to a lesser extent, 

in natural hydraulic limes. They are transformed into at least two different components under the 

influence of carbon dioxide and water (so-called carbonation) [1,2]. One is rich in calcium carbonate, 

and the other is enriched with silica and aluminium [3]. The direct determination of the degree of 

hydraulicity is, however, quite complicated [4,5]. Analyses of decades or hundreds of years old natural 

hydraulic lime binders usually show only calcium carbonate in various modifications, but  identification 

of CS or CAS phases is rather exceptional. Portlandite, non-hydrated clinker minerals, hydrated 

silicates, and calcium aluminates are transformed due to the action of atmospheric CO2 and 
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atmospheric humidity. The final product of these reactions is calcium carbonate in various 

modifications, silica gel, and possibly alumina [6,7]. This fact makes it difficult to determine the initial 

quality of the binder of the historic mortar.  

2 Materials and methods 

2.1 Mortars´samples 

The test specimens were assembled to include lime binders in the broad range of hydraulicity - air lime, 

natural hydraulic lime, Roman (natural) cement, air lime with Portland cement and air lime with 

pozzolanic material. In addition to commercially produced binders, two binders made by experimental 

burning were included in the study. These are naturally hydraulic lime (mortar M3) and Roman cement 

(mortar M6). The composition of mortars is reported in Table 1. 

 

Table 1. The composition of tested mortars. 

Mortar label 
Binder aggregate B/A ratio year of 

production 

M1 
air lime CL 90 siliceous sand 0-4 

mm 
1:3 wt. 2012 

M2 
NHL 5 siliceous sand 0-4 

mm 
1:3 wt. 2012 

M3 
NHL 

 experimental burning 
siliceous sand 0-2 

mm 
1:3 vol. 2014 

M4 
air lime: white cement  

(1:2 wt.) 
siliceous sand 0-4 

mm 
1:6,6 wt. 2012 

M5 
air lime: metakaolin  

(4:1 wt.) 
siliceous sand 0-4 

mm 
1:3 wt. 2012 

M6 
Roman (natural) cement, 

experimental burning 
siliceous sand 0-2 

mm 
1:3 wt. 2012 

 

Preparation and curing of M1, M2, M4, and M5 were in accordance with EN 459 [8].  

Natural hydraulic lime used for the production of M3 mortar was prepared by calcination of Dvorecko-

Prokopsky limestone, which contained 10 % of SiO2 and approximately 5% of clay minerals. The 

calcination was carried out at the experimental kiln of the Institute of Theoretical and Applied 

Mechanics of the Czech Academy of Sciences. The quicklime was crushed and slaked while mixing with 

sand; the produced hot mixed mortar was used to cast the specimens [9]. 

The binder used for the production of M6 samples was prepared at the Institute of Ceramics and 

Building Materials in Krakow, Poland [10]. The raw material - limestone with 11% SiO2 content and a 

high proportion of clays and other admixtures (29 % by weight) - comes from the historic Gartenau 

quarry in Austria. The clinker was ground, and the binder was sieved through a 150 μm sieve [11]. 
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Samples of mortars 1-5 were produced as standard test specimens sized 4x4x16 cm.  

M6 mortar samples were shaped like a cylinder with a diameter of 10 cm and a height of 2 cm. 

All tested specimens were cut into blocks sized 2x2x1 cm to accelerate the changes caused by the 

action of CO2 and moisture.  

2.2 Artificial ageing 

A set of test specimens for each mortar were prepared  to assess the effect of fluctuating humidity and 

exposure to carbon dioxide. Specimens were repeatedly saturated with water and placed in a CO2 

incubator with an increased CO2 concentration (1 %) for 540 days. Samples were placed on permeable 

plates to facilitate handling (Fig. 1) and analyzed at the age of 30, 180, and 540 days. 

 

 

Figure 1. Specimens of mortars prepared for the artificial ageing procedure. 

2.3 Analytical methods 

TGA/MS analysis of the sample (thermogravimetric analysis with mass spectrometer detection) was 

performed on an SDT instrument Discovery 650 from TA Instruments in the temperature range of 25-

1000 ° C. For analysis, 20-30 mg of sample was weighed into a ceramic crucible; heating took place in 

a nitrogen atmosphere at the rate of 10 ° C per minute. Analysis of the gases released during heating 

was performed using a quadrupole mass spectrometer. Prior to analysis, the sample was finely ground 

in a porcelain dish and sieved through a 0.063 mm sieve; only the sieve drop was analyzed. 

3 Results and discussion 

The thermal analysis curves record the weight changes during heating of the sample up to 1000 °C. In 

general, for nearly pure calcium carbonate (air lime) based binders, the weight decreases due to the 

release of water and carbon dioxide built into the binder. Water evolves up to 500°C, either physically 

(around 100°C) or chemically bound (100-500°C). In the case of hydraulic binders, water is chemically 

bound in hydrated calcium silicates and aluminates (CSH or CAH). Their dehydration is manifested by 

a system of bands of different intensities in a specific interval. CSH gels dehydrate in temperatures 

around 100°C, while CAHs mostly at higher temperatures (up to 400°C). The total weight loss in both 

intervals can indicate the level of the binder hydraulicity, as shown by the TGA results in Table 2. While 

the content of bound water in air lime binder (M1) is less than 2 % wt., NHL´s (M2 and M3) and air lime 

with the addition of OPC (M4) or metakaolin (M5) contain 3-6 % wt. of water. The highest content of 
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bound water was found in the natural cement binder before the ageing procedure (M6 ref) – 7.62 % 

wt.   

Table 2. Thermogravimetric analysis of studied mortars before (ref) and after 30, 180 and 540 days of ageing 
(CO2/H2O = weight loss 450-850°C /weight loss 30-450°C). 

Mortar  Age Weight loss (% wt.) CO2/H2O 

label  30-450°C 450-650°C 650-850°C  

M1 ref 1.69 0.32 38.59 23.0 

 30 1.76 0.33 38.94 22.3 

 180 1.99 0.33 40.32 20.4 

 540 1.92 0.29 40.21 21.1 

M2 ref 4.17 4.61 26.75 7.5 

 30 4.16 4.78 27.69 7.8 

 180 4.38 4.70 28.46 7.6 

 540 4.71 4.71 28.24 7.0 

M3 ref 5.09 8.25 18.92 5.3 

 30 3.26 4.37 28.69 10.1 

 180 3.25 3.21 30.23 10.3 

 540 3.27 3.07 29.76 10.0 

M4 ref 3.75 7.24 17.7 6.7 

 30 3.78 7.21 18.03 6.7 

 180 4.16 7.64 17.36 6.0 

 540 4.36 7.97 19.93 6.4 

M5 ref 5.79 5.50 23.65 5.0 

 30 5.52 5.61 24.12 5.4 

 180 5.78 5.63 23.55 5.0 

 540 5.76 5.74 24.81 5.3 

M6 ref 7.62 5.58 6.96 1.6 

 30 5.69 6.45 12.83 3.4 

 180 5.8 6.08 12.43 3.2 

 540 5.76 6.24 12.02 3.2 

 

The temperature range above 450°C belongs to the decomposition of the carbonate component of the 

binder. The previous studies [12] showed that the decomposition temperature of CaCO3 is also related 

to the hydraulicity of lime binder, and therefore two decomposition temperature intervals of calcium 

carbonate were determined. The first quantifies the weight loss between 450-650°C and the second 
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in the range of 650-850°C, the release of carbon dioxide in this region was confirmed by mass 

spectrometer detection (Fig. 3). The decomposition temperature of calcium carbonate depends on its 

polymorphic modification, grain size and crystallinity degree [13]. Metastable polymorphs vaterite and 

aragonite decompose at temperatures of 500-650°C [14,15], while calcite in the range of 700-850°C 

[16]. 

 

  

  

  
 

Figure 2. TG/DTG curves of mortars M1-M6 before (ref) and after 540 days of accelerated ageing. The TGA 

curve shows the weight changes as a function of temperature (red); the DTG curve is the first derivative of the 

TGA curve (blue). 

 

Thermograms of studied mortars in Fig. 2 confirmed the lowest weight loss in the interval of 450-650°C 

for air lime binder (M1). The amount of CO2 decomposing at these temperatures increased with the 
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increasing proportion of hydrated hydraulic phases in the binder (M2, M3, M5) to be the highest in 

cement-based mortars (M4 and M6). 

The ratio of the amount of CO2 released from this decomposition (weight loss in the range of 600 - 

850°C) and released chemically bound water (weight loss in the range of 200 - 600°C) is a fundamental 

parameter of the lime binder classification methodology [5]. Although the temperature intervals used 

to calculate this ratio differed slightly from this methodology  (Tab. 2), the CO2/H2O values correspond 

well to the Moropoulou classification. For mortars prepared from commercially produced binders, the 

CO2/H2O was not affected by ageing treatment, but in the case of traditionally burned NHL (M3) and 

natural cement (M6), a significant increase was observed. This increase can be explained as a 

consequence of additional hydration and subsequent carbonation of hydraulic phases due to the 

action of water and increased CO2 concentration. This process resulted in a shift of CO2/H2O ratio to 

higher values, e.g., for M3 from the original value 5.3 (hydraulic lime) increased to 10 (air lime) after 

the ageing procedure.    

 

The thermograms in Fig. 2 showed that the dominant phenomenon in all tested samples is the 

decomposition of CaCO3 with a maximum of around 750°C. Due to the presence of different CaCO3 

polymorphs, the band can be enlarged or divided into two separate bands. Decomposition of hydraulic 

limes thus occurs at temperatures 100-150°C lower than in air limes, i.e., in the temperature range 

450-500°C. However, bound water may also be released in this area, and therefore the detection of 

evolved gases by mass spectrometry was used to distinguish between these two events. Fig. 3 shows 

the MS record for m/z = 44 (CO2 evolution) and m/z = 18 (H2O) of the studied mortars. These records 

show that water is released from room temperature up to 450-500°C, with the amount of water at 

500°C being several times lower than the amount of carbon dioxide. Therefore, the interval 450- 500°C 

was included in the CaCO3 decomposition area. 

 

The MS curves of the water signal show that all hydraulic mortars (except M1) release most of the 

bound water up to 200°C, with the peak maximum being around 100°C. The peak intensities are 

comparable before and after ageing, which may mean that the water bound in the CSH cannot be 

distinguished from the water bound in the product of its carbonation – in SiO2 gel. A tiny peak at 430°C 

is attributed to the dehydroxylation of calcium hydroxide. An interesting fact is that Ca(OH)2 is present 

in experimentally produced binders (M3 and M6) before the ageing procedure (ref samples), while in 

the other binders, it is formed only after long-term exposure to water and CO2. 

MS curves of released carbon dioxide show a substantial increase in the amount of CaCO3 in mortars 

M3, M4, and M6. On M3 graf, there is clearly visible the transformation of carbonates decomposing in 

the range 450-650°C into higher-temperature decomposing carbonates.   
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Figure 3. MS detection curves of gases released during the thermogravimetric analysis of mortar samples 

before and after 30, 180 and 540 days of ageing. Middle column water (m/z = 18), right column carbon dioxide 

(m/z=44). X-axis: time (min)x10= temperature (°C). 
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4 Conclusions 

Thermogravimetric analysis was used to describe the changes in the mineralogical composition of the 

binder components caused by the action of liquid water and 1% CO2 concentration. Mortar binders 

M1, M2, M4, and M5 seemed to be resistant to this action; the curves measured after the end of the 

experiment (in 540 days) coincide with the curves of the reference non-aged specimens. However, 

there was a slight increase in calcium carbonate content for all four binders. 

On the other hand, mortar binders M3 (experimental NHL) and M6 (experimental Roman cement) 

changed significantly in all observed characteristics after exposure to accelerated ageing. The different 

behaviour of experimentally produced binders from the commercial products is probably caused by 

the different particle sizes of the binder associated with the technological processes in their 

production. Hydraulic mineral phases may remain "preserved" inside some particles that react only 

partially during the processes of slaking, mixing and maturation under standard laboratory conditions. 

These particles may react further after contact with water. Due to the action of CO2 on the hydrated 

phases, their partial transformation to CaCO3 occurs, which is reflected in the thermogram by reducing 

the amount of chemically bound water and increasing the calcium carbonate content, i.e. the analyzed 

lime sample appears less hydraulic over time.  
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Abstract: Mosaicist Viktor Foerster opened the first local mosaic studio in the Czech Lands at 

the beginning of the 20th century and by 1915 he made more than 30 outdoor mosaics. The original 

mortar beds of four his funeral or sacral works were characterized by SEM-EDS, x-ray powder 

diffraction and thermal analysis. Based on the results of this study Foerster seems to have used cement 

to fix his works from the very beginning of his mosaic career. All investigated mortars contained sand 

and hydraulic binders with abundant clinker residues. Apart from the cementitious binder (probably 

early Portland cement), crushed brick shards and other admixtures were identified in two samples. In 

one of these samples, cement and bricks were combined with gypsum, in the other sample the binder 

is a mixture of cement, lime and crushed bricks. 

1 Introduction 

The application of mosaics to architectural structures spans centuries from antiquity to the present. 

Materials research of modern (e.i. 19th/20th century) European mosaics still remains in the shadow of 

attention given to their ancient or Bysantine predecessors. Understanding the technique and materials 

of modern mosaics can lead to their better conservation/restoration treatment. In order to propose a 

good conservation strategy it is necessary to study how mosaic cubes (tesserae) are fixed together, e.i. 

what materials were used to fix them.  

Mid-19th century technological innovations (the so called indirect method) accelerated mosaics´ 

installation. This led to a wider application of mosaic works in architecture. Most mosaics were no 

longer made in situ but in a studio [1]. Glass tesserae were stuck in a reversed position on a temporary 

support. After completion, a mosaic or its segment was fixed on site – either directly or in a metal 

frame. A layer of mortar bed was laid on a wall (or into a metal frame). Subsequently, mosaic tesserae 

were squeezed into fresh mortar in the proper position (e.i. temporary support on top). Finally, after 

the mortar´s partial setting the temporary support was removed. 

The first modern mosaics installed in the Czech Lands were foreign imports mostly from Austria. Since 

1880s Austrian workshop now known as Tiroler Glasmalerei und Mosaikanstalt founded by Albert 

Neuhauser supplied mosaic works to the Czech market [2]. It took almost twenty years for local mosaic 
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production to emerge. This paper deals with the characterisation of mortar beds applied to several 

mosaics designed by Czech mosaic pioneer Viktor Foerster (1867-1915) who opened the first local 

mosaic studio in the Czech Lands (present-day Czech Republic) at the beginning of the 20th century.  

In the Czech Lands, Foerster accomplished 35 mosaic works [3]. His mosaics were mostly placed on the 

facades of sacral structures (chapels, churches and monasteries). He also designed several funeral 

mosaics decorating the tombs of wealthy people and some profane works. He used Italian mosaic glass 

[2]. Supposedly, he mixed his own fixing mortars from local commercially available materials. His first 

mosaic work, the decoration of Our Lady of Sorrows chapel´s façade in Barrandov, Prague, was 

completed in 1903. The mortar bed of the mosaic is included in this study. Foerster continued his 

mosaic activities until his untimely death in 1915. His studio was taken over by his wife Marie Viktorie 

[3]. 

2 Experimental part 

Mortar bed samples of four Foerster´s mosaics were investigated within this study. Their description 

is given in Tab. 1.  

Table 1. List of mosaics included in this study. 

sample label mosaic location date note 

PB1705 
(Lauschmann) 

Crist the Saviour 
Vyšehrad Cemetery, 
Prague 

1908 
Lauschmann family tomb in the 
arcades of the cemetery 

PB1802  
(Dolín) 

Christ the Good 
Shepperd 

Dolín u Slaného 1908 
facade of St. Simon and Jude 
church 

PB1902 
(Pelhřimov) 

funeral motifs 
Highlands Muzeum 
Pelhřimov  

1906 

mosaic panel originally 
decoraing the gate to 
Pelhřimov Cemetery, now 
deposited in the muzeum, 
mosaic fixed in a metal frame 

PB1904 (Bar 
randov) 

Christian signs and 
symbols 

Barrandov district, 
Prague 

1903 
facade of Our Lady of Sorrows 
chapel 

 

Scanning electron microscopy – energy dispersive X-ray spectroscopy (SEM-EDS) was employed to 

study the mortar´s microstructure and chemical composition. In order to determine the nature of the 

mortar´s binder thermal analysis with evolved gas analysis (TG/DSC-EGA) was performed. Mineral 

composition was studied by X-ray powder diffraction (XRD). 

SEM-EDS characterisation was performed using a MIRA II LMU SEM (Tescan corp., Brno) equipped with 

an energy dispersive x-ray detector (Bruker corp., Berlin). Mortar samples were embedded in an acrylic 

resin and polished. Polished sections were carbon-coated prior to analysis to ensure specimen surface 

41



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

 
 

conductivity. Elemental analysis was performed at 15 kV accelerating voltage and 15 mm working 

distance. 

X-ray diffraction analysis (XRD) of mortars was performed by PANalytical X’Pert MPD equipped with 

Cu tube and PIXcel1D detector. The data were evaluated by Profex software version 4.1.0 [4].  

TG/DSC-EGA results were obtained by Setaram Setsys Evolution-16 MS system in scan mode. EGA 

technique is based on mass spectroscopy. Powdered samples were placed into an alumina crucible 

without a lid with argon or synthetic air flowrate being 60 ml/min and heating rate 10 °C/min. 

3 Results 

SEM-EDS turned out to be the most helpful tool to characterize the mortars´ binder. Tab. 2 displays 

the average chemical composition of analysed samples. Due to their hydraulic nature and 

deterioration the binders of all investigated mortars showed a significant degree of inhomogeneity. 

That is why EDS spectra were collected from areas representing an “average” binder and several 

measurements (minimum 6) were performed within each mortar.  

 

Table 2. Average chemical composition of mortar binders measured by SEM-EDS. C.I. – cementation index. 

wt% PB1705 PB1802 PB1902 PB1904 

CaO 63,6 78,3 67,5 56,4 

SiO2 18,5 12,7 19,7 32,1 

Al2O3 5,8 4,3 2,3 5,0 

MgO 5,6 1,3 7,2 1,9 

Na2O 1,6 0,8 0,5 2,5 

K2O 0,8 0,7 0,3 1,0 

SO3 2,1 0,7 0,9 0,6 

Cl 0,5 0,6 0,2  

FeO 1,9 1,1 2,2 2,3 

total 100,0 100,0 100,0 100,0 

C.I. 0,83 0,51 0,76 1,65 

 

All mortars consist of silicate aggregates (mostly SiO2) and hydraulic binder with numerous clinker 

residues. Two of them (PB1802 – Dolín and PB1705 – Lauschmann) contain crushed brick shards (Fig. 

1).  
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Figure 1. SEM images of Foerster´s mosaic mortar beds - a) PB1904 - Barrandov, b) PB1902 – Pelhřimov, c,e) 

PB1705 Lauschmann, d,f) PB1802 Dolín. Images a-d recorded in BSE mode dark grey aggregates – quartz, light 

grey aggregates – aluminosilicases; crushed brick partlicles in the centre of images c-d. Images e-f) represent 

EDS maps of Ca, Si, Al distribution with clear shapes of crushed bricks particles. 

 

XRD Rietveld quantification results are illustrated in Tab. 3. Rietveld analysis does not involve 

amorphous hydrates, therefore it should be taken just as indicative. Calcite (from the binder) and 

quartz (from aggregates) are the most abundant crystalline phases in all samples. Higher calcite 

content presumably indicates higher rate of carbonation. 
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Table 3. X-ray powder diffraction results. 

crystalline 

phase (wt %) 
PB1705 PB1802 PB1902 PB1904 

calcite 18 54 * 46 

quartz 66 33 * 35 

feldspars - - - 12 

albite - 3 * - 

microcline - 3 - - 

micas - - - 5 

muscovite - 2 - - 

kaolinite - ** - 2 

gypsum 16 ** - - 

whewellite - * - - 

 

Contrary to SEM-EDS, no clinker phases were identified by x-ray powder diffraction. This might be due 

to their deterioration and decalcification (see next section). In sample PB1705 (Lauschmann) 16 wt% 

of gypsum was detected. In sample PB1802 (Dolín) traces of whewellite, hydrated calcium oxalate, 

were found. This mineral is associated with biocorrosion induced by microorganisms (namely bacteria) 

[5].  

As proved also by SEM-EDS, mortars´ aggregates consist prevailingly of quartz and also aluminosilicates 

(mostly feldspars and micas). This composition suggests sand has been used as a filler in all mortars.  

TG/DSC-EGA signal of investigated mortars (Fig. 3) can be divided to several regions. In the first region 

up to ca. 200 °C, water bound physically and chemically to C-S-H hydrates and gypsum was evolved.  

This signal is strong in PB1705 sample (Lauschmann) indicating a large amount of gypsum in the mortar. 

In agreement with XRD results, none of the samples showed significant signal corresponding to 

portlandite decomposition around 450 °C. This indicates substantial carbonation of the mortars. In 

most samples (PB1705 excluded), the highest mass loss was caused by CaCO3 decomposition. 
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Figure 2. TG-DTG curves of mosaic mortar beds (TG – redline, DTG – blue line) with inserted EGA graphs 

showing evolved H2O (blue line) and CO2 (red) – a) PB1705-Lauschmann, b) PB1802 – Dolín, c) PB1902 – 

Pelhřimov, d) PB 1904 – Barrandov). 

4 Discussion 

Two samples (PB1802 – Dolín and PB1705 – Lauschmann) looked quite similar both macroscopically 

and in the microscope. Apart from mostly SiO2 aggregates and frequent clinker residues, particles of 

crushed bricks were identified in them (Fig. 1). 

While the original shape of many clinker residues has been preserved (Fig. 3), their chemical 

composition has dramatically changed due to the redistribution of Ca in the mortar system during 

mortars´ hydration and subsequent carbonation. Original clinker calcium silicates have been 

decalcified. However, the shape of their crystals lets us assume the clinkers were mostly of belitic 

composition although some sharp-edged grains presumably corresponding originally to alite were 

observed too (Fig. 3a). Round belite crystals frequently occur in relatively coarse nests with distinct 

carbonated hydration rims (Fig. 3b). Optimally fired clinker residues made of amorphous silica cores 

surrounded by Ca-enriched rims (Fig. 3c) were also observed in both samples. These particles resemble 

those occurring in 19th century Roman cements (type 2-A of Gadermayr´s classification) [6]. However, 

the relatively large size (>10 µm) of belite crystals or their hydrated and altered structures as well as 
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the sporadic presence of alite relicts may be indicative for Portland cement rather than hydraulic lime 

[7]. The microstructure with coarser clinker residues and the dominance of belite over alite lets us 

assume these early cements were burnt at lower temperatures than modern Portland cements. 

Inhomogeneous distribution of firing temperature in the kiln can be documented by abundant 

overfired glassy particles (Fig. 3d). 

However, despite these similarities the PB1705 and PB1802 mortars cannot be characterized as the 

same material. In PB1705 (Lauschmann) significant amount of gypsum was identified both by xrd and 

thermal analysis (16 wt% by xrd, TG mass loss calculations showed approximately 18 wt%). Such 

gypsum content is believed to be too high to be ascribed solely to the mortar´s deterioration. No 

gypsum crystals were found in the studied cross-sections, SEM-EDS showed rather uniform distribution 

of sulphur in the binder. Yet, considering TG and xrd results, gypsum seems to have been added 

intentionally. Similarly to linseed oil in traditional mosaic mortars [8], added gypsum could play the 

role of a setting retarder which could prolong the time within which some changes in tesserae 

arrangement could be made.  

As can be read out of Tab. 1, the average chemical composition of sample PB1802 (Dolín) shows higher 

CaO/SiO2 ratio than the rest of the samples. This is in accordance with dTG results (Fig. 2) where sample 

PB1802 (Dolín) shows maximum weight loss associated with CaCO3 decomposition (Moreover, larger 

areas or sharped-edged grains filled with recrystalline CaCO3 were observed (Fig. 4e, f). They might be 

interpreted as completely carbonated fragments of original lime which is believed to have been added 

to the dominating hydraulic binder. 

Our findings are in contradiction to conclusions published by Rohanová et al. [9] who focused on glass 

tesserae and studied also the mortar bed of Dolín´s mosaic. Based solely on xrd results, they identified 

34 wt% of gypsum and characterized the binder as a gypsum-lime mixture [9]. Their different 

interpretation of the mortar´s nature might partially be explained by the inhomogeneity of the mortar 

and by the absence of microscopic methods in the mortar´s investigation. 
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Figure 3. SEM-BSE images of (a-c) PB1705 (Lauschmann) and (d-f) PB1802 (Dolín).  

In samples PB1902 (Pelhřimov) and PB1904 (Barrandov), early Portland cement seems to be the only 

binder. Similarly to the two previous samples, coarse clinker residues and overburnt particles were 

identified (Fig. 4). In altered clinker residues sharp-edged alite seems to have been more abundant 

than in the previous two samples. Apart from decalcified clinkers unreacted grains with the 

composition corresponding to unreacted alite and belite were detected (Fig. 4b).  

Sample PB1902 (Pelhřimov) was collected from the corner of a steel frame into which the mosaic had 

been fixed. Only a limited amount of the mortar could be taken. The sample was apparently 

contaminated by the dust from the frame. In Fig. 1c the DTG peak around 250 °C corresponds to the 

thermal decomposition of iron hydroxides [10].  
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Figure 4. SEM-BSE images of (a-c) PB1705 (Lauschmann) and (d-f) PB1802 (Dolín). 

 

The application of cementitious binder makes Foerster´s mosaics different from recently studied works 

ascribed to his Austrian competition, Tiroler Glasmalerei und Mosaikanstalt. Mortar beds of Austrian 

provenance are based on lime and marble dust. Linseed oil was identified as a significant organic 

admixture [8]. Such mortars represent traditional fixing materials whose application can be traced back 

in 16th century Italy [11]. Although Foerster gained his mosaic experience in Italy too [3], he apparently 

did not insist on the use of traditional fixation materials. 

5 Conclusion 

Mortar beds of four funeral or sacral outdoor mosaics designed by the first Czech mosaicist Viktor 

Foerster were characterized by conventional analytical methods. In contrast to his Austrian competitor 

(Tiroler Glasmalerei) also operating in the Czech Lands at the time using traditional lime mortars for 

sepulchral mosaics, Foerster seems to have applied cement to fix his works from the very beginning of 

his mosaic career.  

All investigated mortars were based on sand and a strongly hydraulic binder of cementitious nature. 

According to the shape and composition of unreacted clinker residues we assume, early Portland 

cement was used. Apart from the cementitious binder, crushed brick shards and other admixtures 

were identified in two samples (PB1706 Lauschmann and PB1802 Dolín). In Lauschmann mosaic 
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mortar, cement and bricks were combined with gypsum, in the Dolín mosaic the binder is a mixture of 

cement, lime and crushed bricks. 

The presence of cement in investigated mosaic mortars proves Foerster was a Czech mosaic pioneer 

not just from the point of time but also from the point of materials. 
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A STUDY ON HISTORIC MORTARS FOR RESTORATIVE APPLICATIONS IN 
PERSEPOLIS WORLD HERITAGE SITE: CURING IN SITE VS LABORATORY   
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Abstract: Two types of air lime mortars with inclusion of sesame cooking oil were synthesized. 

The behaviour of mortars in the site conditions and the laboratory can be distinct. Hence, the mortars 

were cured in two laboratory and natural climatic conditions of and Persepolis World Heritage Site. 

The mortars were monitored for two years under both conditions and the results demonstrated 

distinctions in characteristics of mortars, emanating from curing conditions. The air lime mortars cured 

in the site conditions exhibited increment in durability and hydric properties. In the natural outdoor 

conditions, some effects of addition of organics to mortars, such as retarding their setting time were 

less highlighted compared to laboratory curing mortars. 

1 Introduction 

Compatibility is a key requirement for restorative materials. Lime mortars are generally known 

compatible materials for historical masonries restorative actions; however, inclusion of various 

additives have been carried out to improve the function of these materials toward water and water 

vapour. Hydric improvements of lime mortars were usually concluded when various fatty organics 

were included in the mixes in modern and studies [1-3]. A study demonstrates that the unsaturation 

level of additive fatty acids is a key parameter for hydrophobization of oiled lime mortars [4]. 

Nevertheless, most of the characterizations and studies have been occurred when the mortars were 

made and cured in laboratory conditions, whilst the complexities of climatic parameters in real climatic 

conditions could occur substantial alterations in the tests results.  

This study has investigated restorative mortars for actions in Persepolis world heritage site (Iran) 

where a great need for provision of economic, compatible and sustainable restorative mortars was 

reflected. Conservation actions in the historical developing is highly dependent on economic part of 

plan of conservation [5] as economic values of restorative materials can increase the conservation 

domain potentials [6-8]. 

The organic additions has been demonstrated enhancements in a recent study under laboratory 

conditions, [4] with a similar mix-design used in this study. This research explores the lime mortars 

with local components in inclusion of sesame cooking oil in laboratory and the natural site conditions 

of the designated historical site (Persepolis), simultaneously.  
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2 Materials and Methods 

As commercial lime putty production in the country of the in-situ application (Iran) is not valid, high 

calcium content lime putty (Calcium hydroxide) as the main component for the mortars mixes was 

produced in the laboratory. The putty was classified as CL 90S according to EN 459-1 [9] composed of 

micronized high calcium powder as a commercial product (90%<Ca(OH)2<93%) was slaked for 3 

months with distilled water to produce 49 w.t.% water content lime putty. The non-reactive part of 

the mortars was composed by three different stone powders and a type of sand (particle size of 1-2 

mm), from a local (Pulvar) river. 

The characteristics of the additive sesame oil used in this research and the methods for mixture 

creation and casting is explained in detail in a previous study [10].  

Table 1. Mix-design of the investigated samples. 

Sample Mix Curing 

Condition 

Ca(OH)2 
[wt. %] 

Non-
reactive 

part 
[wt. %] 

Kneading 
water 

[wt. %] 

Oil 
[wt. 

%] 

SITE1 M1 In-situ 27 66 7 0 

SITE2 M2 In-situ 25 66 7 2 

LAB1 M1 Laboratory 27 66 7 0 

LAB2 M2 Laboratory 25 66 7 2 

 

The mortars were molded in disc-shaped plastic molds (diameter = 60 mm, thickness = 20 mm) over a 

glass support and were demolded after 24 hours. The laboratory series of the mortar samples (LAB) 

were kept at lab conditions (Temperature=22 ± 2 °C, RH=50±5 %) for the rest of their curing period. 

The outdoor curing series (SITE) of mortar samples were kept in the site (temperature of the mortar 

production week=8-23°C, RH=23±5 %). In order to enhance the comparability of the characterizations 

with the recent studies, the samples were characterized after 180 days of curing. 

3 Characterizations  

The mortar samples were characterized in terms of 

• Calcium carbonate formations by a Dietrich Fruhling calcimeter 

• Open porosity by mercury intrusion porosimeter (MIP)  

• Water absorption (WA) in 24 hours by the formula: WA24h = [(mssd - mdry)/mdry] × 100 

• Vapour permeability according to EN 1015-19 [11]  

• Superficial durability by destructive freeze-thaw life cycles 

The detailed process and methods of the characterizations in explained a previous paper [10]. 
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4 Results and Discussions 
 

The results of the open porosity values, calcium carbonate formation, impermeability (water vapour 

resistance) coefficients, and water absorption values are reported in Table 2.  

Table 2. Results of various characterizations of the mortar samples 

Samples 

 

Open 

porosity  

[%] 

Calcium 

carbonate 

formation 

[%] 

Impermeability 

coeficient 

WA24h 

[%] 

Surface soundness after 15 

destructive freaze-thaw 

cycles 

SITE1 35.0 78 4.9 18.1 (± 0.3)  NO 

SITE2 34.5 77 3.9 1.2 (± 0.4) YES 

LAB1 40.5 72 4.2 16.5 (± 0.3)  NO 

LAB2 33.2 68 4.5 4.5 (± 0.5) YES 

 

As it can be found in the results, addition of sesame cooking oils in the air lime mortars led to 

substantial hydrophobic effects such as considerable reductions in water absorption values: over 70 % 

water gain reduction when the samples were cured in laboratory and about 90 % reduction when the 

mortars were cured in the site conditions.   The oiled mortars demonstrated higher hydrophobicity 

when cured in the natural climatic conditions.  

The open porosity values, did not demonstrated a considerable alteration for the oiled mortars, in 

various curing conditions. However, open porosity of the mortars cured in the laboratory, showed a 7 

% reduction in inclusion of additive oils.  

Oil additions in the air lime mortar samples adversely affected carbonation and permeability values 

for the mortars cured in laboratory. This had been reported in previous studies. Nevertheless, when 

the mortars were cured at the outdoor conditions no negative effect on carbonation process and 

permeability of the samples was observed. This can be due to existence of numerous climatic 

parameters in the outdoor condition of natural site, compared to the laboratory such as air flow and 

thermal variations. These parameters affected the condition for the site cured mortars: the carbon 

dioxide gains and microstructural alterations consequently demonstrates 78-80% of calcium carbonate 

after 180 days of curing. 

The inclusion of fatty acid-based organics as additives in the mortars, could raise concerns regarding 

long term durability issues such as biological attacks. Apart from all laboratory scale verifications that 

are required in the future researches, a preliminary monitoring of the mortars was necessary. In this 

stage, the mortars were applied in the in-situ applications and monitored for two years. The 

appearance stability, durability, verification of hydrophobic values and contact angles after 24 months 

exposure to weathering we studied and the results after thorough analysis will be reported in the 

future publications. The oiled mortars manifested a sound physical appearance, however, the non-

oiled samples demonstrated various detachments due to their water gain and extended volume of the 

frozen water in their porous hydrophilic structure.  
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Figure 1.  Left: Repointing the staged condition of stones in the site; Right: Repointing joints of a real structure 

in Persepolis site for durability monitoring 

5 Conclusions 

Climate change and considerable reduction of relative humidity in the recent years of the region of 

this application (10 % reduction of RH since 2010) urges the application of air lime mortars rather than 

hydraulic lime for conservation actions. Addition of sesame oil to air lime mortars have considerably 

enhanced their hydric properties. Furthermore, no biological attack or durability issue was reported in 

the two years of the in-situ monitoring of the applied mortars. An enhancement of hydric properties 

of air lime mortars in presence of sesame oil occurred in the in-situ conditions with more complicated 

climatic parameters compared to the laboratory. Effect of some climatic parameters such as air flow 

and daily thermal variations did not manifest adverse effects on the characteristics of the studied 

mortars.  
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Abstract:  The hydraulic characteristics in a lime-based mortar are primarily determined by the 

occurrence in the raw materials of a variable amount of reactive silica (SiO2) and alumina (Al2O3) that, 

in presence of water, interact with lime (CaO) to form different hydrate products (C-A-H; C-A-S-H; C-S-

H). At certain conditions, other hydrate products, based on the interaction of magnesium with silica 

(and sometimes also with alumina) can occur (M-S-H/M-A-S-H). The target of this research is the 

analysis and comparison of the characteristics and structure of calcium-based silico/aluminate 

hydrates and magnesium-based silico/aluminate hydrates in ancient mortars and concretes. We 

adopted a multianalytical approach for characterizing samples from the sites of Aquileia (Northern 

Italy), Nora (Sardinia) and Pompeii (Naples), having different composition and collected from 

structures with different function. The results we obtained demonstrate the occurrence of different 

hydraulic phases in mortar-based materials of the investigated sites. The crystallinity degree of 

hydraulic phases primarily depends on the composition of raw materials used in the compounds. The 

accuracy devoted in the treatment of raw materials and in the making of the compounds are other 

factors influencing the hydraulic properties of the resulting mortars, as well as the pH of the system. 

1 Introduction 

The hydraulic characteristics in a lime-based mortar are primarily determined by the occurrence in the 

raw materials of a variable amount of reactive silica (SiO2) and alumina (Al2O3) that, in presence of 

water, interact with lime (CaO) to form different reaction products [1]. In certain cases, other hydrate 

products based on magnesium interaction with silica (and sometimes also alumina) can occur, in M-S-

H/M-A-S-H phyllosilicates having a quasi-gel-like structure [2, 3].  

The target of this research is the analysis and comparison of the characteristics and structures of 

calcium-based and magnesium-based silico/aluminate hydrates in ancient mortars and concretes. 

We studied by optical microscopy (OM), X-ray powder diffraction and Rietveld quantitative phase 

analysis (QPA-XRPD), scanning electron microscopy and energy-dispersive microanalysis (SEM-EDS) 

and magic-angle spinning solid-state nuclear magnetic resonance spectroscopy (MAS-SS-NMR) several 

mortar samples from the sites of Aquileia (Northern Italy), Nora (Sardinia) and Pompeii (Naples), 

having different composition and collected from structures with different function (i.e. revetments of 

water-tanks, foundations, floor beddings). We examined “aerial” lime mortars rich in natural and 

55



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

artificial pozzolanic aggregates (volcanic glass, organic ashes, terracotta fragments) and natural 

hydraulic lime mortars. 

Through OM and SEM-EDS investigations, we detected reaction edges around the pozzolanic 

aggregates and we investigated the chemism of reacted areas. By QPA-XRPD, we described and 

quantified the type and the amount of hydraulic crystalline phases. We finally performed NMR 

investigations to parameterize the pozzolanic character of mortars by observing the degree of 

polymerization of silica. 

The hydraulic products we detected are calcium-based silico-aluminate hydrates in the form of C-A-H, 

C-A-S-H or pure C-S-H having a variable grade in crystallinity and organised in different mineralogical 

phases primarily depending on the chemical characteristics of the pozzolanic raw materials. Under 

certain conditions, the development of M-S-H and M-A-S-H products in some mortars has been also 

observed and described. 

2 Case studies and samples 

2.1 Pompeii 

Pompeii rises on a volcanic plateau on the southern slopes of the Vesuvius volcano. In the Samnite 

period (5th – 4th century BC), the city was already structured into a fortified urban centre. From the 3rd 

century BC, it entered in the Roman sphere of influence and it was monumentalized in the following 

decades with rich private houses and public buildings. After the 62 AD earthquake, Pompeii was 

interested by a renovation phase, when it was suddenly destroyed in 79 AD by the famous eruption of 

Vesuvius, which determined its demise but, at the same time, ensured its conservation until today. 

The so-called Sarno Baths are a terraced large Roman spa located on the south-western edge of the 

Pompeian plateau (Figure 1). The building was excavated for the very first time between 1887 and 

1890, while its façade was brought to light in the 1950’s. Several modern renovations reshaped the 

construction in its external and internal layout [4]. More than 80 mortars have been analysed from the 

Sarno baths. Samples have been grouped according to the ancient construction phases and modern 

restoration interventions, on the basis of the compositional features. In those dated to the Imperial 

Age phase, clasts of volcanic glass (pumices and tuff fragments) were identified (Figure 2). Besides, 

also vesicular tephrite lavas have been detected in older mortars as well as in Imperial age ones [5, 6].  

  

(a) (b) 
Figure 1. The site of Pompeii and the Sarno Baths. (a) Plan of the ancient city and localization of the Sarno 

Baths; (b) The terraced façade of the Sarno Baths. 
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Figure 2. Clasts of pumice in wall-joint mortars from the Imperial Age phase of the Sarno Baths in Pompeii. 

 

2.2 Nora 

The ancient city of Nora is a Punic-Roman settlement located on a peninsula in the southern edge of 

the Gulf of Cagliari in Sardinia (Figure 3). From the 8th century BC the site was occupied by the 

Phoenicians, that established an emporium for trading with inland Nuragic populations. At the end of 

the 6th century BC, Nora became a Carthaginian town. Punic inhabitants built a quartered town, with 

streets, stone buildings and two chambered necropolises. In 227 BC, after the First Punic War, Sardinia 

was conquered by Rome and Nora was heavily refurbished by Romans with new buildings such a wide 

forum, temples, baths and a theatre [7]. 

  

(a) (b) 
Figure 3. The site of Nora. (a) Plan of the ancient city indicating the analysed cisterns; (b) typical bathtub-type 

cistern in the city of Nora. 

Due to sporadic rainfall, water was an important good for ancient Sardinians. More than 90 cisterns 

for the collection of rainwater have been documented in Nora and in its suburbs [8]. They were 

plastered with hydraulic renders to provide adequate impermeabilization. Hydraulic capabilities were 

conferred by the addition of organic ashes, terracotta fragments (cocciopesto) or volcanic-glass (mainly 

pumices), which were often combined together in mixed compounds [9, 10]. The cisterns of Nora were 
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re-coated many times for restorations. We documented a clear shift in recipes: in older coatings, 

“aerial” lime binder is mixed with organic ash (ASH type) or with organic ash and terracotta fragments 

(ASH-CP type). On the other hand, the outer restoration revetments are usually made with mortars 

rich in pumices and terracotta fragments (PUM-CP). In the latter type, organic ash is absent or very 

scarce (Figure 4). Render types are difficult to be ascribed to exact chronologies, but it seems that 

PUM-CP type could be produced from the Imperial period onwards, while ASH and ASH-CP ones are 

more common in previous periods, as they strictly recall ancient Phoenician plastering techniques [11]. 

 

Figure 4. Types of cisterns’ coating mortars from Nora (from [10]). 
 

2.3 Aquileia 

Aquileia was one of the most prosperous Roman towns in Northern Italy. After its foundation in 181 

BC, the city became, during the Imperial age, a flourishing urban centre, as it was enriched by 

monumental buildings and prestigious private houses (Figure 5). In the 4th century AD, Aquileia was 

considered by Ausonius (XI, 9, 4) one of the nine most important and extended cities of the ancient 

world, but in the 425 AD it collapsed under Attila’s invasion. After this episode, the town was not totally 

abandoned but it faced a relentless decline in the following centuries [12]. 
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We analysed around 300 mortars samples from structures having different function (i.e. wall joints, 

wall-paintings, floor beddings, foundations) and chronology, covering over six centuries of 

chronological timespan, from the 2nd century BC to the 6th century AD [13 - 17]. In this site, hydraulic 

mortars were usually produced by adding terracotta fragments to the lime-based binders. Mortars 

enriched in volcanic glass are extremely rare (Figure 6), since this type of raw material is not available 

locally, and it was imported from far-off suppliers. 

 

 

 

(a) (b) 
Figure 5. The site of Aquileia. (a) Plan of the ancient city indicating the main buildings and structures analysed; 
(b) up: joint mortar of a wall made with bricks; down: mortar-based screed of a mosaic. 
 

 
Figure 6. A mortar-based material enriched in terracotta elements and volcanic glass (mainly pumice) from 
Aquileia. 
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3 Analytical techniques 

The petrographic study was performed following the macroscopic and microstratigraphic analytical 

procedures for the study of mortars and concretes described in Standard UNI 11176:2006 “Cultural 

heritage - Petrographic description of a mortar". The study was performed by TL-OM on 30 μm thin 

sections, obtained by vacuum impregnating portions of the materials with epoxy resin and sectioning 

them transversally. The microscopic study was performed on a Nikon Eclipse ME600 microscope. 

Mineralogical analyses of the bulk samples were performed by XRPD-QPA. Quantification was 

determined by adding 20 wt% of zincite to mortars as internal standard. Data were collected using a 

Bragg–Brentano θ-θ diffractometer (PANalytical X’Pert PRO, Co Kα radiation, 40 kV and 40 mA) 

equipped with a real-time multiple strip (RTMS) detector (X’Celerator by Panalytical). Data acquisition 

was performed by operating a continuous scan in the range 3-85 [°2θ], with a virtual step scan of 0.02 

[°2θ]. Diffraction patterns were interpreted using the X’Pert HighScore Plus 3.0 software by 

PANalytical, qualitatively reconstructing mineral profiles of the compounds by comparison with PDF 

databases from the International Centre for Diffraction Data (ICDD). Then, QPAs were performed using 

the Rietveld method [18]. 

The binder fraction of hydraulic mortars from those sites was also extracted, to determine the 

reactivity properties of the employed binding mixtures and the extent of the pozzolanic reaction 

processes. The study was performed on binder-concentrated samples obtained following the 

Cryo2Sonic 2.0 separation procedure [19], custom-modified through the addition of a chelating agent 

to the sedimentation solution (sodium hexametaphosphate 0.5% wt.) to favour the suspension of the 

finer, non-carbonate phases such as clay minerals and pozzolanic products, prone to flocculation due 

to their surface charges, according to the methodology defined in [9]. 

Thin sections of selected samples were also micro-structurally and micro-chemically characterized by 

SEM-EDS, in order to punctually investigate the chemism of lime binder and lime limps and the extent 

of hydraulic products. A CamScan MX2500 scanning electron microscope has been used, equipped 

with a LaB6 cathode and a four-quadrant solid state BSE detector for imaging. Furthermore, an EDAX-

EDS energy dispersive X-ray fluorescence spectrometer was used for chemical microanalysis, mounting 

a Sapphire Detector composed by a LEAP+ Si(Li) crystal and a Super Ultra-Thin Window. Qualitative 

interpretation of spectra and semiquantitative chemical analysis were performed through SEM Quant 

Phizaf software. 

Finally, the samples from Nora were also studied through 29Si MAS-SS-NMR, in order to define 

coordination and degree of polymerization of silicates in the binder fractions of the render samples. 
29Si spectra were collected on a Bruker AVANCE III 300 spectrometer, operating with a magnetic field 

of 7.0 T corresponding to 29Si Larmor frequencies of 59.623 MHz and equipped for solid-state analysis 

in 4 mm diameter zirconia rotors with Kel-F caps. The magic angle was accurately adjusted prior to 

data acquisition using KBr. 29Si chemical shifts were externally referenced to solid 

tetrakis(trimetylsilyl)silane at –9.0 ppm (in relation to TMS). The quantitative 29Si single-pulse 

experiments were collected at a spinning frequency of 6 kHz, a recycling delay of 100 s and 2000 

transients. The signal patterns of the spectra were deconvoluted with the Peak Analyzer routine of 
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Origin Pro 2018 software, using combined Gaussian-Lorentzian peak functions commonly employed 

for the fit of NMR data. 

4 The hydraulic phases of the mortar-based materials 

The multi-analytical approach allowed to describe in detail the mineralogical and chemical 

characteristics of the newformed hydraulic phases in the analysed mortars and concretes and to 

recognize the elements that have induced their development. 

4.1 AFm and C-A-S-H 

C-A-H in the form of crystalline AFm [20], having hydrocalumite/hydrotalcite-like structures, are the 

most common reaction products we detected in alumina-rich mortars, as the cocciopesto ones.  

Table 1. QPA-XRPD results of the whole samples related to a selection of terracotta rich mortar-based materials 
from Aquileia. Data from [13] and [17]. Abbreviations, according to [21]: Cal = calcite; Arg = Aragonite; Brc = 
Brucite; AFm = AFM phases; Al-Tb = Al-Tobermorite; Dol = Dolomite; Qz = Quartz; Pl = Plagioclase; Kfs = K-
feldspar; Anl = Analcime; Ms = Muscovite; Di= Diopside; Ghl = Gehlenite; Ilm = Ilmenite; Hem = Hematite; Amr = 
Amorphous; - = under detection limit. 
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COS_PREP_4 Floor bed. 43.1 5.1 - - - 3.7 8.5 3.3 1.8 - 0.8 8.9 - - 0.3 24.2 

CBF_PREP_29N Floor bed. 62.3 - - - - 2.1 3.7 1.8 - - - 7.8 - - 0.3 22.0 

CBF_CM_5 Vat revet. 39.7 - - 1.0 - 1.1 7.7 1.1 2.1 0.9 1.0 7.7 - 0.7 0.5 36.5 

CBF_CM_6 Vat revet. 35.2 - - 0.4 - 0.6 6.2 1.2 3.0 - 0.9 14.0 1.8 0.3 0.4 45.2 

GTR_CM_1 Vat revet. 42.4 0.5 1.0 2.3 1.9 - 5.0 0.5 - - 0.2 3.5 0.4 - 0.8 41.5 

 

Not all the analysed samples show the same characteristics: the degree of comminution of terracotta 

fractions strongly affects the final reaction products of the material. In fact, concretes enriched in 

coarse terracotta fragments, usually employed as preparation layers of mosaics and other floors in 

Aquileia, present feeble hydraulic properties. In these samples, the crystalline AFm is modest and 

maybe a part of the amorphous fraction, mainly related to the dehydroxylated clays, could be 

attributed to C-A-H or C-A-S-H hydraulic products (Table 1). 

Stronger peaks of AFm have been detected in cocciopesto mortars enriched in finely-ground 

terracotta. These mortars were used for coating cisterns and vats in Aquileia, demonstrating the real 

intent of ancient crafts to waterproof these structures. Nevertheless, also in these cases, the 

production technique (homogeneous mixing, size of terracotta fraction, lime-aggregate proportions) 

as well as the type of clay [11], can affect the reactivity and, as a consequence, the performances of 

the final mortars. 
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Crystalline Al-tobermorite, a crystalline C-A-S-H [22], has been detected only in some mortars from 

Aquileia having abundant terracotta dust fragments. The perfect blending of these mortars, which 

were used to waterproof of the vats of a Late Imperial Spa, was highlighted also by SEM-EDS analyses, 

which gave a hydraulic index (HI) and cementation index (CI) of the matrix of 0.7 and 1.7 respectively, 

indicative of extremely hydraulic materials [23]. These data provide important information about the 

know-how of skilled crafts, operating in a Late Imperial spa that was probably made under the 

sponsorship of the Imperial family. 

In the render of the water tanks of Nora, AFm was detected also in cocciopesto mortars enriched with 

organic ash (ASH-CP type) and in pure ash-enriched mortars (ASH type): both terracotta and ashes 

reacted with aerial lime binders determining the development of C-A-H/C-A-S-H. With respect to pure 

cocciopesto mortars (CP), ASH-CP and even ASH mortars of Nora showed better hydraulic capabilities, 

as AFm peaks are more pronounced (Figure 7). 

Therefore, organic ashes can sensibly contribute to the waterproofing of aerial lime-based mortars. 

Again, it seems that the preparation method of mixtures can influence the characteristics of the final 

material. 

 

 
Figure 7. XRPD diffraction patterns of the sole binder fraction of cisterns’ renders of Nora (from [9]). The main 

diffraction peaks of the mineral phases are highlighted. Abbreviations (according to Evans): Ps-gel = 
phyllosilicate gels (M-S-H/M-A-S-H); Bt/Ilt/Ms = biotite/illite/muscovite; AFm = AFm phases; Chl = clinochlore; 

Anl = analcime; Qz = quartz; Vtr = vaterite; Or = orthoclase; Sa = sanidine; Ab = albite; Cal = calcite; Di = 
diopside; Ap = hydroxyapatite; Hem = hematite; Zin = zincite (internal standard); Hl = halite. 

Volcanic glass-rich mortars display features similar to cocciopesto ones. However, in the volcanic glass 

rich mortars from Pompeii, crystalline hydraulic phases were feebly detected: the development of AFm 

is limited, while C-A-H/C-A-S-H phases probably maintained a prevalent gel-like structure (Table 2). 

The low presence of lime, in very weak mortars, probably influenced the availability of calcium in the 

62



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

system to react developing calcium-based silico-aluminate hydrates. The degree of comminution of 

volcanic clasts probably also affected the final outcomes of the mortars. In all the volcanic-glass rich 

mortars employed in the masonries of the Sarno Baths of Pompeii, in fact, hydraulic products are 

limited as volcanic clasts were not carefully ground. 

Table 2. QPA-XRPD results of whole samples related to a selection of volcanic glass rich mortar-based materials 
from Pompeii (M267, M298, M302, data from [6]), Nora (C91.I1.b, data from [9]) and Aquileia (data from [16]). 
Abbreviations (according to [21]): Cal = calcite; Arg = Aragonite; Vtr = Vaterite; AFm = AFm phases; Qz = Quartz; 
Pl = Plagioclase; Kfs = K-feldspar; Lct = Leucite; Cpx = Clinopyroxene; Ol = Olivine; Cbz = Chabazite; Php = 
Phillipsite; Ms/Bi = Muscovite/Biotite; Di= Diopside; Anl = Analcime; Clc = Clinochlore; Hem = Hematite; Amr = 
Amorphous; - = under detection limit.  
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M267 Wall joint 28.8 1.8 0.4 - 0.8 5.8 9.8 0.8 7.3 - 1.2  - 0.8 - 3.1 - 0.5 39.1 

M298 Wall joint 14.3 0.4 -  - 1.2 10.7 12.8 0.6 10.0 - - - 0.9 - 3.6 - 1.2 44.3 

M302 Wall joint 7.4 5.7 - - 0.8 15.1 14.8 1.4 14.2 1.0 0.5 - - - 6.7 - 1.8 29.6 

C91.I1.b Cistern rend. 42.3 - 1.3 - 6.4 2.2 8.6 - - - - - 3.1 - 0.5 0.8 - 34.9 

GTR_VM_4 Vault op. ceam. 22.9 5.2 3.4 2.2 1.3 - 3.6 - - - - 1.0 - 7.0 - - - 53.4 

 

In some mortars from Nora, mixtures were enriched of both volcanic glass and terracotta fragments. 

Also in this case, the formation of crystalline AFm seems limited, and most of C-A-S-H and C-A-H likely 

maintained a gel-like structure. Similarly, the pozzolanic aggregates in samples from Aquileia are 

constituted by pumices mixed with terracotta fragments, but only in this latter case, the formation of 

AFm was documented in bulk samples. Therefore, when we describe reaction products, the 

characteristics of the raw materials are important elements to be considered, but there are also other 

factors influencing the reactivity of the aggregates, such as the surrounding pH. In Aquileia, in fact, 

mortars rich in fine and coarse sized Phlegrean pozzolana appear deeply reacted. SEM-EDS 

investigations of matrix areas highlighted a strong presence of silicon and aluminium, produced by the 

reaction of volcanic aggregates, interacting with the calcium of the lime with a probable local 

precipitation of C-A-S-H. Volcanic clasts, in fact, resulted deeply altered, displaying a strong diffusion 

of Ca-enriched fluids even in the inner cores on the clast. An alkaline environment can foster the 

potential reactivity of pozzolanic materials: in the mortars of Aquileia, the alkaline inductor was 

probably saltwater used for the production of the compounds, but also other factors should be taken 

into consideration (i.e. availability of calcium) for a full argumentation of these results. 

4.2 C-S-H 
Pure C-S-H reaction products were detected in the analysed samples only in few cases where abundant 

concentration of free reactive silica and low alumina are available in the system (Figure 8). In some 

samples of Aquileia and, in particular, within a lime lump mechanically separated from one of the 

samples, we detected the development of pure C-S-H, structured in the form of tobermorite 14Å, a Si-

rich C-S-H [1, 24], whose formation does not depend on pozzolanic reaction but to the intrinsic 
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characteristics of the binder. This is a sort of natural hydraulic lime, produced by the calcination of 

impure cherty limestones (probably local gravels) at high temperatures. In these samples, little AFm 

was detected, as low alumina was available in pure binary calcium-silica reactive systems. 

 

Figure 8. XRPD diffraction patterns of the sole binder fraction of concrete foundations of Republican walls of 
Aquileia (from [17]). The main diffraction peaks of the mineral phases are highlighted. Upper pattern: whole 

sample; middle pattern: binder fraction; low pattern: lime lump (mechanically separated). Abbreviations 
(according to [21]): Tb = Tobermorite 14Å; AFm = AFm phases; Qz = Quartz; Cal = Calcite; Dol = Dolomite; Brc = 

Brucite. 
 

4.3 M-S-H and M-A-S-H 

Several studies demonstrated that, in alkaline environments, ASR (alkali-silica reaction) and ACR 

(alkali-carbonate reaction) can occur [25], influencing the latent reactivity of some elements, different 

from the traditional pozzolanic ones, such as dolostones and chert. In the mortars from Aquileia, the 

reaction of micro clasts of chert and the de-dolomitization of dolostone sands in alkaline solutions 

caused the development of M-S-H gels, or M-(A)-S-H when free reactive alumina was available. The 

same phases were documented in some mortars from Nora where the contribution of reactive 

magnesium was provided by magnesium-rich organic ashes. In all these cases, it is probable that the 

use of saltwater in the making of the mixtures contributed in increasing the alkalinity of the systems, 

causing the formation of M-S-H/M-A-S-H even in ordinary lime mortars of Aquileia [26], which were 

produced with aerial lime mixed with local sediments, constituted by carbonate (dolostones and 

limestones) and silicate (quartz and chert) sands and gravels (Figure 9). 
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In those mortars having pozzolanic aggregates, the coupled development of C-S-H and M-S-H or C-A-

S-H/C-A-H and M-A-S-H was suggested. These are extremely complex situations, in which it was 

difficult to correctly quantify the effective contribution of the reactions. 

 

Figure 9. SEM-EDS analysis of a selection of representative samples from Aquileia (BSE acquisition). a) Altered 
dolostone; a1) EDS microanalysis of an unaltered dolostone relict; a2) EDS microanalysis of an altered zone of a 

dolostone grain, with local development of M-(A)-S-H; a3) EDS of an unaltered dolostone relict; a4) EDS 
microanalysis of an altered zone of a dolostone grain, with local enrichment of M-(A)-S-H; b) altered chert 

clasts; c) enlargement of the hatched area in fig. b); c1) EDS microanalysis of a weakly altered zone of a chert 
clast; c2) EDS microanalysis of an altered zone of a chert clast, with local enrichment in M-(A)-S-H and 

permeation of calcium-enriched fluids; d) Lime matrix on the left and a lime lump on the right; e) magnification 
of the dashed area in fig. d; e) EDS microanalysis of an area of the binder matrix enriched in M-S-H gels; e2) EDS 

microanalysis of an area of the lime lump enriched in M-S-H gels. 

5 Discussion and conclusions 

In the mortars and concretes from Pompei, Nora and Aquileia, we observed the development of 

hydraulic crystalline phases, whose formation is primarily related to the sorting of the raw materials 

constituting the compounds. The care devoted in the grinding of aggregates, in the proportion of 

binder to aggregate and in the mixing technique are other secondary factors influencing the 

hydraulicity. Finally, also pH of the system can have an influence on the latent reactivity of certain 

aggregates. 

We observed that C-A-H and C-A-S-H mainly occur in terracotta-rich, organic ash-rich and volcanic 

glass-rich mortar-based materials, as well as in mixed compounds. Pure C-S-H only occurs in binary 
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calcium-silica based systems, and we detected these phases only in mortar-based materials produced 

using natural hydraulic lime. 

Apart from calcium-based hydrates, also magnesium-based hydrates can occur, whereas alkaline 

elements (K, Na) can foster the latent reactivity of certain elements (i.e. dolostones). The availability 

of free reactive magnesium and silica in the system can trigger the formation of M-S-H gels. 

The major issue we faced with the techniques we usually adopt (OM, XRPD, SEM-EDS) was determining 

and quantifying the real contribution of each element in mortars and concretes to the development of 

hydrated products. This was quite easy in the analysis of “simple” compounds, such as those attesting 

the formation of just one type of calcium-based silico/aluminate hydrate or just one type of 

magnesium-based silico/aluminate hydrate. These phases can form by the interaction between a 

reactive aggregate and the aerial lime (i.e. cocciopesto mortars) or depending on the intrinsic 

characteristics of the lime itself (i.e. natural hydraulic binders). On the other hand, determining the 

contribution in the development of hydraulic capabilities was extremely difficult when we approached 

“complex” recipes, such as those having a different sorting of potential pozzolanic aggregates and in 

which different types of hydrates (M-S-H, C-A-S-H etc.) developed. 

 

Figure 10. 29Si MAS-SSNMR analyses of representative binder-concentrated samples for each render typology 
applied in the Nora cisterns (ASH; ASH-CP; CP; PUM-CP). The raw spectra are reported below, while the fitted 
peaks are reported above, together with the FWHM bars and the typical intervals for Q1, Q2, Q3 and Q4 SiO4 

tetrahedra (edited from [9]). 
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To overcome this limitation, we adopted MAS-SS-NMR for the analysis of cistern renders of Nora, to 

determine the incidence of pozzolanic reaction amongst cistern mortar renders with mixed classes of 

pozzolanic aggregates (Figure 10). By means of this analysis, we therefore attempted to parameterize 

the hydraulicity of the mortars by observing the structural configuration of silica in the samples. 

Focusing on the Si NMR signal, the extent of the pozzolanic reaction was evaluated by considering the 

shift of the fitted center of the peak from very negative chemical shift values (completely condensed 

Q4 siloxane building units of the unreacted pozzolanic additives at about −100/−105 ppm) to less 

negative chemical shift values (Q1 and Q2 siloxane dimers and chains of the C-S-H/C-A-S-H phases at 

about −85 ppm). According to this analytical interpretation, ASH renders are the ones showing the 

lower extent of silicates pozzolanic reaction, while a progressive increase in the reaction rate is 

observed in PUM-CP renders, CP renders and ASH-CP renders. 

In conclusion, coupling QPA-XRPD data, NMR results and the HI/CI of samples calculated by SEM-EDS, 

we were able to parametrize and to effectively compare the hydraulic capabilities of the mortars. The 

best waterproofing mortars are usually those produced for the impermeabilization of structures or in 

foundational environments. On the other hand, mortars employed in mosaic beddings and wall joints 

usually display a feeble hydraulic character. This demonstrates a deep awareness by the ancient crafts 

of the properties of raw materials and their treatment for the production of the compounds. The 

degree of “quality” of the recipes probably was also influenced by the specialization of crafts, as the 

best hydraulic mortars are those collected from structures of public buildings, i.e. thermae or urban 

fortifications. 
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PHYSICO-CHEMICAL CHARACTERIZATION OF HISTORIC MORTARS FROM 
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Abstract: The Venetian Arsenals of Chania in South Greece constitute an important monument 

of cultural and industrial heritage, as well as a key landmark for the town. In the framework of the 

holistic study for the restoration of the building, mortars, plasters and stones were extracted and 

analyzed in order to identify the construction phases and evaluate the decay of the materials. Τhe open 

porosity, the bulk density and the percentage of soluble salts were calculated. Additionally, the 

mortars were chemically and mineralogically characterized through elemental analysis XRF, infrared 

spectroscopy FTIR, thermographic analysis DTA/TG and X-Ray diffraction to determine the 

corresponding building technology and the composition of the raw materials. Furthermore, the 

granulometric analysis and the optical microscopy provided information about the aggregates and the 

consistency of the mortars. The original Venetian mortars seemed to have good consistency and 

excellent coherence with the building stones. The Ottoman mortars, on the contrary, due to their poor 

consistency, have suffered the greatest decay. This research will lead to the design of compatible 

restoration materials, thus ensuring the sustainable performance of the monument. 

1 Introduction 

The construction of the Chania Arsenals began in 1497 and with gradual additions two impressive 

complexes were eventually formed. The first, at the eastern end of the harbor, comprised five arsenals, 

while the other, even further to the east, alongside today´s dock that had not been constructed at that 

time, consisted of seventeen adjacent arsenals.   

The dome sheds of the arsenals, which had finial pediment facades open to the sea for the approaching 

of ships, were almost 50 meters long, 9 meters wide, with an average height of 10 meters. Arched 

passageways completed the transverse walls. The arsenals were constructed of sandstone in the 

perimeters of the arches and all across their northern spire and by rough stones in the other parts. By 

the end of the 19th century the seventeen-arsenali complex had only seven remaining domes. In the 

beginning of the 20th century, the open sea front arches were sealed with walls, the dock was 

constructed and the area changed radically. Over the years, the arsenals had various uses such as 

storing place, laboratories of Archaeological services, venue for events and exhibitions. Nowadays, due 

to the plethora of problems they are used only as storing place. [1]. 

In the framework of a research project of Technical University of Crete entitled “Investigation of the 

historical and technological documentation of the restoration research- proposal of new uses - 

promotion of the Arsenals in Chania”, the historical materials, mortars, plasters and stones were 
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analyzed. In particular, more than 35 samples mainly consisting of mortars and plasters were extracted 

and analyzed in order to identify their composition, consistency, as well as the degree of their decay.  

The analysis and characterization of the original materials of historical structures constitutes a helpful 

tool for the determination of the construction phases, the evaluation of the decay and the design of 

restoration mortars [2,3,4].   

The determination of the chemical composition among with the assessment of the raw materials used, 

gave us information about their construction phase, namely the initial Venetian phase, the Ottoman 

phase and modern interventions. In total, 3 main groups of original historical mortars and plasters 

were identified; the 1st group includes air lime mortars, the 2nd contains moderately hydraulic mortars 

and the 3rd hydraulic mortars. 

 

 

Figure 1. The 7 Venetian Arsenals of Chania. 

2 Experimental part 

2.1 Sampling 

The samples were extracted in a gentle way without causing any destruction to the monument, trying 

to cover various parameters such as the interior or exterior exposure, the orientation, and the origin, 

i.e. Venetian, Ottoman or newer. The sampling positions are presented in Figure 2. The nomenclature 

of the samples complies with the following rule: 

 

Ν [1] [2] [3] [4]-I (1) 
 
• Ν: First letter for every sample. 

• 1: Noted as (a), (b) or (c) depending on the construction phase of Arsenal, a, b and c respectively. 

• 2: Filled from 1 to 7, depending on the serial number of Arsenal, starting from west to east (a 

phase). 
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• 3: Noted as (i) for samples from internal and as (e) for samples from external exposure. 

• 4: Noted as j: for joint mortars, as r: for rubble masonry mortars and as pl for plasters. 

• i: The serial number of the sample. 

 

(a) (b) 
Figure 2. Sampling positions: (a) External positions on the view of vaults of the Arsenals. (b) Internal positions 

on the plan of the ground floor. 

2.2 Methods for the characterization of the samples 

Firstly, the original mortar samples were macroscopically observed and divided into 3 groups according 

to their color; the 1st group consists of the white ones, the 2nd the gray ones and the 3rd contains the 

red samples.   

Afterwards, the microstructure of the samples was observed using the digital microscope USB Dino-

Lite AM4515T5 Edge with a color CMOS sensor. The apparent density, the absorbed humidity and the  

open porosity were also calculated after dehydration of the samples and their immersion into water 

for 2 days at least. Following, the grain size distribution was carried out by mechanical sieving (ASTM 

E 11-70 series of sieves, meshes of 4.5, 2, 1, 0.5, 0.25, 0.125 and 0.063 mm of diameter) in order to 

separate the binder from the aggregates and develop the granulometric curves. This destructive 

method required a large quantity of sample and for that reason only 3 samples of each group were 

analyzed.  

The chemical and mineralogical characterization were carried out through FTIR, XRF and X-ray 

diffraction (XRD) analyses, respectively. The XRF instrumentation included 109Cd and 55Fe radioactive 

sources, Si(Li) semiconductor detector (resolution 150 eV at 5.9 keV), TC-244 Spectroscopy Amplifier, 

PCA-II Nucleus Multichannel Card, AXIL (RN) computer program analysis, whereas the FTIR analysis 

was performed with a Thermo Scientific NicoletTM iS50 FT-IR device. Mineralogical analysis was 

assessed by X-ray powder diffraction analysis (XRD) on a Bruker D8 Advance Diffractometer, using Ni-

filtered Cu K radiation (35 kV 35 mA) and a Bruker Lynx Eye strip silicon detector, in 40-70 degrees 2-

theta range, with 0.02 degrees step size and 0.2 sec per step. Additionally, to the chemical study, DTA-

TG analysis was performed to further evaluate the existence of hydraulic compounds, using a Setaram 

LabSys Evo 1600°C thermal analyzer up to 1000 °C under nitrogen atmosphere with a heating rate of 

10 °C/min at a flow rate of 30 mL/min in aluminum crucible.  
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Finally, the amount of salts present in the historical mortars was estimated through conductivity 

measurements [5], using a GLP31 Crison conductometer. More specifically, 0.1 g of the binder is 

dissolved in 100 mL water and remains under magnetic stirring for 2 days. Afterwards, the conductivity 

of the sol is measured (ES). The salt content (TDS) is calculated by equation 2: 

TDS (mg/L) = 0.068 *ES (μS/cm) (2) 

3 Results 

3.1 Macroscopic and stereoscopic analysis 

Concerning the white samples, the macroscopic and stereoscopic inspection, as shown in Figure 3, 

revealed that the mortars have moderate (sample Nb3ep-8) to good (sample Nb4er-4) consistency and 

proper mixing. Additionally, in some cases salt deposits as well as small cracks are observed. The size 

of aggregates varies, but it does not exceed 4 mm.  

Figure 3. Macroscopic and microscopic inspection of the white group of mortar samples: (a) Sample Nb4er-4; 
(b) Sample Nb3ep-8; (c) Sample Nc7er-15; (d) Sample Nb6er-19. 

 

The grey samples seemed also to have poor consistency macroscopically as they were brittle, whereas 

the optical microscope revealed small cracks and large pores on their surface (Figure 4). The size and 

type of aggregates is the same as above.  The sample Na1er-33-3 is a typical example of the layering 

of the mortars from the rubble mortar to the outer plaster on the vaults. All three layers have a very 

good consistency, and the different color could be attributed to the addition of soil material to the 

rubble mortar (Figure 5 d). Additionally, the rubble mortar also consists of large aggregates (Figure 5 

b), whilst agglomerations of lime are observed on the 1st and 2nd layer even with the naked eye.  

The red group of mortars has Ottoman origin and the samples were selected from areas of Ottoman 

interventions (Figure 6). The samples consist of soil material and lime and small aggregates. Small 
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cracks and pores are observed along with agglomerations of lime. The consistency is poor and the 

mortars are too brittle. All the aggregates have rounded shape, denoting the use of river sand. 

 

 
Figure 4. Macroscopic and microscopic inspection of the grey group of mortar samples: (a) Sample Nb5ij-1; (b) 

Sample Nb6er-18-8; (c) Sample Na1er-28. 

 

 
Figure 5. Macroscopic and microscopic inspection of the 3-layered mortars on the vaults. 
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Figure 6. Macroscopic and microscopic inspection of the red group of mortar samples: (a) Sample Nb3er-10; (b) 

Sample Nc7er-16; (c) Sample Nb5er-34. 

3.2 Grain size distribution and physical properties of samples 

The apparent density, the % bound humidity, the % open porosity as well as the % of soluble salts of 

the tested samples are presented in Table 1. All samples seem to have similar values concerning the 

accessible porosity and the apparent density. The sample Nb3er-10 mostly consisting of soil has the 

highest % of humidity along with large porosity and density, whereas the mortar Nb4er-4 has lowest 

porosity, fact that could be attributed to the good consistency and the lack of cracks. 

Table 1. The % bound humidity, the apparent density and the % open porosity of the tested samples. 

 Sample 
Humidity 

(%) 

Accessible 
Porosity 

(%) 

Apparent 
density (g/mL) 

Salt content 
(%) 

Nb5ij-1   0.31 27.4 2.43 1.98 

Nb4er-4  0.99 20.7 2.53 3.89 

Nc7er-15 2.64 29.6 2.13 4.48 

Nb3er-10 5.05 31.0 2.33 9.40 

 

The presence of salts was quite evident in the macroscopic and microscopic observation of the 

samples, especially in brittle samples where salts deposits were noted. The % content of salts is higher 

in rubble mortars, as they are located inside the masonry suffering by trapped moisture. The high salt 

content is expected due to proximity of the monument to the sea.  

The grain size distribution of samples Nb5ij-1 (grey), Nb4er-4 (white) and Nc7er-16 (red-ottoman) was 

compared to the curve of standard sand in Figure 7. It was revealed that all three tested samples have 

coarser aggregates compared to the standard sand’s. It has to be said, that the granulometric curve of 
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Nb4er-4, which has Venetian origin, is close to the standard sand’s curve and has a proper sigmoid 

grain size distribution along with good consistency as mentioned above. On the contrary, sample 

Nc7er-16 has the most heterogeneous distribution as most of the aggregates are 15-25 mm in size. 

 
Figure 7. Granulometric curves of the mortars’ aggregates, compared to the standard sand’s. 

 

3.3 FTIR, XRF and DTA analysis 

The XRF results in Figure 8 showed that the white samples (Nb4er-4 and Nb4er-15) have calcium as 

the predominant element, whilst in lower proportions silicon, iron, magnesium, sodium and aluminum 

are found. The grey sample Nb5ij-1 differs slightly from the white samples as silicon’s concentration is 

higher, fact that could indicate the presence of hydraulic compounds. Concerning the Ottoman sample 

Nb3er-10, although it has a high amount of calcium, it also has high percentages of silicon as well as 

aluminum, iron and magnesium. This finding could be attributed to the presence of soil material and/or 

the addition of ceramic crust, methodology which was very common to Ottomans. Finally, all rubble 

mortars exhibit obvious proportions of sodium and chlorine due to the presence of sea salts deposits. 

The presence of hydraulic compound in the mortar samples became more evident though FTIR and 

DTA/TG analysis.  
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Figure 8. XRF analysis results. 

Three samples of each group were analysed through DTA/TG. The endothermic reaction between 600-

900 °C indicates the decomposition of calcium carbonate (Cc). Moreover, the endothermic reaction 

along with the corresponding mass loss around 100 °C, expresses the dehydration of the bound water 

of each, whilst the reaction around 400 °C shows the dehydroxylation of hydraulic components [6,7]. 

As revealed in Error! Reference source not found., samples Nb4er-4 and Nb6er-18 have a high 

percentage of calcium carbonate, whereas sample Nc7er-16 has aluminosilicate components due to 

the addition of ceramic crust and soil material.  

 
Figure 9. DTA/TG analysis for samples (a) Nb4er-4; (b) Nb6er-18; (c) Nc7er-16. 
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Calculating the mass losses during the endothermic reaction between 600-900 °C (ML) and taking into 

account the molar mass (MM) of calcium carbonate and carbon dioxide, the percentage of calcium 

carbonate (Cc) can be deduced from the equation (2). The calculated percentage of calcium carbonate 

is presented in Table 2: 

Cc: ML x 
𝑀𝑀 (𝐶𝑎𝐶𝑜3)

𝑀.𝑀 (𝐶𝑂2)
 (3) 

Table 2. % Quantity of calcium carbonate estimated through DTA/TG. 

 Sample Cc (%) 

Nb4er-4 65.51 

Nb6er-18 60.02 

Nc7er-16 29.71 

 

The FTIR spectra of samples are reported in Figures 10-12. The predominant peaks are attributed to 

calcium carbonate (1440, 870 and 712 cm-1). Additionally, the absorptions around 1100-1030, 780 and 

460 cm-1 are associated with silicon oxygen bond vibrations (Si-O-Si and Si-O). More specifically, the 

peaks around 1000 cm-1 are attributed to hydraulic components with the slight swift towards 900 cm 1 

to be indicative of the characteristic peak of hydraulic lime, whereas the peak at 780 cm-1 is attributed 

to quartz [8,9,10]. Moreover, the intense peak at 1385 cm-1 on sample Nb4er-4 are assigned to 

nitrogen-oxygen (N-O) bond vibrations, due to the presence of nitrate ions and in particular KNO3. The 

presence of nitrates is associated with agricultural activities through which they are penetrated into 

the aquifer. Finally, FTIR spectra of aggregates in Figure 13 showed that both carbonaceous and 

siliceous sand were used depending on the origin of the river.  

 

 
Figure 10. FTIR spectra of samples; (a) Nb4er-4; (b) Nb3ep-8; (c) Nc7er15; (d) Nb6er-19. 
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Figure 11. FTIR spectra of samples; (a) ) Nb5ij-1; (b) Nb6er-18; (c) Na1er-28; (d) Νa1er-33-2. 

 

 
Figure 12. FTIR spectra of samples; (a) Nb3er-10; (b) Nc7er-16; (c) Nb5er-34; (d) Νa1er-33-3 (inside layer). 

 

 
Figure 13. FTIR spectra of the aggreagates of samples; (a) Nb6er-18; (b) Nc7er15; (c) Nc7er-16. 

79



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

Summarizing the above findings, a new classification of mortars samples can be detected according to 

their hydraulicity; slightly, moderately and fairly hydraulic mortars.  

Table 3. Classification of mortars according to hydraulicity. 

 Slightly hydraulic Moderately hydraulic Fairly hydraulic 

Nb5ij-1   Nb4er-4 Nc7er-16 

Nb3ep-8 Nb3er-10 Nb5er-34 

Na1er-28 Nb6er-18 Νa1er-33-3 

3.4 Mineralogical analysis 

The results of the XRD analysis presented in Figure 14, showed that the predominant mineral in the 

mortars was calcite (Calcite, Cc) followed by quartz (Quartz, Qz). The Nb3er-10 sample, reported to be 

from the Ottoman period, has higher percentages of quartz due to the technology used by the 

Ottomans with the addition of ceramic material. In addition, Alite (Hl), a mineral salt (NaCl), was  found 

in low quantity, due to sea salts [11]. Finally, the low addition of soil material was ascertained by the 

existence of Kaolinite (Kl). 

 
Figure 14. XRD pattern of samples (a) Nb5ij-1; (b) Nb4er-4; (c) Nc7er-15; (d) Nb3er-10. 

4 Conclusions 

Summarizing the above observations, it could be concluded that: 

• The examined samples are quite porous lime-based mortars with moderate consistency due to 

decay from environmental factors such as sea aerosol, humidity, intense winds, and capillarity 

absorption. All samples show nitrate and chloride attack, as evidenced by chemical analysis, such 
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as the characteristic peaks of FTIR spectra, XRF analysis and conductivity measurements of the 

samples. 

• FTIR spectra and XRD analysis also indicate the presence of aluminosilicates and magnesium 

compounds, apart from calcium carbonate, in a smaller percentage, a fact that can be attributed 

to the use of soil material and ceramics of different granulation during the composition of mortars. 

• According to the results of the study of granulometric analysis of mortars, the original Venetian 

mortars have a proper sigmoidal distribution of aggregates, whereas the Ottomans do not. In 

addition, the aggregates are both of calcareous and siliceous composition with round grains, so 

they originated from river sand. 

• Finally, there is a differentiation of mortars by the degree of hydraulicity, which is attributed to the 

use of moderate hydraulic lime, which was manufactured from the firing of margaric limestones 

found in the area, but also to the use of artificial pozzolans, such as fine-grained or crust ceramic.  

• The use of hydraulic lime could be assigned to Venetian technology, whereas the high addition of 

fine-grained ceramic belongs to the Ottoman technology, as assumed by the constructions’ 

phases.  

• The Venetian mortars despite the decay they suffered, show better cohesion than the Ottomans 

which are too brittle. 

The above conclusions can lead to the appropriate design of repair mortars, following the original 

Venetian synthesis along with compatible and innovative conservation strategies. 
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Abstract: The growing interest in preserving the built heritage is a driving force towards the 

search for new rehabilitation solutions compatible with the original construction techniques of ancient 

buildings. For the design of an adequate reinforcement solution, it is necessary to know in detail the 

building to be rehabilitated, as well as its original constructive solutions and materials. 

In Portugal, as in many other countries, in the masonry walls of ancient buildings, prior to the advent 

of reinforced concrete, air lime was used in both laying mortars and wall coatings. 

The old lime and sand mortars served both as a structural element, joining the stones or the bricks, 

and as coatings, for the protection of masonry. In coatings' external fine layers, they could also have a 

decorative function, imitating noble materials such as marble or tiles. 

Wall coatings, due to their great exposure to external actions and their role in protecting masonry, are 

subjected to degradation and therefore are frequently included in the rehabilitation interventions. 

However, the same reasons that lead to repairing or replacing them also justify great care in such 

interventions, requiring sound knowledge of the composition and behavior of old coatings. 

The characteristics of the laying mortar have a significant influence on the overall behavior of the 

masonry wall as they influence the strength and the collapse mechanism of the wall itself. This aspect 

is particularly important when the masonry walls are loaded in shear in their own plane, especially due 

to seismic actions. 

This paper presents the results of an experimental campaign on samples of air lime-based laying and 

coating mortars, extracted from an old masonry building in the historic center of Lisbon, built in 1910, 

during the rehabilitation works. The different parameters analyzed allow for the composition 

characterization and evaluation of their mechanical, physical and chemical properties. In this context, 

the following tests were performed: X-ray diffraction, simultaneous thermogravimetric and differential 

thermal analysis, compressive strength, modulus of elasticity, water absorption by capillarity, open 

porosity and apparent bulk density. Based on this characterization, the influence of these mortars on 

the overall behavior of load-bearing walls of buildings belonging to the typology under study is also 

evaluated, by performing compressive strength tests and diagonal compressive strength tests on wall 

specimens. 

Considering the results obtained in the characterization tests for the mortars in study, it was verified 

that the binder used in both mortars was air lime. The values for compressive strength, modulus of 

elasticity and the curves obtained in the capillarity and drying tests, are also compatible with this type 

of mortars. It was determined that the mortars are similar in terms of physical and mechanical 

characteristics, to Portuguese mortars studied in current buildings of the same historical period. This 
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type of information is crucial in a structural analysis and allows to identify materials compatible with 

the original ones that can be used in rehabilitation interventions. 

1 Introduction 

In portuguese cities, sturdy masonry buildings were built, approximately, until the 1930s. In the mid-

20th century, the use of reinforced concrete became significant and marked the beginning of a short 

transition period, in which the construction of buildings put aside traditional techniques and materials, 

increasingly resorting to, at the time innovative, structural solutions using reinforced concrete. 

The structural behavior of masonry buildings is very much conditioned by the behavior of the walls, 

which are the most important structural elements. Masonry walls can be considered as elements with 

high compressive strength. Besides, they can also guarantee an adequate global behavior of the 

building, when properly constructed and connected to each other and to the floors, creating a box-like 

behavior, usually known as box-behaviour. As mentioned by Costa [1], the main reasons for the poor 

structural behavior of masonry buildings in response to seismic actions are mostly related to their 

heterogeneity, anisotropy, poor tensile strength and limited shear strength. 

Earthquakes of great magnitude occur in Portugal, although they are distributed with long time 

intervals between events. Therefore, the occurrence of intense earthquakes in the future is expected. 

Recent seismic events around the world have shown that the consequences of earthquakes on the 

existing building stock can be very devastating. In Italy and New Zealand, the masonry buildings 

typology is quite similar to the typologies that exist in Portugal. Therefore, considering the damage 

observed in previous earthquakes, namely the L'Aquila (Italy, 2009), Amatrice (Italy, 2016) and 

Christchurch (New Zealand, 2011 and 2016) earthquakes, a higher seismic vulnerability is observed in 

old masonry buildings. In this respect, it is necessary to develop and validate seismic rehabilitation and 

strengthening techniques for masonry constructions, taking into account the preservation of old 

buildings and the built historical heritage. 

The chosen solutions for the strengthening of old masonry buildings can be somewhat complex, as this 

type of building is characterized by a considerable uncertainty associated with the behavior of their 

elements, the properties of the materials in their current state, and the evolution of their performance 

over time. Although old masonry buildings generally consist of load-bearing masonry walls, timber 

floors, and wood-beamed roofs, their structural functioning and the definition of the most appropriate 

intervention solutions need further investigation. Experimental testing in situ or in laboratory is the 

best way to overcome the lack of knowledge about the behavior of the materials and structural 

elements as a whole. 

In the old masonry buildings built in Portugal until the first half of the 20th century, lime-based mortars 

were used in the construction of the masonry walls. These mortars are used to join the stones or bricks 

of masonry or as coating of exterior and interior walls. The old mortars worked both as an element of 

the structure and as a protection of the masonry. In other cases they had a decorative function, 

imitating materials such as marble or tiles [2]. 

The internal regularization layers used in old masonry buildings consist of air lime mortars, possibly 

with mineral additions and organic additives. The internal layers have a coarser grain size distribution 

84



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

than the external ones, with a progressively higher deformability and porosity from the internal layers 

to the external ones. The finishing layers consist of fine mortar of lime and sometimes gypsum plaster, 

applied with decreasing thickness from the innermost to the outermost. 

Wall coverings, due to their great exposure to external actions and their role of protection of masonry, 

are the elements that are most subjected to degradation and are, therefore, the most frequently 

addressed in the interventions. However, the same reasons that lead to repair or replace them also 

justify great care in these interventions, and a sound knowledge of the composition and behavior of 

old coatings is fundamental. 

This characterization constitutes a first step in the study of different reinforcement solutions based on 

reinforced plasters, setting a reference to later compare with different reinforcing solutions. The 

definition of these solutions and their application methodologies will be integrated into a general 

strategy for the conservation and rehabilitation of these buildings, taking into account aspects such as 

material compatibility, feasibility and sustainability of application, degree of intrusiveness and impact 

on elements with potentially high cultural value. 

2 Characterization of the building 

The case study of this research work consists of a set of three buildings located in the center of Lisbon. 

These residential buildings, very similar to each other, were built in 1904 as a rental property 

investment. Their architecture has a Parisian influence, with eclectic facades that combine Neo-

Renaissance and Art Nouveau details. 

Considered at the time one the best residential buildings of the kind in Lisbon, they have rooms with 

high ceilings decorated with plaster and boiseries over the fireplace in perfect condition, testifying the 

wealth of a bourgeoisie that lived in Lisbon in the late 19th and early 20th centuries. 

Originally, these buildings had a ground floor and five raised floors, were separated by large transverse 

internal open spaces, and each building had a small vertical shaft for ventilation and lighting of the 

inner rooms [3]. Each floor had two apartments with thirteen rooms and an area of about 300 m2 with 

high ceilings with decorative gypsum plaster. Figure 1 shows the picture of the facade of the buildings 

in their original state. 

 
Figure 1. General view of the facades of the studied buildings [4]. 
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Two of the buildings were extremely damaged, so the demolition of their core was necessary. Most of 

the coating and laying mortar samples were extracted from these buildings. Solid areas were chosen, 

away from areas subjected to weathering (because part of the buildings' roof was missing), so that the 

mortars would be as original and intact as possible. Regarding mortar extraction, preference was given 

to the interior zones of the masonry joints in order to avoid contamination with other materials. 

Thicker horizontal joints were also chosen to facilitate removal without fracturing the mortar, and to 

obtain samples of sufficient size for testing, as shown in Figure 2a. Concerning coating mortars, random 

areas were chosen from inside the building because, in general, these mortars were in good condition, 

as shown in Figure 2b. 

3 Materials and methods 

3.1 Samples 

The collected samples were identified as either coating or laying mortars and were then packed in a 

wooden box in bubble wrap to cushion the impacts and prevent them from breaking during transport 

to the laboratory, as illustrated in Figure 2c. The mortar collection took place during the relatively dry 

summer weather. 

   
(a) (b) (c) 

Figure 2. Sampling in the building studied: (a) example of a laying mortar sample removal zone; (b) example of 
a coating mortar sample removal zone (c) mortar conditioning. 

The two types of mortar samples collected were divided into smaller specimens, whose surfaces were 

gently flattened and cleaned with a brush to remove loose particles and less adherent biological 

colonization. These specimens were divided into two groups: specimens for the composition analysis 

and specimens for physical and mechanical characterization. 

The mortar specimens for the composition analysis were submitted to macroscopic analysis, 

mineralogical analysis by X-ray diffractometry (XRD), simultaneous thermogravimetric and differential 

thermal analysis (TG/DTA), wet chemical analysis and grain size distribution of the sand present in the 

mortars. 

Mortar specimens for physical and mechanical characterization were submitted to compressive 

strength, open porosity, bulk density, ultrasonic velocity, capillary absorption and drying. 
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3.2 Analysis of the composition of laying and coating mortars 

Both types of mortar samples have a beige color with some dark colored aggregates and small ochre 

brown stones. Rolled grains up to 3 mm and fine sand apparently of siliceous nature are visible. When 

handled, the apparently cohesive samples release a fine dust that is presumed to be from the binder 

paste. 

The mortars are clean and free of biological colonization and show plenty of small white lime nodules, 

as shown in Figure 3. 

 

  
(a) (b) 

Figure 3. Selected samples for the composition analysis tests: (a) coating mortar; (b) laying mortar. 

The XRD analysis was done in a PHILIPS PW3710 X-ray diffractometer, using 35 kV and 45 mA with a 

scanning rate of 0.05° 2θ/s to determine the mineralogical composition of the mortar constituents 

(binder, sand, alteration and neoformation products). 

Simultaneous thermogravimetric and differential thermal analysis (TG/DTA) were carried out using a 

thermal analyser SETARAM TGA92 apparatus. The samples were placed in a platinum crucible and 

heated from room temperature to 1000 °C at a uniform rate of 10°C/min under argon atmosphere 

(3 L/h). This analysis enables to obtain the mass variations associated with dehydration, 

dihydroxylation and decarbonation processes, occurring at specific temperature intervals. 

Decarbonation generally occurs in the temperature range of 550-900 °C, which enables to obtain the 

carbonates content, expressed as a percentage of CaCO3, and which can be attributed, in the absence 

of limestone aggregates, to the carbonated lime content. 

The siliceous sand content was obtained after an hydrochloric acid attack, using an acid solution with 

a ratio of 1:10 (H2O:HCl), according to a procedure described elsewhere [5]. The insoluble residue (IR) 

value obtained after acid attack, which roughly translates the actual sand content in the analyzed 

samples, was calculated and then separated by sieving, using sieves with mesh sizes of 5.00 mm, 

2.50 mm, 1.25 mm, 0.630 mm, 0.315 mm, 0.160 mm and 0.075 mm. 

3.3 Physical and mechanical characterization of laying and coating mortars 

To quantify the compressive strength of irregular mortar specimens, the standard method presented 

in EN 1015-11 [6] was adapted for samples collected in situ, based on the methodology proposed by 

Valek & Veiga [7] and Magalhães & Veiga [8]. Five specimens of coating mortar and seven specimens 

of laying mortar were tested. 
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Three specimens of coating mortar and four specimens of laying mortar were tested for open porosity 

and apparent density, whose test procedures were based on the European standard EN 1936 [9]. 

The ultrasonic velocity measurement test was performed to evaluate the mortars' compactness and 

stiffness. This test was performed using the indirect method (using two alignments on each type of 

specimen) and the direct method (three points on each type of specimen). In this test, the standard 

method set forth in EN 12504-4 [10] was adapted for samples collected in situ, based on the 

methodology proposed by Valek & Veiga [7] and Magalhães & Veiga [8]. 

The water behavior of the mortars was analyzed through tests to determine the capillarity coefficient 

and to evaluate the drying rate in two specimens of coating mortars and three specimens of laying 

mortars. The test methodology was based on the procedures described in the European standards EN 

15801 [11] and EN 16322 [12] and the testing technique was adapted for irregular and friable samples 

[8,13]. 

4 Analysis of results 

4.1 Composition of laying and coating mortars 

Figure 4 shows the diffractograms obtained for the analyzed mortars and Table 1 the corresponding 

qualitative mineralogical compositions. 

 

Notation: 

M – Mica 

K – Kaolinite 

F – Feldspars 

C – Calcite 

Q – Quartz 

H – Hematite 

Figure 4. Diffractograms of laying and coating mortars 

̶  Laying mortar 

 Coating mortar 
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Table 1. XRD composition of the mortars. 

Identified crystalline compounds Coating mortars Laying mortar 

Quartz (SiO2) +++ +++ 

Feldspars 

(KAlSi3O8 – NaAlSi3O8 – CaAl2Si2O8) 
++/+++ ++/+++ 

Mica - moscovite/biotite 

(KAl2(Si3Al)O10(OH,F)2 / 

K(Mg,Fe2+)3[AlSi3O10(OH,F)2]) 

+ +/++ 

Calcite (CaCO3) ++ ++ 

Kaolinite (Al2Si2O5(OH)4) Traces Traces 

Hematite (Fe2O3) Traces - 

Notation: +++ high proportion; ++ medium proportion; + low proportion; - undetected. 
 

The mineralogical composition of the mortars (Table 1) is rich quartz and feldspars, which associated 

with mica and traces of kaolinite, is indicative of sands of siliceous nature with a clay component. In 

terms of the binder paste compounds, calcite is presented in medium proportion which indicates that 

they are calcium air lime mortars. 

From the TG/DTA/DTG charts (Figure 5) and according to the mineralogical compositions of the mortar 

specimens four mass losses ranges were considered (Table 2): 25 °C o 150 °C – mass loss due to 

dehydration of free or absorbed water; 150 °C to 400 °C – mass loss due essentially to zeolitic water 

and hydrated iron and/or aluminum oxides; 400 °C to 550 °C – mass loss due essentially to 

dihydroxylation of clay minerals; and 550 °C to 850 °C – mass loss due to decarbonation of calcium 

carbonate [14,15]. 

 

  
(a) (b) 

Figure 5. TG/DTA/DTG charts: (a) coating mortar; (b) laying mortar. 

Qα→β Qα→β 
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Table 2. Mortar samples mass losses obtained by TGA. 

Sample identification 

Mass loss [%] 
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 °
C

 

Coating Mortar  0.49 0.25 0.68 5.03 6.50 

Laying Mortar 0.46 0.43 0.61 6.28 7.82 

1 Sample mass loss between 25 and 1000 °C. 

 

The analysis of the TG/DTA/DTG results confirms the XRD results, namely with the main mass loss 

resulting from the decarbonation of the calcium carbonate [15,16], proving that the binder used in the 

mortar was a calcitic air lime. 

Figure 6 shows the graph of the sands’ grain size distribution curves of the coating (blue) and laying 

(red) mortars. 

 

 

Figure 6. Grain size distribution curves of sand in mortar samples. Red – laying mortar; blue – coating mortar 

In general, the mortars have well graded sands, less than 5.0 mm in size, and fine grain content (less 

than 0.075 mm in size) of 1.65% for the coating mortar and 7.76% for the laying mortar. 

Table 3 shows the mass contents of the different constituents and the binder/aggregate ratios 

obtained. 

Table 3. Composition of mortar samples. 

Sample identification 
Mass content [%] Lime:Aggregate ratio 

Sand1 Calcite2 in mass in volume 

Coating mortar 83 11.4 1 : 9.8 1 : 3.2 

Laying mortar 81 14.3 1 : 7.7 1 : 2.5 

1 Value corresponding to the insoluble residue content; obtained by acid attack; 2 Value obtained by TGA analysis. 
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The characterization shows that the composition of the coating and laying mortars is very similar. Both 

mortars are made of calcitic air lime, with a well graded sand and fine grain content (smaller than 0.075 

mm) of about 1.65% for the coating mortar and 7.76% for the laying mortar. The mineralogical nature 

of the sand used is rich in quartz and feldspar which, associated with mica and traces of kaolinite, is 

consistent with a sand of siliceous nature, probably coming from a sandpit due to the presence of 

kaolinite. The use of sand with some clay is quite common in this type of mortars, as it brings some 

“gum”, much appreciated by the craftsmen who applied it, as indicated by some old artisans. 

The mortar ratios vary between 1:9.8 and 1:7.7 (hydrated lime : sand) in mass which corresponds 

approximately to 1:2.7 and 1:3.4 (hydrated lime : sand) in volume, calculated considering that a 

powder hydrated lime was used as they did in the period of this construction and that the ratio 

between the bulk density of the aggregate and the air lime is very close to three. 

4.2 Physical and mechanical characterization of laying and coating mortars 

Regarding the compressive strength results of the two types of mortars, the values of maximum force, 

compressive strength stress, ultimate deformation, and ultimate strain, are summarized in Table 4. It 

should be noted that in this test it was not necessary to use a “regularization mortar” to adjust the 

dimensions and shape of the specimens, since the selected specimens had dimensions and flatness 

adequate for the application of the compressive force. 

Table 4. Values obtained in the compressive strength test for the two mortars. 

Identification of the type of mortar 

Maximum 

force reached 

[N] 

Compressive 

strength 

[MPa] 

Deformation 

at rupture 

[mm] 

Strain at 

rupture 

[-] 

Average value 

Coating 

2747 1.72 2.09 0,079 

Standard deviation 1251 0.78 0.53 0,020 

Coefficient of variation 0.46 0.46 0.25 0,256 

Average value 

Laying 

2019 1.27 2.26 0,111 

Standard deviation 337 0.20 0.31 0,018 

Coefficient of variation 0.17 0.16 0.14 0,164 

 

The coating and laying mortars have moderate strengths in the order of 1.5 MPa and relatively high 

strains at break in the order of 10%, as it is expected in this type of mortars [8,17]. In air lime mortars 

there is not a direct correlation between binder content and mechanical characteristics. In fact, air 

lime matrix is very porous, so, more lime may not result in higher compaction and mechanical strength. 

However, it may determine better durability and long-term performance [18]. Additionally, micro 

cracks may have been produced in the laying mortar due to high compressive stresses resulting from 

the masonry weight. 

The deformations in the load application zone were measured through the internal LVDT of the test 

machine, so they may include some deformability of the load application mechanisms. The elongation 
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at break was determined taking into account the initial thickness of each specimen. The value obtained 

(despite its inaccuracy) indicates a high material deformability. 

The results obtained for the open porosity and bulk density of the two types of mortars are 

summarized in Table 5. 

Table 5. Results obtained of the open porosity and bulk density for the coating and laying mortar. 

Identification of the type of mortar 

Open pore 

volume 

[mm3] 

Apparent 

volume 

[mm3] 

Real 

density 

[kg/m3] 

Bulk 

density 

[kg/m3] 

Open 

porosity 

[%] 

Average value 

Coating 

15.15 47.94 2494 1702 32 

Standard deviation 7.7 24.76 20 26 2 

Coefficient of variation 0.51 0.52 0.01 0.02 0.05 

Average value 

Laying 

7.39 21.99 2426 1616 34 

Standard deviation 2.22 5.82 19 43 1 

Coefficient of variation 0.30 0.26 0.01 0.03 0.04 

 

The results obtained for open porosity and bulk density are consistent with the similarity of the two 

types of mortar, and with the type of lime mortars used at the time of construction of the building 

under study, with very high porosities [18]. The average values obtained for the coating and laying 

mortars of the bulk density are between 1600 kg/m3 and 1700 kg/m3 and the open porosity values are 

between 32 and 34%. 

Regarding the results obtained at the ultrasonic velocity measurement, Figure 7 shows, as an example, 

the results obtained for the laying mortar by the indirect method. Table 6 summarizes the results 

obtained by the two methods and for the two types of mortars. 

 

  
(a) (b) 

Figure 7. Ultrasonic velocity measurement test: (a) carrying out the test by the indirect method; (b) test result. 
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Table 6. Results obtained in the ultrasonic velocity measurement tests for the coating and laying mortar. 

Identification of the type of mortar 

Indirect method Direct method 

Average 

velocity 

[m/s] 

Modulus of 

elasticity 

[MPa] 

Average 

velocity 

[m/s] 

Modulus of 

elasticity 

[MPa] 

Average value 

Coating 

1275 2499 1304 2606 

Standard deviation 110 433 13 52 

Coefficient of variation 0.09 0.17 0.01 0.02 

Average value 

Laying 

1091 1745 1058 1628 

Standard deviation 132 418 22 66 

Coefficient of variation 0.12 0.24 0.02 0.04 

 

The average values of the dynamic modulus of elasticity determined by the indirect ultrasonic velocity 

measurement are 2499 MPa for the coating mortar and 1745 MPa for the laying mortar. Using the 

direct method, the values obtained for the dynamic modulus of elasticity are 2606 MPa for the coating 

mortar and 1628 MPa for the laying mortar, thus confirming that these two methods produce similar 

results, mutually reinforcing their reliability [19]. These values are characteristic of a lime mortar in 

good condition [17,20,21]. 

Regarding the results obtained in the test capillary absorption test and in the drying test, Figure 8 

shows, as an example, the results obtained for the laying mortar. The results obtained in the test for 

the two types of mortars are summarized in Table 7. 

 

  
 

(a) (b) 
Figure 8. Curves obtained in the test for the laying mortar: (a) capillarity; (b) evaluation of the drying rate. 
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Table 7. Results obtained in capillarity tests and evaluation of the drying rate of tested mortars. 

Identification of the type of mortar 

Capillarity 

coefficient (Cc) 

[kg/m2.min0.5] 

D1 

[kg/m2.h] 

D2 

[kg/m2.h0.5] 

Average value 

Coating 

tavg. = 2.9 mm 

2.70 0.14 1.65 

Standard deviation 0.21 0.03 0.21 

Coefficient of variation 0.08 0.20 0.13 

Average value 

Laying 

tavg. = 1.7 mm 

1.73 0.11 0.53 

Standard deviation 0.22 0.01 0.08 

Coefficient of variation 0.13 0.09 0.14 

tavg. represents the average thickness of the test specimens for each type of mortar 

 

The capillarity coefficient values for the laying mortar are lower relative to the coating mortar’s. This 

may be due to: i) the laying mortar is subjected to a much higher stress level than the coating mortar 

due to the weight of the overlying masonry, making the mortar pores smaller and thus hindering the 

circulation of water in liquid form inside these mortars and ii) the laying mortar is richer in binder, 

which may also contribute to this difference in results. 

Regarding the drying behavior, the values of the first drying phase (D1), which are related to the 

transport of liquid water towards the surface, occurs more slowly for the laying mortar (evidenced by 

the lower value of D1), probably due to the lower volume of capillary porosity as indicated by the 

capillarity coefficients. The values of the second drying phase (D2), which are related to water in vapor 

form, follow the same trend, with the lowest values belonging to the laying mortars. This reduction of 

water transport may be related to the fact that the laying mortar is subjected to a much higher level 

of stress than the coating mortar. 

Considering all the tests performed, Table 8 shows a summary of the average results obtained in the 

experimental tests for the characterization of coating and laying mortars. The standard deviation 

values are shown in brackets. 

Considering the results obtained, it can be concluded that these mortars have air lime as the only 

binder. These mortars are similar, both in terms of composition and physical and mechanical 

characteristics, to Portuguese mortars studied in current buildings of the same historical time [8,22]. 

The lowest values of compressive strength and ultrasonic dynamic modulus of elasticity are obtained 

for the laying mortars. On the one hand, considering the “stronger” mortar mixtures of the laying 

mortars, the opposite result was expected. On the other hand, this ratio is coherent with the lower 

bulk density value and the higher open porosity of the laying mortars compared to the coating mortars. 

As an explanatory hypothesis, a higher water/binder ratio may have been used in the laying mortars 

to obtain higher workability. Despite being a stronger mix, it led to a reduction in its compactness 

(lower density mass and higher open porosity) and related mechanical characteristics (compressive 

strength and modulus of elasticity). Another hypothesis for these results is related with the fact that 

laying mortars have less contact with CO2 and, consequently, a slower carbonation over time. 
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Table 8. Synthesis of the average results of the characterization tests of the original coating and laying mortars 
and their respective (standard deviation). 

Property Coating mortar Laying mortar 

Lime:Aggregate ratio in volume 1:3.2 1:2.5 

Type of mortar 
Calcium air lime mortar with 

well graded sand 

Calcium air lime mortar with 

well graded sand 

Compressive strength [MPa] 1.72 (0.78) 1.27 (0.20) 

Open porosity [%] 32 (2) 34 (1) 

Bulk density [kg/m3] 1702 (26) 1616 (43) 

Dynamic modulus of elasticity by 

ultrasonic (direct method) [MPa] 
2606 (52) 1628 (66) 

Capillarity coefficient [kg/m2.min0.5]; 2.70 (0.21) 1.73 (0.22) 

Drying 
D1 [kg/m2.h] 0.14 (0.03) 0.11 (0.01) 

D2 [kg/m2.h0.5] 1.65 (0.21) 0.53 (0.08) 

 

The values obtained in the tests performed on the original mortars taken from the building under study 

are very consistent with the values obtained in the work of Damas et al. [23], which characterizes a set 

of samples composed of air lime and siliceous aggregates, usually with added clay. In addition to the 

values obtained, the capillary water absorption and drying curves are typical of an air lime mortar [24]. 

5 Final considerations 

The laboratory testing of mortar samples extracted from ancient buildings allowed for the 

measurement of physical and mechanical properties, as well as to obtain their composition. This type 

of information is crucial in a structural analysis and allows to identify materials compatible with the 

original ones that can be used in rehabilitation interventions. 

To evaluate the effectiveness of a reinforcement solution for a structural element, an adequate 

characterization of the element in its original state is required. Only under these conditions it is 

possible to evaluate this effectiveness, numerically quantifying the increase in strength (and 

deformation capacity, energy dissipation, etc.) in comparison with the non-reinforced element. 

As a general principle, the material properties assumed in the design models, and corresponding 

constitutive laws, should replicate as faithfully as possible the actual characteristics of the materials. 

In interventions on existing buildings, this aspect becomes even more relevant as the parameters used 

in the numerical models must reliably represent the real structural system and the properties of the 

existing materials [25]. When this is not the case, unrealistic assumptions can be made that result in a 

lack of safety if the capacity of the structure is overestimated, or unnecessary, uneconomic, or 

excessively intrusive interventions, when the capacity is underestimated. 
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Abstract: The Baths of Porta Marina were an imperial public complex located in the maritime 

suburban district of Ostia, the city harbor of Rome. During its large period of use from the 2nd century 

AD until the 6th century AD, several modifications of capacity and thermal path took place, resulting 

in architectural modifications. Previous studies based on archaeological evidence, written sources, 

architectural and stratigraphic analyses have provided thorough chronological data for construction 

phases. Characterization of hydraulic coatings and bedding mortars has been carried out focusing on 

waterproofing processes of antique hydraulic facilities and to propose a timeline of raw materials uses 

for this particular building and for others hydraulic facilities preceding the thermal complex (1st 

century AD). Mineralogical, chemical, and petrographic analyses were performed on several mortar 

samples from pools and cisterns from different construction phases of the Baths of Porta Marina. They 

confirm that mortars of Roman waterproof coverings, made with pozzolanic aggregates, show a 

persistent composition over centuries, hardly distinguishable macroscopically. Nonetheless, 

petrographic examination has been an interesting tool to highlight differences among the mortars. 

Some distinctive features of volcanic aggregates allow us to identify different depositional units from 

Alban Hills volcanic district as sources.  

1 Introduction 

The Water Traces project (Water Traces between Mediterranean and Caspian Seas before 1000 AD: 

From Resource to Storage) is an international and interdisciplinary research project focused on water 

management in past societies. One of its research lines is centered on studying waterproofing 

processes of all kinds of antique hydraulic facilities and aims to collect data on materials and 

technological strategies for this purpose. In this context, characterization of hydraulic mortar coatings 

from several pools and cisterns of Ostia Antica archaeological site has been carried out. Part of this 

study, outlined herein, concerned the Baths of Porta Marina, which were located in the maritime 

suburban district of Ostia, the city harbor of Rome. These baths were an imperial public complex, built 

during the city expansion in its economic apogee in the 2nd century AD and remained in use, at least, 

until the beginning of the 6th century AD. This large period of use over centuries implied several 

architectural modifications due to capacity changes and thermal path transformations. Thereby, this 

specific building displays a range of hydraulic structures from various construction phases which allows 

to investigate the evolution of mortar composition and to establish a timeline of raw materials uses. 

Moreover, an access to previous thermal facilities from 1st century AD, in a level below, enlarges the 
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overview of the collected data. Bedding mortars of pools masonry has been also included in the study 

in order to relate chronological data more accurately between coating mortars composition and 

architectural observations. 

2 Archaeological data: new studies and chronological overview 

Knowledge of the Baths of Porta Marina dates back to the antiquarian excavations of the 18th century. 

The excavations carried out by the Scottish painter Gavin Hamilton between 1774 and 1776 identified 

indeed a thermal complex, located near the ancient shoreline, in relation to the brick pillars. It had 

been called 'Porta Marina' since then. The building, known as Thermae maritimae on the basis of 

epigraphic evidence (CIL, XIV 137) [1] from the late 4th century AD, was excavated again by Pietro 

Campana during the first half of the 1830s and partially investigated in the 1920s and 1930s by Guido 

Calza1. The excavation was completed in the 1970s under the direction of Maria Floriani Squarciapino 

[3-4].  

The resumption of investigations by the writer, within the framework of a PhD research on the thermal 

development of the coastal sector of Ostia [5-6], started from an analytical study of the monument 

and from an archive research based on the documentation of the largely unpublished Squarciapino’s 

excavations2. This work allowed to reconsider the chronological sequence of the baths’ architectural 

phases, as well as the urban and political-social framework in which the different building phases are 

placed. This also enabled to follow their development from the final decades of the 1st century AD to 

the threshold of the 6th century AD. 

In terms of methodology, a new survey of the building and a technical analysis of the structures were 

carried out and gave the ability to make up the architectural organism. In addition, stratigraphic 

analyses at key points of the complex and an internal sequence of the masonry were achieved. This 

phase of the work, combined with a punctual verification of all the observations on the documentation 

and the excavation reports, allowed to define a relative chronology. Through the study of the 

epigraphic material, the brick stamps found during the Squarciapino’s excavations and style mosaics; 

it has been made possible to date the building phases precisely (Figure 1). 

 
1A series of imperial portraits were found in the 1920s [2] (pp. 313-318). 
2 On the mosaics of the frigidarium see [7-9]. For a study of the architectural material see [10]; for the 
sculptures see [2, 11, 12]. 
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Figure 1. Planimetry of Porta Marina baths showing the successive construction phases and the samples 

location. 

 

As documented by the dedicatory epigraph CIL, XIV 98 [9], the Baths of Porta Marina were begun by 

Hadrian and completed by Antoninus Pius in 139 AD. This building, which was part of a wide-ranging 

program of urban renewal in the coastal district of Ostia, replaced an earlier bath complex dating from 

the Domitian period (phase 0/3). A portion of the frigidarium of this building, whose occupation levels 

are one meter below the levels of the Hadrianic period, has been discovered during the Squarciapino’s 

excavations. In particular, along the eastern side, the building is provided with an entrance staircase 

coated with marble slabs and a 5 m wide pool (pool 5). In addition, the excavations brought to light a 
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southern portion of a large basin (natatio 6) with columned projections and corridors situated at the 

north of the building. This installation insists on structures from the Julio-Claudian period in opus 

reticulatum (phase 0/1) and opus testaceum in which it is possible to identify a cistern paved in opus 

spicatum (cistern 1) and a small mosaic room (phase 0/2). 

The Antonin building, equipped with a large gymnasium surrounded by a porch, is organized with a 

large frigidarium with two opposing pools (I and F). This also includes lateral colonnaded halls:  one in 

the east with an elliptical pool L, and the other in the west paved with an athletic mosaic. The changing 

rooms (apodyteria), in relation to the entrances from the gymnasium, are located along the wings of 

the frigidarium (C and O). The heated sector, which is accessible from rooms J and S (tepidaria), is 

composed by three large rooms located along the southern side of the complex, following a paratactic 

path from east to west. A corridor along the eastern side of the heated sector connects the thermal 

spaces with two entrances on the eastern and southern side. Finally, the service rooms, the praefurnia, 

a cistern (Y) for supplying the three caldarium (K) basins and the pool F are located along the south 

and west sides. A second cistern (RR) was added later, probably during phase 2. Phase 1B includes the 

decorative and sculptural elements, the achievement of the gymnasium’s porch, annexes along the 

eastern side of the gymnasium, as well as some of the doorframes inside the bath. 

The life of the complex is marked by two phases of architectural renovation: the first in the Severan 

period (phase 2) and the second one in the 4th century AD (phase 4). This last phase can be related to 

an inscription of the emperors Constantius and Constans (CIL, XIV 135). Restorations accompany these 

major phases in the final decades of the 3rd century (phase 3), the final decades of the 4th century 

(phase 4) and in the Theoderic period (phase 6). 

At the beginning of the 3rd century (phase 2), the building was profoundly renovated. The frigidarium 

was covered by an imposing cross vault on pillars, the gymnasium recovered with mosaic and the 

heated sector modified internally to allow bathers to reach the tepidarium J without having to retrace 

their steps. The north wall of room Z (laconicum) was also re-lined and the vault of the caldarium 

consolidated. 

The restoration of phase 3 affected mainly the eastern wing of the frigidarium: elimination of the 

elliptical pool L replaced by a marine mosaic, eastward extension of pool I and addition of room T, 

along the eastern side of room S. These works, dated to the final decades of the 3rd century AD, can be 

related with two inscriptions of the emperor Probus: a dedication reused during the later phase in the 

pool M [13] and CIL, XIV 134. 

The renovation by Constantius and Constans, which can be dated on the basis of the inscription CIL, 

XIV 135 to the years 337-350 AD (phase 4), involved a radical renovation of the frigidarium with the 

addition of a monumental apsidal pool M along the north side and the repaving of the central hall. At 

the same time, along the eastern side of the gymnasium, several changes were implemented: addition 

(or perhaps expansion) of a latrine, consolidation of the southern wall in the heated sector, and 

reconstruction of the cross-ribbed roof of room V, as indicated by the corner pillars. 

The following phase 5 probably is connected with the inscription CIL, XIV 137, dated to the years 375-

378 AD. It was limited to some interventions within the heated sector: enlargement of pool K2 with 

the addition of an apse, abolition of pool K1 and consolidation of the east wall of room V. The repaving 

of the gymnasium with reused material has also been initiated during this phase. 

101



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

Finally, the last phase, documented by the discovery of numerous brick stamps and the dedicatory 

inscriptions of King Theodoric (Ostia inv. no. 7312), involved the restoration and consolidation of the 

roofs (pillar in room C). The terms tubuli and ferrum, which appear in the epigraphic text, could be 

respectively related to terracotta vaulting tubules found during the last excavations and consolidation 

of roofs with metal chains [14]. 

3 Geological settings 

As far as the present study is concerned, the geological environment surrounding Ostia is mainly the 

result of ancient volcanic activity of Albans Hills and Monti Sabatini volcanoes during mid-Pleistocene 

age, interbedded with paleo-Tiber River sedimentary deposits. During the last major explosive phase 

Tuscolano-Artemisio, five main eruption cycles in the Albans Hills volcanic district led to the formation 

of several pyroclastic-flow deposits: Tufo Pisolitico di Trigoria (561 ± 2 ka), Tufo del Palatino (530 ±2 

ka), Pozzolane Rosse (456 ± 3 ka), Pozzolane Nere (407 ± 2 ka) and Villa Senni (365 ±4 ka), which 

includes the upper loose unit Pozzolanelle and the lower lithified unit Tufo Lionato [15, 16]. All these 

deposits provided an important source of building materials in ancient Roman period such as masonry 

tuff stones from lithified units [17-19] while uncoherent loose ash-flow deposits were excavated to 

produce pozzolanic aggregates for mortars and concretes [20-23]. Monti Sabatini eruptive geological 

history and resulting volcanic products won’t be discussed herein but accurate information can be 

found in previous works on the subject [17, 24, 25]. 

Albans Hills products displays a very distinctive composition with mafic, high-potassic, silica-depleted 

and K-foiditic components [15-16] which allows to discriminate the provenance from others volcanic 

districts in the peninsula. Moreover, in several works, Marra and Jackson describe morphological and 

petrographic characteristics of granular volcanic ash deposits of Alban Hills and propose distinctive 

features for precise pyroclastic deposit identification [20,21,26]. The present study relies on these 

criteria for the identification of pozzolanic aggregates provenance in the coating and bedding mortars 

of the Baths of Porta Marina. 

4 Materials and methods 

Sampling has been carried out under supervision and with the authorization of Parco Archeologico di 

Ostia Antica. All samples were extracted mechanically with hammers and chisels after a thorough 

examination of the complete structure. The selection and extraction were achieved following 

conservative criteria that imply restricted but representative sizes of samples and an adequate and still 

representative state of conservation of the studied material. For coating mortars, samples were 

extracted separately for each layer with the complete thickness of the layer. 

The whole study deals with 26 samples of coating mortars from the Baths of Porta Marina (including 7 

samples from previous structures below elevations) and were completed further by 8 bedding mortar 

samples (2 from below structures). A detailed map of sampling location is reported on figure 1. Not all 

samples have been prepared and analyzed the same way depending on the degree of precision and 
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nature of the information required. All coating mortars samples were analyzed by X-ray diffraction 

(XRD) and prepared into cross-sections and a selection of them were prepared into thin sections for 

petrographic examination. Additional Raman analyses and scanning electron microscope SEM-EDX 

analyses could have been achieved on thin sections or cross-sections to complete or confirm 

petrographic results. For bedding mortars, a routine protocol including XRD analyses, thin sections 

preparation and SEM-EDX imaging and analyses was conducted for all samples. 

Petrographic studies were performed on an Olympus BX60 optical polarized microscope on polished 

thin sections. X-Ray Diffraction analyses were done with a D8 Advance (powder method) by Bruker in 

a θ-2θ configuration with a Co tube at 35 kV x 40 mA. Raman microspectrometry analyses were 

conducted using an In Via Renishaw instrument equipped with a 785 nm laser, a ½ inch CCD detector 

and a Leica microscope. SEM-EDX imaging and analyses were performed at 20 kV under low vacuum 

conditions (0.2 Torr) with the Philips XL 30 or the EVO 15 Zeiss Environmental Scanning Electron 

Microscope (ESEM) of the Plateforme de Recherche Analytique Technologique et Imagerie (PRATIM, 

FSCM, Aix-Marseille University, France), both equipped with a LaB6 filament and Energy Dispersive X-

Ray analysis (EDAX Genesis equipped with an Apollo 10 SDD detector). 

5 Results  

5.1  Macroscopic observations of mortar samples  

All the pools’ internal walls were covered with a marble slab finishing supported by two layers of 

pozzolanic mortar (and exceptionally 3 layers) while the cisterns were only waterproofed by a one-

layer pozzolanic mortar. These pozzolanic mortars are always composed by a mixture of crushed 

ceramics and volcanic clasts in a lime-based matrix and we don’t observe any relevant macroscopic 

changes among the samples in a chronological perspective. Bibliographic study confirms this 

observation: the composition of Roman hydraulic mortar remained unchanged over centuries [27]. 

The most noteworthy observation drawn from macroscopic examination of pools mortar cross-

sections is the selective use of crushed brick limited to the first layer directly applied on the brick 

masonry. Indeed, the second layers of coating mortar in the pools never exhibit large-size crushed 

brick fragments nor a large amount of this material. The pozzolanic aggregates of these layers are 

mainly composed by volcanic aggregates with only rare crushed ceramic.   

5.2  Petrographic observations 

5.2.1 Volcanic deposits identification 

Volcanic components were examined considering specific characteristics such as vesicle shapes, color 

of glassy matrix, nature, occurrence and development of minerals (phenocrysts), degree of alteration 

and secondary minerals. In all cases, only Alban hills distinctive volcanic products have been found in 

the pozzolanic aggregates with one exception discussed further. Pozzolane Rosse (PR) specimens have 

been discriminated by the presence of starry-like leucite in red or black scoriae with amoeba vesicles 

(Figure 2a). Pozzolanelle (PL) exhibits a high porphyric index due to the presence of leucite, biotite and 

clinopyroxene crystals in the scoriae with amoeba vesicles (Figure 2b). Tufo Lionato (TL) contains 
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aphyric vitreous scoriae with elongated or rounded vesicles (Figure 2c). Slightly differences have been 

observed in some glassy scoriae that can probably be related to different facies of Tufo Lionato such 

as Aniene, Monteverde or Portuense facies [18]. Starry-like leucites observed in some glassy tuff-like 

scoriae suggest an intermediate feature between Tufo Lionato and Pozzolanelle [22] or might be 

attributed to Tufo del Palatino [18] or to another local tuff [19, 28]. Due to ambiguous features to 

characterize these scoriae it has been described as unidentified tuff (T) until further research. Lava 

clasts of skeletal leucite, clinopyroxene and magnetite are also commonly observed (Figure 2d). They 

have been described as italite or leucitite by some authors (respectively [20,29,30] and [31]) and are 

usually associated with Pozzolanelle deposit. All depositional units identified for each sample are 

summarize in Table 1. 

 

  
(a)                (b) 

  
(c)              (d) 

Figure 2. Microphotographs of mortar samples. (a) Typical Pozzolane Rosse scoria showing the characteristic 
starry-like leucite crystals; (b) Clinopyroxene and biotite crystals within a Pozzolanelle scoria with amoeba 
vesicles; (c) Glassy aphyric scoria of Tufo Lionato with elongated vesicles; (d) Italite clast showing skeletal 

leucite and clinopyroxene crystals. 
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 Table 1. Mortar aggregates composition identified for each sample with detailed pyroclastic depositional units 
from Alban Hills districts and other distinctive features.  

Structure and age 
Type of mortar Pyroclastic AH deposits 

for volcanic aggregates 

Other aggregates and 

distinctive features 

Cistern 1 

 1st century (around 50) 

Internal coating layer PR, PL, TL CB, Si, rlc, fLe 

External coating layer PR, TL  CB, red ochre painting, fLe 

Pool 6 

End of 1st century 

Bedding mortar PR, T fLe 

Coating 1st layer PR, PL, TL/ T WP, LC, F, CB, rlc, fLe 

Coating 2nd layer PL, TL/ T, rare PR Rare CB, fLe, Si 

Pool 5 

End of 1st century 

Bedding mortar PR fLe, L2 

Coating 1st layer PR, TL CB, fLe 

Coating 2nd - 3rd layer TL, PL, rare PR CB, fLe 

Pool L 

139  

Bedding mortar TL, PL, T CB, rlc, A 

Coating 1st layer TL, PL, T CB, A 

Coating 2nd - 3rd layer TL, PL, T F, Si, rare CB, L2, rlc, A 

Pools I and F 

139 

Bedding mortar PR, PL, TL Si, rlc, fLe 

Coating 1st layer PR, TL CB, rlc, Si, fLe 

Coating 2nd layer PR, PL, TL  Rare CB, A 

Cistern BB 139 Coating layer PL, PR, T CB, rlc, fLe 

Cistern Y 139 Coating layer T, TL, PR, PL CB, rlc, F, Si, L2, fLe 

Pool M 337-350 

Bedding mortar PR rlc (D), A 

Coating 1st layer PR CB, A 

Coating 2nd layer PR Rare CB, rlc, Si, A 

Heated room V (pillar)              

337-350 

Bedding mortar  PR L1, L2, rlc (D), Si, CB, A 

Heated room V (masonry 

wall with tubuli) 375-378 

Bedding mortar PL, TL, T, PR L2, rlc, Si, A 

Pool K2 375-378 

Bedding mortar PR, PL, T Rare CB, L1, Si 

Coating 1st layer PR, PL, T CB, rlc, A, L2 

Coating 2nd layer PR, PL, T CB, L2, rlc (D), A 

AH: Alban Hills, PR: Pozzolane Rosse, PL: Pozzolanelle, TL: Tufo Lionato, T: unidentified volcanic tuff, CB: crushed 
bricks, WP: white pumices, LC: lava clasts, F: feldspar, Si: silica, fLe: fresh Leucite, A: analcime, L1: limestone type 
1 (micritic limestone with bioclasts and sparitic filling/grainstone), L2: limestone type 2 (micro-sparitic 
limestone), rlc: relict lime clasts, D: dolomitic rhombohedral shape. 
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In pool 6, a natatio built during Domitian age (end of 1st century AD) and belonging to the below level 

structures, some volcanic specimens not related to Alban Hills materials have been found additionally 

to Pozzolane Rosse scoriae and Villa Senni specimens (Pozzolanelle and Tufo Lionato). Petrographic 

studies allow to identify white pumices (Figure 3a) and lava clasts with sanidine, clinopyroxene and 

biotite phenocrists (Figure 3b). A similar mixture of Pozzolane Rosse with feldspar-bearing pumices has 

been described for the forum and markets of Trajan [32] and for the forum of Caesar [24], where a mix 

of Campanian and Monti Sabatini pumices occurs [33]. Moreover, white pumice from Vesuvian 

provenance have been proved to be employed in Diocletian Baths, in the Temple of Minerva, as well 

as in concretes of Colosseum [34]. Without further analyses such as geochemical analyses on traces 

elements, accurate provenance identification cannot be drawn for white pumices from Domitian 

natatio. Nevertheless, a Monti Sabatini provenance or Vesuvian origin can be hypothesized while Vico 

and Vulsini volcanic districts, Pontine Islands or Aeolian Islands are others possible but more unlikely 

sources for pumice [33].  

 

   

(a) (b) 
Figure 3. Microphotographs of mortar samples from the Domitian natatio (pool 6), showing volcanic clasts 

which are not products from Alban Hills eruption. (a) White pumice glassy scoria; (b) Lava clast showing 
sanidine, clinopyroxene and biotite crystals at crossed Nichols. 

 

5.2.2 Limestone, lime lumps, silica and feldspar 

All materials present within the aggregates such as limestone and relict lime clasts have been also 

considered and reported in table 1. Two types of limestone have been observed: the first type displays 

a micritic texture with bioclasts and sparitic veins (grainstone type) while the second type is a micro-

sparitic limestone. Both types have been found in the same samples. Pyroclastic deposits such as 

Pozzolanelle or Pozzolane Rosse may contain sedimentary rock or limestone clasts which were swept 

into the eruptive mixture and baked by its heat [20], but limestone fragments seem to have been also 

intentionally added to the mortar mixture, in particular for the K2 pool and room V wall where 

limestone fragments are present in high concentration and can be related to a distinctive feature of 

phase 5 (375-378 AD). 

106



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

Relict lime clasts are often present in the samples (figure 4a), and they reveal that the lime has been 

produced with a traditional technology. However, a surplus of lumps can indicate a poor production 

technology [35]. The cracking in the lumps is due to the shrinkage phenomena [35] and allow to 

identify them easily and to distinguish them from limestone fragments.  

Some relict lime clasts exhibit rhombohedral shapes (figure 4b) which seem to be related to an under 

burnt fragment of dolomite [35]. The presence of under burnt fragments indicates strong 

inhomogeneity of temperature in the kiln, lack of adequate sieving of the time after slaking and a 

difficulty in the calcination of the stone because of its composition [35].  

 

  
(a) (b) 

Figure 4. Microphotograph of a two types of relict lime clasts (cross-polarized light): (a) cracked lump (b) lime 
lump showing rhombohedral shapes identified as dolomitic ghosts. Silica (SiO2) and felspars have been also 

identified in several samples. They might be intentionally added to the mortar mixture, especially for bedding 
mortars, as they are not commonly formed in Alban Hills deposits. Silica can be found as polycrystalline quartz 

or amorphous silex. 
 

5.2.3 Leucite phenocrists alterations 

Leucite is a feldspathoid and one of the major components formed in the silica undersaturated 

conditions of Alban Hills eruption. Therefore, it is present in all pyroclastic depositional units within 

scoria groundmass and as loose crystal fragments. It has been observed showing dendritic crystal 

development so-called starry-like shape in Pozzolone Rosse scoriae but also in its euhedral 8-sided 

form exhibiting polysynthetic twins (figure 5a) in several samples. Nevertheless, in some cases, leucite 

crystals show the presence of other crystals in a venal growth pattern inside the leucite euhedral 

crystals (figure 5b) associated with smoother edges and a complete loss of the twinned aspect. This 

altered appearance results in a zeolitisation of leucite (KAlSi2O6) into analcime (NaAlSi2O6·H2O) by a 

process of dissolution and replacement [20, 21]. This transformation can be highlighted by 

petrographic observations but also with Raman microspectroscopy as leucite and analcime display 

distinctive Raman spectra. SEM-EDX is also a useful tool to discriminate leucite from analcime and to 

detect in-progress zeolitisation by the evidence of both sodium and potassium and by a specific 

morphology. Presence of fresh leucite or analcime is reported in table 1. 
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(a) (b) 

Figure 5. Microphotographs of mortar samples (cross-polarized light). (a) Fresh leucite crystals showing 
polysynthetic twins; (b) Altered leucite in a zeolitisation process with an analcime composition and smooth 

edges. 
 

6 Discussion  

Bedding mortars have been included in the study because any changes in the coating mortars (like 

removing or adding a mortar layer during a renovation) might not be observed as clearly as any 

transformation in the building masonry. Comparison of the aggregates’ components between bedding 

mortars and first layer coating mortars can bring valuable information in the eventual covers’ 

rehabilitations. Except for pool 6 (the Domitian natatio), results always show similarities of volcanic 

aggregates sources used for the bedding mortar and the first layer of the coating mortar which 

suggests that no restoration process in the pools covers caused the removing of the first layer of 

coating mortar.  

Pozzolane Rosse scoriae are observed in all coating and bedding mortars except in the elliptical pool L 

which is the only one that contains only Pozzolanelle, Tufo Lionato, and another local tuff without any 

Pozzolane Rosse components. This pool was part of the Antonin building achieved in 139 AD and 

remained in use until its removal by recovering it with a mosaic at the end of 3rd century (phase 3). The 

lithified source of volcanic stones such as Tufo Lionato or any other local tuff implied a grounding 

process to produce it specifically as fine aggregates [36] or could be the remnant of tuff stone 

production as cutting waste. All other structures from 139 AD (pools I and F and cisterns BB and Y) 

contain a mix of Pozzolane Rosse scoriae and tuffs fragments and sometimes Pozzolanelle scoriae. This 

difference pointed out herein between pool L mortars and others Antonin structures mortars can’t be 

explained by scientific data but some hypotheses involving social arguments or aleatory circumstances 

might be formulated. For instance, this difference might be due to a construction of these structures 

by different builders’ teams or at a different moment or one can speculate a momentary run out of 

Pozzolane Rosse granular ashes.  

At the contrary we observe a selective and exclusive use of Pozzolane Rosse scoriae in the 337-350 AD 

construction phase (phase 4) which concerns pool M construction and confirm the chronological 
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relation with corner pillars of room V built during the same phase for the cross-ribbed roof 

reconstruction. 

Furthermore, from this construction phase, dolomitic ghosts in relict lime clasts are identified. As they 

are an indicator of an under burnt fragment of dolomite [35], therefore it suggests the use of dolomitic 

limestone as a source for lime production from this period and after. Before 337-350 AD, as we don’t 

observe these dolomitic ghosts in lime lumps in any samples, calcitic limestones seem to be used as 

unique carbonate rock source for lime production. 

The study of fresh leucite presence seems to indicate a preferential occurrence in the oldest structures. 

Some authors [20, 21] pointed out three alteration facies of Pozzolane Rosse ignimbrite with some 

differences in chemical characteristics and scoriae colors along vertical sections. Greatest alteration 

facies occur at the uppermost horizon while least altered facies take place in the lower horizon. Among 

chemical differences between the three grades of alteration facies, leucite zeolitisation is highlighted 

and fresh leucite appears to be mostly well conservated in the least altered layer while in the greatest 

alteration facies leucite crystals are wholly dissolved or substituted by analcime and in the 

intermediate alteration facies, coarse fresh leucite crystals remain well-preserved while small crystals 

have been dissolved and replaced. A selective mining exploitation of Pozzolane Rosse quarries or 

outcrops in the least altered facies seems to have taken place in early construction phases (phases 1 

and previous) but might not be still available sometimes between the 2nd century (after phase 1) and 

the end of the 3rd century (phase 3). Pools I and F show fresh leucite crystals in the bedding and first 

layer coating mortars but analcime has been detected in the second layer coating mortar even if the 

mix of scoriae used in the three mortars comes from similar depositional units (Pozzolane Rosse, 

Pozzolanelle, Tufo Lionato). As the extension of pool I occurred during phase 3 (end of the 3rd century 

AD) we can assume a rehabilitation of the marble slab finishing and only a change of the second layer 

coating occurred at this time in both pools I and F. Note that the elliptical pool L, dated from 139 AD, 

displays analcime contents but does not contain any Pozzolane Rosse specimens.    

7 Conclusion  

Petrological observations have been a useful tool to carry out the thorough study of pyroclastic 

depositional units as an indicator of source provenance for fine aggregates in the coating and bedding 

pozzolanic mortars. This information has been valuable to confirm or specify chronological relations 

between architectural structures and to point out some particularities.    

In all cases, local volcanic aggregates were used, and we can highlight some chronological distinctive 

features such as a specific mining exploitation of Pozzolane Rosse least altered facies in early 

construction phases, a selective use of Pozzolane Rosse scoriae during phase 4, the use of dolomitic 

limestone as carbonate rock source for lime production since phase 4 and the presence of limestone 

fragments added in the aggregates in phase 5.  

The Baths of Porta Marina have constituted a perfect case of study to establish a timeline of raw 

materials used in Roman pozzolanic mortars and to study waterproofing technological strategies with 

a chronological perspective. These inferences, though, might not be extended to other hydraulic 
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structures from Ostia without a meticulous scientific approach and remain a non-exhaustive overview 

of materials and technologies in ancient Roman mortars.   
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Abstract: Natural cement was the main binder used in the majority of buildings in Portugal from 

the second half of 19th until the beginning of 20th century. Natural cement (also referred to as Roman 

Cement) was patented in 1796 by Reverend James Parker, by calcination of high clay content marls 

without changes in the composition after extractions. These cements were produced at lower 

temperatures than that of Portland cement which might leave some grains unburned due to 

nonuniform heating. This may result in high diversity in the characteristics of Natural cement from one 

case to another. Therefore, understanding the true type of binder used in the historic buildings will 

help the conservation engineer make the best decision on the development of compatible mortar for 

historical conservation purposes. The present paper studies one of the stylish cultural houses in Vila 

Nova de Gaia, Porto, known as Casa Barbot which was built by Bernardo Pinto Abrunhosain in 1904. 

The paper aims at investigating the characterization of binder used in the construction of cave, arbor, 

dovecote and other elements in the garden of this palace using several techniques. The samples were 

collected from the parts that had fallen or were removed from the structure. The samples were 

carefully inspected in terms of detecting different applied layers and then were prepared for the tests. 

The experimental results are presented in terms of chemical and mineralogical composition of the 

mortar samples using analytical tools such as XRF and XRD. Textures and microstructure of hydrated 

and unhydrated binder, the porosity and type of aggregates used in the mortar and their proportion 

in the mortar composition were studied using petrography analysis. 

1 Introduction 

Preservation of heritage is an important action that must be performed to preserve culture for future 

generations. This encompasses the intervention on renders, understanding the type of binder used in 

the historic mortar that helps the material specialist makes the best decisions on the development of 

compatible mortar for historical conservation purposes. The architecture of heritage buildings from 

the beginning of the late 19th and the beginning of 20th century ranges from Art Nouveau and Art Deco 

to Modernism. This period is characterized by the transition of the main construction binder from lime 

to cement. In this context, the first cement used is known as Natural or Roman cement. Natural cement 

was patented in 1796 by Reverend James Parker, by calcination of high clay content marlstones 

without changes in the composition after extractions. This type of cement was extensively used all 

over the Europe as a cast stone in the execution of decorative elements and as a façade rendering. 
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Depending on the local natural cement production site and firing process, large dispersion can be 

found in the composition of natural cement that reveals a need for further research.  

In comparison to the lime-based ancient mortars [1–7], few studies have been devoted to the 

characterization of binders used in the buildings in the late 19th and beginning of 20th century [8–14]. 

Casa Barbot (see Figure 1), representing the only specimen of Art Nouveau in the Municipality of Vila 

Nova de Gaia, was built by Bernardo Pinto Abrunhosa in 1904, which is nowadays considered as the 

main artery of the city. The name “Casa Barbot” has been given when the house was bought by 

Ermelinda Vilano Barbot and his family in 1944. The building has all the elements such as wrought iron, 

glass, tile combined with stonework and thematic levels that characterize Art Nouveau in terms of 

materials. The Art Nouveau building is also completed by a typical period garden, with greenhouses, a 

small lake and caves. The general intervention in the garden has been performed in 1988. Casa Barbot 

and its garden constitute a unit that impacts the historical, architectural and artistic profile that 

necessitates it to be preserved as utmost importance.  

This paper aims at investigating the characterization of mortar used in the construction of Casa Barbot. 

Characterization tests adopted in this study include chemical and phase analytical tools such as XRF 

and XRD together with the petrographic analysis that aims at studying the type of binder, textures and 

micro/macrostructure of hydrous and anhydrous binder, the porosity and type of aggregates used in 

the mortar and their proportion in the mortar composition.  

 

 
Figure 1. The main façade, garden and caves of the Casa Barbot in Vila Nova de Gaia. 
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2 Sampling and methods 

Samples were collected from the structure in the garden of Casa Barbot for compositional 

characterization. The samples included the detached pieces and those taken from the cracked regions 

on the cave structure and gazebo in the period garden of this house. Figure 2 displays the location of 

each sample taken from the garden and cave. In the first stage of sample preparation, different layers 

were visually identified and carefully extracted from the samples for further testing. Layers normally 

consisted of inner (denoted as Int), outer (denoted as Ex) and interface (denoted as Ins) layers. 

Description of the location of samples together with their nomenclatures and observed defects are 

presented in Table 2.  

 

 
Figure 2. The location of mortar samples. 
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Table 1. Description of samples and their positions.  

 Description Defects Photo and Stratigraphy 

CB1 
Coating of the ceiling of the cave in 

the garden 
Efflorescence on 

the surface 

 

CB2 Phytomorphic element in the cave Rebar corrosion 

 

CB3 Phytomorphic element in the cave Rebar corrosion 

 

CB4 
Part of beam-shape connection in 

top of the cave 
Rebar corrosion 

 

CB5 
Phytomorphic element in the cave 

(Chandelier) 
_ 

 

CB6 
Part of the connection on top of 

the cave 
_ 

 

CB9 
A piece of cave ceiling with 

meshing 
Rebar corrosion 
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Table 1. to be continued.  

CB10 ? Rebar corrosion 

 

CB11 Balustrade of gazebo _ 

 

 

The compositional characterization methodology comprises X-ray Diffractometry (XRD), X-ray 

Fluorescence (XRF) and optical microscopy by petrography. Depending on the type of test, the samples 

that were carefully extracted from each layer, are prepared following two procedures. For the chemical 

tests that require powdered samples, the part of mortar layers with higher binder concentration was 

disaggregated carefully to avoid crushing the aggregate grains and then sieved to pass 106 µm mesh, 

designated as a binder-rich fraction. The overall fraction was prepared by crushing and grinding the 

samples (which had already been extracted from each layer of the mortar sample) to pass 106 µm 

sieve.  

The chemical composition of the samples was determined with XRF on a Philips X0Pert PRO MPD 

spectrometer. The samples were burned at 980 ℃ and the resulting ashes were prepared as fused 

beads. The mineralogical composition of the samples was studied using XRD. The data were collected 

using X'Pert-Pro MPD Philips/Panalytical diffractometer equipped with K Cu radiation (λ=1.5405 Å) 

operating at 40 mA and 45 kV. The scanning was conducted (2θ, Cu-kα) between 3º and 70º at a scan 

speed of 0.02 º/s, from which qualitative information was extracted. 

Petrography analysis was adopted as a perfect tool for analysis of the microstructure of the binder in 

the sampled materials and for identifying its composition, i.e. binder and sand. The thin sections were 

analyzed with the aim of a petrographic microscope using Transmitted Light Microscopy. Thin and 

polished sections of the samples were prepared with vacuum impregnation with a yellow epoxy resin. 

These were observed on an Olympus BX60 polarizing microscope.  

3 Results and discussion 

3.1 Chemical composition 
The chemical composition of samples collected from the caves and garden of Casa Barbot was 

measured using XRF and presented in Table 2. The powder samples were prepared in an overall 

fraction. The studied mortars dominantly consist of calcium oxide (except for CB1-Int) ranging from 

40.27% in CB6-Int to 76.99% in CB5-Ex. A high level of CaO may imply the presence of lime in the binder 

of mortar. This will be discussed later in XRD and petrography analysis. CB1-Int shows the lowest 
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content of free lime and the highest percentage of silica, alumina and potassium oxide. A reason for 

such an observation could be due to the use of blended cement with silica and alumina-rich material 

or the use of pozzolan as a binder. To better understand the compositional characterization of CB1-

Int, complementary techniques of XRD and optical microscopy were used (see sections 3.2 and 3.3). 

The high content of potassium in this mortar can be also due to the presence of feldspar in its 

composition. 

Table 2. The oxide composition of the samples taken from the Casa Barbot building.  

 Mortars CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O P2O5 Cl TiO2 Na2O 

Ex
te

rn
al

 la
ye

r CB1-Ex 55.57 28.66 2.33 6.83 0.32 0.79 3.38 0.85 nd 0.74 0.036 

CB1-2-Ex 63.07 22.14 2.18 6.27 0.23 0.96 3.08 0.70 0.05 0.64 nd 

CB2-Ex 74.89 9.77 1.00 4.51 0.28 4.55 3.41 0.46 0.32 0.44 nd 

CB3-Ex2 75.76 13.05 1.29 5.46 0.26 0.76 1.68 0.51 0.03 0.58 nd 

CB3-Ex1 75.10 12.61 1.23 5.60 0.21 1.81 1.34 0.80 0.09 0.68 0.06 

CB4-Ex 66.32 18.44 1.45 8.83 0.20 1.45 1.83 0.54 0.12 0.44 0.03 

CB5-Ex 76.99 7.85 1.53 8.25 0.45 2.27 0.72 0.45 0.30 0.76 nd 

CB6-Ex 54.81 26.44 2.55 7.12 0.15 3.20 3.74 0.66 nd 0.72 nd 

CB10-Ex 67.13 18.03 1.47 8.10 0.18 0.18 1.45 0.53 0.09 0.66 nd  

CB11-Ex 57.58 28.60 1.98 6.30 0.17 0.99 2.35 0.79 0.08 0.76 nd 

In
te

rs
e

ct
i

o
n

al
 la

ye
r CB1-Ins 63.33 22.42 2.33 6.50 0.34 0.42 2.91 0.67 nd 0.61 nd 

CB6-Ins 56.07 27.16 2.459 7.78 0.13 1.35 2.76 0.74 0.23 0.80 nd 

CB9-Ins 71.37 17.02 1.64 5.00 0.16 0.65 2.44 0.54 0.12 0.55 nd 

In
te

rn
al

 la
ye

r CB1-Int 8.730 58.76 8.09 8.90 0.17 0.14 12.30 1.67 nd 0.62 0.040 

CB2-Int 56.64 23.18 1.66 8.63 0.21 1.59 5.43 0.63 0.44 0.56 nd 

CB3-Int 65.04 21.25 1.84 5.95 0.22 0.58 3.16 0.71 nd 0.63 nd 

CB4-Int 62.05 22.53 1.73 7.72 0.19 0.57 3.01 0.60 0.03 0.51 0.03 

CB5-Int 68.80 16.48 1.89 6.21 0.14 1.53 2.76 0.55 0.19 0.59 0.033 

CB6-Int 40.27 36.64 5.35 7.35 0.12 0.59 6.94 1.45 0.03 0.73 nd 

CB9-Int 73.58 14.81 1.45 4.54 0.17 0.66 2.48 0.71 0.45 0.53 0.04 

CB10-Int 68.08 16.12 1.98 8.63 0.13 0.94 1.46 0.50 0.19 0.71 0.03 

CB11-Int 54.64 29.48 2.36 7.35 0.51 1.24 2.30 0.64 0.24 0.75 nd 

 

The second main component in all samples is silica which exists at a minimum in the external layer of 

CB2 and CB5 (<10%). The mortar applied on the outer layer of CB2 and CB5 shows similar composition. 
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Both samples were taken from the same region inside the cave, reinforcing the hypothesis of the use 

of the same mortar in the elements of this region. Higher content of sulfur (4.55%) and potassium 

(3.41%) in CB2-Ex can be due to either sulfate attack or the presence of gypsum. This can be only 

explained by the XRD diffractogram in the next section. All the samples show a high content of ferric 

oxide (Fe2O3) which may be resulted from the corrosion of embedded rebars as was also observed in 

Table 1. 

3.2 Mineralogy 
Table 3 shows the semiquantitative results obtained by Rietveld analysis for the overall fraction of 

samples prepared for XRD tests. All the samples have hydraulic components as anhydrous and 

hydrated phases. The analysis shows that the predominant component is related to calcite. The calcite 

content in the external and intersectional layers ranged from 26.5 to 76.2%. However, lower calcite 

was found in the internal layers (from 1.2% in CB1-Int to 64.2% in CB9-Int). The main aggregates are 

quartz, felspar (in the chemical forms of microcline, albite and orthoclase), mica (in the chemical forms 

of muscovite and biotite) and the occasional presence of kaolinite, clinochlore and hematite. Since the 

aggregates are silicious, the high content of calcite can be attributed to the presence of lime and 

carbonation of mortars (according to the petrography, section 3.3). For the same reason, the lower 

content of calcite in the internal layers shows less CO2 penetration and partial carbonation. The lowest 

calcite in CB1-Int is associated with the high presence of feldspar (albite) in this sample. According to 

the results, the aggregates seem to be of a granite nature. Gypsum is mainly present in the exterior 

and intersectional layers of mortars which can be attributed to the sulfatation of mortars due to the 

sulfate attack during the lifetime of the material in exposure to the air pollution. Gehlenite is observed 

in the composition of internal layers (except for CB1-Int) and the external layer of some mortars, which 

may relate to the addition of ground granulated blast furnace slag. The presence of this additive also 

was observed in the micrographs in section 3.3.  

In the complement to Table 3, Figures 3-5 illustrate the XRD diffractograms of the external, internal 

and intersectional layers of mortars, respectively. One can see the frequent presence of clinker 

products such as belite (B), alite (A) and brownmillerite (Br) in all the samples, which indicates the use 

of Portland cement as a binder, with an exception in CB2-Ex in which there is a doubt about the use of 

hydraulic lime or Natural (Roman) cement. Calcium hydroxide or portlandite was only observed in CB4-

Ex and CB11-Int. It can be due to either the presence of air lime in the binder or Portland cement. The 

binder of CB10 and CB11 contains ettringite. As it can be seen, the presence of ettringite coincides 

with the absence of gypsum, which implies the full consumption of gypsum in its reaction with 

aluminum for the ettringite formation. 
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Table 3. Rietveld analysis of CB samples (Overall fraction). 
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Quartz 

(SiO2) 

30.2 43.9 8.4 26 12.6 32.7 2.5 43.8 29.8 55.1 32.6 26.3 26 37.5 31.9 35.5 55.2 25.5 14.8 29.3 56.1 

Feldspar - microcline 

(KAlSi3O8) 

11.8 11.9 1.2 4.6 1.9 10.3 0 12 16.9 9.2 12.7 9.2 8.6 11.6 10.7 12 3.4 6.6 9.8 16.4 16.6 

Feldspar- albite 

(NaAlSi3O8) 

3.7 3.9 0.9 2.7 1.2 11.2 0.6 6.3 1.5 2.4 1.3 1.8 2 38.4 3.7 1.5 4.2 41.7 5.6 8.7 6.9 

Feldspar- orthoclase 

(KAlSi3O8) 

0.9 2.9 0.9 0 0.4 3.6 0.2 0 0 0 0 1.7 0 5.7 0 1.4 2.1 6.2 2.1 0 0 

Mica – muscovite 

(KAl2(Si3Al)O10(OH,F)2) 

1.5 2 0 0 1 0 0.5 2 0 2.4 2.4 0 0.8 5.5 1.1 1.3 0 4.1 0 1.9 3.1 

Mica – biotite 

(K(Mg,Fe2+)3AlSi3O10(OH,F)2) 

2.6 3.1 0 0 1.1 0 0.7 1 2.2 2.3 3 0 1.3 0 0.7 1.1 0 0 0 1.6 3.5 

Kaolinite  

(Al2Si2O5(OH)4) 

0 0 0 0 1.4 0 1.1 0 0* 0 0 0 0 0* 0.5 0 0 0 0 0 0* 

Clinochlore 

((Mg,Fe2+)
5Al(Si3Al)O10(OH)8) 

0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0* 

Hematite 

(Fe2O3) 

0 0 0 0.1 0 0 0.1 0 0 0 0 0 0 0 0 0 0.1 0 0 0 0 

Calcite 

(CaCO3) 

47.5 31.2 75.5 56.3 76.2 32.5 61.2 34 43.8 26.5 45.9 57.4 58.4 1.2 49.7 45.7 29.9 15.8 64.2 39.1 8.5 

Portlandite 

(CaOH) 

0 0 0 0 0 4.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.7 

Gypsum 

(CaSO4.2H2O) 

1.2 0.4 8.7 0 0 0 7.2* 0 0 0 1.1 1.9 0 0 0 0 0 0 0 0 0 

Gehlenite 

(Ca2Al2SiO7) 

0 0.6 0 1.5 1.9 1 0 0 0 0 1.1 0 2.6 0 1.4 1.1 2.6 0* 2.6 0* 0* 

120



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

C3S 

(Ca3SiO4O) 

0* 0* 0* 2.4 0* 0.4 8.5 0* 2.1 0.2 0* 0.2 0.1 0* 0* 0.2 0.3 0 0 0.2 0.2 

C2S 

(Ca3SiO4) 

0* 0* 2.2 3.2 0.3 1.3 12.9 0* 0.4 0* 0* 0.9 0 0* 0* 0 1.6 0* 0.5* 0* 0* 

C3A 

(Ca3Al2O6) 

0* 0.1 1.9 1.3 1.5 0 3.2 0.9* 1 0.3 0* 0.6 0.2 0 0.4 0.1 0.2 0* 0.4* 0.2* 0.7* 

C4AF 

(Ca2(Al,Fe3+)2O5) 

0* 0* 0.3 1.9 0.5 2.8 1.4 0* 0 0.1 0* 0 0 0* 0 0 0.4 0* 0* 0* 0* 

Ettringite 

(Ca6Al2(SO4)3(OH)12.26(H2O)) 

0 0 0 0 0 0 0 0 2.2 1.4 0 0 0 0* 0 0 0 0* 0* 2.2 3.1 

Hydrocalumite 

(Ca2Al(OH)7.6.5H2O) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0* 0 0 0 0 0* 0.4 0.6 

* indicates that the mineral exists but its quantification is doubtful 
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Figure 3. XRD diffractograms of the external layer of CB samples. (the visible peaks that are not labeled with 
any abbreviation are considered to have the same crystalline compound as the other samples in the same 

location) 
 

 
Figure 4. XRD diffractograms of the internal layer of CB samples. 
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Figure 5. XRD diffractograms of intersectional layer of CB samples. 

 

3.3 Petrography analysis 
The petrography analysis by optical microscopy was carried out on three samples of CB1, CB5 and CB11 

representing the binder and composition of mortars in this building. The analysis showed a variety of 

aggregates which were also detected by XRD. All studied samples show aggregates mainly consisted 

of quartz and quartzite with a minor amount of metasiltstone including mica (muscovite) and feldspar, 

as was confirmed by both XRD and XRF techniques (shows a high percentage of potassium). Rounded 

to sub-angular grains of bituminous sedimentary limestone (Figure 6b) were observed in the 

composition of all samples as a filler except for the exterior layer of CB5 (Mortar 3). Small black 

charcoal-like particles with fragments of up to 0.08 and 0.1 mm in size were observed in the 

composition of all mortar, accounting for less than 1 vol% of binder, see Figure 7b. The binder of all 

mortar is partially to fully carbonated, which was confirmed by the high peaks of calcite in XRD 

diffractograms.  

A reason for the relatively high content of ferric oxide in XRF is explained by the petrography analysis 

which shows typically rounded lumps and grains of microcrystalline lime with high content of 

impurities in form of brownish iron-rich clay compounds with a transition to well crystalline ferrite 

(C4AF). Grayish, sub-rounded grains of partly hydrated clinker minerals of C4AF were also seen in the 

composition of the binder of mortar samples. Figure 8b shows the abundance of red iron oxide in CB11 

(mortar 2).  

A mix of different materials including Portland cement, hydraulic lime and blast furnace slag are 

observed in the binder of the internal layer of CB1 (CB1-Int), see Figure 6b. While the external layer of 

CB1 was fully carbonated, the internal layer showed only carbonated binder to a depth of less than 1 

mm and up to 4 mm. This was also confirmed by XRD spectra showing a lower calcite formed in the 

slag-contained mortar. The presence of blast furnace slag, which is rich in silica and alumina was 

proven by XRF where the content of silica and alumina was the highest among all mortars. A binder of 

an uneven splash-plaster mortar of CB1 (which can be seen all over the ceiling of the cave) appears to 
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be the mix of Portland cement and hydraulic lime with a frequent occurrence of rounded to sub-

angular lumps of microcrystalline lime without any impurities and light brownish to brownish, rounded 

lumps of microcrystalline lime with low content of impurities. 

A frequent presence of sub-angular partially hydrated clinker minerals of alite (C3S), belite (C2S) and 

ferrite proves that the Portland cement was the main binder of mortars used in the construction of 

Casa Barbot’s elements. Some Portland cement clinker grains contain undifferentiated hydraulic 

calcium-silicate phases and glass-like phases. 

 

  

(a) (b) 
Figure 6. Micrographs in transverse polarized light showing lime and clinker remnants in CB1: (a) external layer 
which shows remnants of a black paint layer on the surface of the outermost layer of splash-plaster (Mortar 2). 
The pigment consists of carbon. The binder for the mortar is hydraulic with a high content of Portland Cement 

like grains (PC). (b) interior layer whose binder consists of a mixture of Portland Cement (PC), grains of 
bituminous limestone (LS), blast furnace slag (BFS) and slaked lime (not seen on the photo). Small fragments of 

charcoal (CC) give the mortar a rather dark colour. Aggregates of sand = Sa. 

 

  

(a) (b) 
Figure 7. Micrographs in transverse polarized light showing lime and clinker remnants in CB5: (a) The mortar is 
composed of Portland Cement (PC) with a small amount of slaked lime added. The innermost paint layer (1) is 

of the carboniferous black paint layer. The outermost paint layer (2) consists of slaked lime and pigment of 
orange ochre; (b) the contact between the exterior mortar layer (Mortar3) and the second of the underlying 
interior mortar layers (Mortar 2). Compared to Mortar 3, Mortar 2 has a relatively high content of hydrated 

lime. Air void = AV. Particles of charcoal = CC. 
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(a) (b) 
Figure 8. Micrographs in transverse polarized light showing lime and clinker remnants in CB11: (a) all layers are 
made of Portland cement and mortar 2 is reddish pigmented mortar without aggregates. Mortar 3 is remnants 
of relatively modern mortar with masonry cement.; (b) higher magnification that was taken by use of another 

microscope technique. The pigment for mortar 2 is red iron oxide. 

4 Conclusions 

The samples from the Casa Barbot were characterized using different techniques to identify the binder 

and aggregates. The following results were obtained from the experimental characterization tests: 

• from the XRF tests, most of the samples were characterized by high calcium oxide, silica, alumina 

and iron oxide, showing the hydraulic nature of binder. 

• the high content of sulfur was evident in some CB mortars which may be due to the sulfatation of 

mortars. 

• XRD and petrography analysis identified Portland cement in the binder of all mortars used in Casa 

Barbot. 

• micrographs show the presence of supplementary materials in the binder composition of mortars, 

including ground granulated blast furnace slag, hydraulic lime, bituminous limestone and the 

occasional occurrence of carbon charcoal. 

• all the mortars, except for the external layer of CB2 and CB5, were mainly composed of siliceous 

sand including quartz, mica and feldspar. 

• calcite was dominantly the main crystalline compound identified by XRD in almost all the samples, 

which can be related to the full carbonation of binder or the presence of air lime in the mortars' 

compositions.  
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Abstract: The exterior coatings of old buildings were mostly made with lime-based mortars. As 

coverings for the external facades of buildings, they are highly exposed to several aggressive agents 

such as weather agents, mechanical actions, etc., and therefore, they are the first building elements 

to need conservation, rehabilitation or replacement interventions. 

The conservation, rehabilitation or replacement of lime-based coatings involve the complicated task 

of choosing a new mortar that should not only be compatible with the existing mortar, but also 

compatible with the substrate itself. 

There are two possible ways to properly choose the mortar to use: either we choose to reproduce the 

old mortar, thus seeking to ensure its compatibility and proper functioning, or we formulate a 

compatible mortar with an adequate behaviour for the building in question and an appearance that 

preserves the building's image. 

In practice, the first option is impossible on its own as it is not yet possible to accurately 

determine the "evolution" of the mortar (dynamic processes in constant evolution - crystallization, 

dissolution and recrystallization, etc.) and it is also difficult to identify the technologies used in its 

execution and application. Moreover, we are also unaware of the weather conditions that may have 

influenced the curing process. Thus, the ideal solution is a process involving the two mentioned 

options. 

For this, the first task should be to know the characteristics of the existing mortars and then to select 

a similar mortar with an adequate behaviour for the building in question. 

This paper presents a campaign carried out with the aim of choosing replacement mortars for several 

old buildings located in the centre of Portugal. For this, the existing mortars were characterised, 

suitable replacement mortars were selected and applied to the existing buildings. After mortar curing, 

an in situ experimental campaign was carried out in order to assess the suitability of the chosen 

mortars for the buildings walls. 

1 Introduction 

Lime-based mortars have been used for thousands of years, right up to the present day. However, with 

the advent and popularization of Portland cement, traditional knowledge of lime technology has been 

gradually lost. 

Many scientific studies have identified that one of the main problems linked to the degradation of old 

buildings is the physical-chemical incompatibility between support and mortar. 
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In this sense, this research intends to study, in situ, the old mortars of houses from centenary villages, 

located in Vila Nova, Miranda do Corvo, centre of Portugal, where currently about 70% of the 

properties are vacant. This number can be confirmed by the INE - Instituto Nacional de Estatística, 

through the demographic census, which shows that in 1911 Vila Nova was inhabited by 2,402 people, 

and 110 years later, in 2021, it had only 793 inhabitants, and only 15% of this total is composed of 

young people up to 25 years old or children. 

The work in progress seeks to relate the compatibility between the old mortars of buildings, aged 

between 100 and 300 years, through physical-chemical and mechanical analyses, showing that it is 

possible to define a replacement mortar that is compatible with the village houses, in order to draw 

attention to a less costly form of mass rehabilitation. 

Despite the age of the properties, it is observed that their coating mortars have performed well in 

protecting their substrates. In these villages, according to the reports of the residents, the traditional 

mortars were made with sand from local streams or from the floods of the Serra da Estrela (Mondego 

river) thaw. Lime was taken from ravines and burned in homemade ovens or it was purchased from 

vendors who brought it in bags from the factory. 

This work presents the study carried out on one of the dwellings, which is shown in Figure 1. 

 

Figure 1. House studied. 

One of the aims of this work is, in addition to identifying the characteristics and behaviour of mortars, 

to attract attention to this type of material heritage, whose embedded immaterial value is little 

studied. 

By showing this possibility of a collective process of real estate recovery, an unusual and unexplored 

resource is created in order to bring new residents to the place (which is less than 30 km from 

Coimbra), reducing the process of desertification of these villages, which can even culminate in more 

frequent interventions in other Portuguese villages. 

2 Methodology 

Mortar samples were taken from the property and characterized in the laboratory. A natural hydraulic 

lime (NHL 3,5) mortar was formulated in the laboratory and a pre-dosed replacement mortar (a lime 

mortar recommended for rehabilitation of old buildings by the manufacturer) was selected, both 
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compatible with the original mortars. An experimental campaign was thus carried out to analyse the 

compatibility between mortars and substrates, both in the laboratory and in situ. 

In laboratory, specimens with dimensions in accordance with the applicable standards (Table 1) were 

made and were later subjected to characterization tests. 

The existing mortar was partially removed from the original supports of the house, creating uncoated 

panels, where both the mortar formulated in the laboratory and the pre-dosed mortar were applied. 

Several tests were performed on these panels, in order to know the in-service behaviour of these 

mortars. Their behaviour was compared with that of the original mortars and with that of the new 

mortars assessed in the laboratory. 

2.1  Characterization of existing mortars 

The first phase of characterization of the existing mortars consisted of determining the 

binder/aggregate ratios by acid dissolution, according to a procedure based on RILEM TC 167-COM 

(Characterisation of old mortars with respect to their repair). The collected samples were 

disaggregated and fractions of 35 g were separated and oven dried for 3 days. Subsequently, they were 

immersed in a hydrochloric acid solution, remaining at rest for 24 hours. After this time, the insoluble 

portion was washed with deionized water. The washing liquid containing the fines was filtered and 

dried (Figure 2). Based on the initial and final weighing values of the sands and fines, the ratio between 

the binder and the aggregate was determined through expression (1): 

𝑙
𝑎⁄ =

(𝑚𝑖𝑛𝑠 −𝑚𝑎)

𝑚𝑎
 (1) 

where: 

mins – dry mass of water-insoluble material, in g; 

ma – dry mass of acid-insoluble material, in g. 

 

In a second phase, the granulometry of the aggregate resulting from the process described above was 

determined. The obtained granulometric curve is shown in Figure 3, which also presents the 

granulometric curve obtained for the aggregate used in the formulation of the new hydraulic lime 

mortar. 

The porosimetry test by mercury intrusion of the existing mortar was also carried out. For this purpose, 

a Micromeritics mercury porosimeter, model Autopore IV 9500, was used, and the tests were 

performed in accordance with the ISO 15901-1:2005 standard. Figure 4 presents the results obtained. 

 
Figure 2. Determination of binder/aggregate ratios by acid dissolution. 
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Figure 3. Particle size distribution of the aggregates. 

 
 

Figure 4. Porosimetry of the existing mortar. 

2.2 Formulation of replacement mortars 

For the study of replacement mortars, two different solutions were analysed: a solution composed of 

a mortar formulated in the laboratory with NHL 3.5 hydraulic lime and river sand, with a volumetric 

binder/sand/water ratio of 1:4:1 (MNHL), and a solution consisting of pre-mixed mortars, specific for 

rehabilitation, with a levelling layer (MRB) and a finishing layer (MCS), both with 4.0 to 4.5 litres of 

water per 25 kg of mortar mix. 

The selected river sand to be incorporated into the MNHL mortar was as close as possible to the sand 

of the original mortar. As can be seen from the granulometric curves presented in Figure 3, the curve 

of the existing sand is very similar to that of the selected river sand. 

Prismatic specimens, measuring 4x4x16 cm3, and circular specimens, with a diameter of 10 cm and 

thickness of 1.5 cm, were prepared, according to the indication of the respective standards (Figure 5). 
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Figure 5. Specimens made in the laboratory. 

After a curing period of 28 days (according to the conditions prescribed in the applicable standard), 

the tests were carried out on the replacement mortars. The standards followed in the tests are shown 

in Table 1. 

Table 1. Tests carried out on the replacement mortars.  

Test Standard 

Consistency (by flow table) EN 1015-3:1999 

Capillary water absorption EN 1015-18:2002 

Water vapour permeability EN 1015-19:2008 

Flexural and compressive strengths EN 1015-11:2019 

 

The two mortar solutions were applied on the real supports, after removing the existing mortar, 

cleaning with a wire brush to remove loose grains and wetting with water  (Figures 6 and 7). These 

mortars were thus subjected to curing conditions in an outdoor environment. 

The recesses between the stones facilitated the adhesion between the mortar and the support. The 

structural stability of the old stone masonry was verified and there was no need to resort to any type 

of reinforcement. 

 
Figure 6. Cleaning of the support (before and after). 
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Figure 7. Preparation and application of new mortars. 

After the curing period of the applied mortars (28 days), the following tests were carried out in situ, 

on these mortars and on the old existing mortars. 

2.2.1 Water absorption with Karsten tubes 

This test, which measures the amount of water absorbed at low pressure, was performed in 

accordance with ASTM E514. Three test tubes were used simultaneously for each experimental panel 

(Figure 8). The area for fixing the tubes was previously cleaned with a brush and then the tube was 

fixed to the wall using a suitable fixing material. The tube was then filled with water to the 4 ml level. 

For each tube, the amount of water absorbed at 5, 10, 15, 20, 30 and 60 minutes was recorded. In this 

test, water will be absorbed more slowly the less porous the tested mortar is. 

 
Figure 8. Karsten tubes. 

2.2.2 Superficial resistance 

This test was carried out with a Model OS-120 pendulum hammer, according to EN 12504-2:2021 and 

ASTM C805. The hammer allows the measurement of superficial hardness from the rebound of an 

incident mass after impact with the surface to be tested. It is based on the principle that the reflection 

of an elastic mass thrown against a surface depends on the superficial hardness of the material to be 

analysed. The softer the material, the greater the amount of energy absorbed and the smaller the 

rebound. 
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2.2.3 Martinet-Baronnie apparatus 

With the Martinet-Baronnie apparatus it is possible to evaluate the renders in terms of their resistance 

to the impact of hard bodies. 

• Ball-shock: provides information on coating deformability. Consists of the application of a 3 Joule 

hard body shock, through a steel ball about 50 mm in diameter, which is dropped from the 

horizontal position of the apparatus. At the end of each test, the diameter of the dent produced 

by the impact of the sphere is recorded, with a ruler with a precision of 0.1 mm (Figure 9). 

• Controlled penetration: allows evaluating the resistance of the innermost layers of the renders. An 

accessory with a small hole is attached to the opening at the “foot of the apparatus”, which allows 

the placement of a steel nail in contact with the surface. The sphere is replaced by a body of known 

mass, which is dropped from the horizontal position of the apparatus (Figure 10). The penetration 

depth of the nail into the coating is recorded. 

 
Figure 9. Martinet-Baronnie: ball-shock. 

 

 
Figure 10. Martinet-Baronnie: controlled penetration. 
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3 Results 

In this section, all the results obtained in the laboratory and in situ campaigns are presented and 

analysed. 

3.1 Laboratory campaign 

3.1.1 Capillary water absorption 

In table 2 the results obtained for the capillary water absorption coefficient of the replacement mortars 

are presented and it can be observed that MNHL and MRB mortars have similar coefficients and MCS 

obtained a much lower value. Coatings with low values for this parameter protect walls against water 

infiltration. The values presented are the average of three tests performed. Standard deviation (SD) 

and coefficient of variation (CV) are also presented. 

Table 2. Capillary water absorption of replacement mortars. 

Test 
MNHL MRB MCS 

Mean SD CV (%) Mean SD CV (%) Mean SD CV (%) 

Capillary water absorption 1,15 0,189 16,5 1,28 0,041 3,2 0,09 0,023 24,3 

3.1.2 Water vapour permeability 

Table 3 present the results obtained for water vapour permeability coefficients of the replacement 

mortars and it can be observed that MNHL and MCS mortars have similar coefficients and MRB 

obtained a lower value. Coatings with high values for this parameter allow faster drying of the walls. 

The values presented are the average of three tests performed. Standard deviation (SD) and coefficient 

of variation (CV) are also presented. 

3.1.3 Flexural and compressive strengths 

Table 4 present the results obtained for flexural and compressive strengths of the replacement 

mortars. It can be observed that MNHL obtained the lowest values and MRB the highest ones. The 

values presented are the average of three tests performed. Standard deviation (SD) and coefficient of 

variation (CV) are also presented. 

Table 3. Water vapour permeability of replacement mortars. 

Test 

MNHL MRB MCS 

Mean SD 
CV 

(%) 
Mean SD 

CV 

(%) 
Mean SD 

CV 

(%) 

Water vapour permeability 1,75E-11 1,10E12 6,29 1,17E-11 1,27E12 10,91 1,77E-11 1,17E-12 6,59 
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Table 4. Flexural and compressive strengths of replacement mortars. 

Test 

MNHL MRB MCS 

Mean SD 
CV 

(%) 
Mean SD 

CV 

(%) 
Mean SD 

CV 

(%) 

Flexural strength 0,40 0,043 11,35 0,80 0,151 19,84 1,00 0,012 1,23 

Compressive strength 1,10 0,08 7,55 3,90 0,17 4,36 2,10 0,08 3,99 

3.2 In situ campaign 

After the curing period of the mortars applied in situ, about 28 days of curing, the previously 

mentioned tests were carried out, on these and on the existing mortars. The results obtained are 

shown in the following tables. 

3.2.1 Water absorption with Karsten tubes: 

The following graphs show the results obtained for the volume of water absorbed as a function of time, 

for the existing mortar (Figure 11), for the MNHL replacement mortar (Figure 12) and the pre-dosed 

mortars MRB+MCS (Figure 13). The values shown are the average of three tests performed. It can be 

observed that the existing mortars have a very high capacity of absorption of water and much higher 

than the replacement mortars. As for replacement mortars, it was found that MNHL has a lower 

capacity of absorption of water. 

3.2.2 Superficial resistance: 

Table5 presents the results obtained for the average superficial resistance of the existing mortar (ME), 

replacement mortar (MNHL) and pre-dosed mortars (MRB+MCS). The values presented are the 

average of three tests performed, its standard deviation and the coefficient of variation. It can be 

observed that the existing mortar have the lowest superficial resistance. As for replacement mortars, 

it was found that MRB+MCS has a lower superficial resistance. 

3.2.3 Martinet-Baronnie test 

As mentioned previously, two types of tests were carried out with the Martinet-Baronnie apparatus: 

the ball-shock test and the controlled penetration test, for the existing mortar and for the two 

replacement mortars. For the first type of test, the average diameter of the dent produced by the 

impact of the sphere is presented and, for the second, the average penetration depth of the nail in the 

coating. The values presented are the average and its standard deviation of three tests performed in 

each situation. 

The results obtained are shown in Table 6. It can be observed that all the mortars obtained similar 

values to both tests. 
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Figure 11. Volume of water absorbed as a function of time - existing mortar. 

 

 
Figure 12. .Volume of water absorbed as a function of time - NHL mortar. 

 

 
Figure 13. Volume of water absorbed as a function of time - pre-dosed mortars. 

Table 5. Superficial resistance for ME, MNHL and MRB+MCS mortars. 

Mortar Superficial resistance - 

Wm (N/mm²) 

SD CV (%) 

ME 1,00 0,20 0,18 

MNHL 2,10 0,40 0,18 

MCS 1,70 0,40 0,211 
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Table 6. Results of the tests conducted with the Martinet-Baronnie apparatus. 

Mortar 
Diameter of the dent (cm) Penetration depth (cm) 

Mean SD 1st impact SD 2nd impact SD 3rd impact SD 

ME 1,37 0,17 0,50 0,21 0,70 0,20 0,80 0,10 

MNHL 1,43 0,05 0,05 0,15 0,70 0,06 0,80 0,15 

MRB+MCS 1,37 0,05 0,20 0,06 0,40 0,06 0,50 0,10 

3.3 Analysis of results 

Analyzing the results obtained, although, probably, it is still necessary to analyze more other 

parameters, it can be concluded that both replacement mortars have adequate characteristics for 

application on the walls of the house in question because the values obtained for the tests carried out 

are very similar for the two mortars tested and similar to the values obtained for the existing mortar. 

In fact, regarding the behaviour of the mortars in the presence of water, it was found that the water 

absorption of both replacement mortars is lower than that of the existing mortar. Although MNHL 

mortar has a slightly better behavior when applied (less water absorption observed in situ with Karsten 

tubes), MCS obtained a lower value for capillary water absorption coefficient. 

For the water vapor permeability, which should be as high as possible, although the result obtained 

for the MCS mortar was slightly better, when combined with MRB, probably this parameter will obtain 

lower values then MNHL mortar. The differences between these solutions may be associated with the 

granulometric distribution of the mortar aggregates, which, in the case of pre-dosed mortars, 

appeared to have a lower maximum dimension than the hydraulic lime mortar. 

As for the surface resistance, which can give some indication of the mechanical strength of the mortar, 

values lower than those obtained for the replacement mortars were obtained for the existing mortar. 

Considering the replacement mortars, it was found that lower values were obtained for the MNHL 

mortar, confirmed by the values obtained in the laboratory. The values obtained for compressive 

strength are within the range of values indicated in EN 998-1:2016, for renovation mortars. 

With the results recorded in the tests conducted with the Martinet-Baronnie apparatus, it was possible 

to confirm the aforementioned: the impact and penetration resistance are similar for the existing and 

replacement mortars, and the resistance is lower for the MNHL mortar. 

4 Conclusions 

Rehabilitation of built heritage has undergone enormous development with numerous old properties 

being rehabilitated instead of being demolished. 

In this path towards greater sustainability in construction, it is very important that the rehabilitation 

of existing buildings is carried out in an adequate and lasting way. 

Exterior coatings are among the building elements that suffer early degradation and need 

rehabilitation/replacement, as they are exposed to harmful actions of the environment, pollution, 

vandalism, etc. 
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Old buildings were mostly coated with lime-based renders. The adequate rehabilitation/replacement 

of these elements is a complex task that implies knowledge of the characteristics of the existing coating 

and of the respective support. Only with this knowledge can we make the right choice of 

repair/replacement mortar. 

With the research in development, of which a small part is presented, it is intended to make a 

contribution so that the rehabilitation of old buildings is carried out in an adequate and lasting way. 

The research, which is being carried out in Vila Nova, Miranda do Corvo, Coimbra District, Central Zone 

of Portugal, aims to deepen the knowledge of the characteristics of the coating mortars of the 

numerous existing properties in need of rehabilitation, in order to find the most suitable 

rehabilitation/replacement mortars compatible with the respective substrates, so that they can be 

selected for application in an easy and quick way. 

This article presents one of the first houses studied. The existing mortar was characterized, two 

possible repair/replacement mortars were selected – one pre-dosed and the other formulated in the 

laboratory – and were also characterized in the laboratory. 

Subsequently, the replacement mortars were applied on the house walls. After 28 days of curing, 

several in situ tests were carried out.  

After analysing the results obtained, it was possible to conclude that both replacement mortars are 

suitable and compatible with the support.  

Laboratory natural hydraulic formulated mortar obtained a lower water absorption coefficient and a 

higher water vapour permeability coefficient, but not much different from the pre-dosed system 

analysed. With regard to superficial resistance and compressive strength the obtained values are very 

similar and in accordance to the values recommended values for renovation mortars in the applicable 

standard EN 998-1:2016. 

the campaign that has just started will be developed with a more detailed analysis of the existing 

mortars and with the analysis and in-situ application of new rehabilitation mortars in order to be able 

to draw more definitive conclusions about the most suitable mortars for the rehabilitation of the 

coverings of the existing buildings. 
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Abstract: The “Terranova” render was a ready-mix dry coloured mortar which diffused in Europe 

in the first half of the XX Century. During the 1920s and 1930s, it was largely adopted in Italy as a 

finishing solution for the façades of rationalist architecture. It quickly became very popular thanks to 

its excellent aspect and high durability. Despite its wide diffusion, its formulation and technical 

properties remain basically unknown, also due to some patents protecting it. For this reason, 

Terranova renders are often not recognized in restoration interventions. In this study, different 

samples of supposedly Terranova render were collected from three rationalist buildings in Ferrara and 

Forlì (Italy) dating back to the Thirties and a thorough characterization was carried out to investigate 

their formulations and features. A comparison was also made with a Terranova sample collected from 

a rationalist building in Bologna (Italy), analysed in a previous study. The aim was to characterize this 

material and disclose, if existing, a recurrent formulation, to explain its outstanding properties and 

advance the design of compatible repair mortars. Despite the recurrence of some features, defining a 

common formulation seemed to be hard, suggesting that alternative recipes were used in 

manufacturing this industrial render.  

1 Introduction 

Renders played a crucial role in modern architecture for both aesthetic expressiveness and protection 

of façades. Among the most innovative materials, the so-called “special renders”, i.e. dry-mix coloured 

mortars that spread across Europe mainly in the first half of the XX Century, had particular importance. 

Their aesthetic features, stated high performances, such as durability and mechanical strength, low 

cost (also due to the limited thickness), and fast preparation and application made them attractive for 

modern architecture, where they were extensively applied [1]. 

In Italy, special renders were widely used in the façades of Rationalist architecture (during the 20s and 

30s), and some of them, being manufactured at a national scale, also became paradigms of the 

autarchic policy promoted by the Fascist regime. “Terranova”, “Jurasite”, “Silitinto”, “Terrasit” and 

“Pietranova” are some particularly worth of note examples [1,2]. The Terranova render was probably 

the most popular and important, being extensively advertised as durable, resistant, lightweight, low-

cost, easy to apply, and characterized by aesthetic features that perfectly fit modern architectural 

language [1-3]. The wide range of colours available (over ninety), different grain sizes (fine, medium 

and coarse) and different application techniques (trowelling and spraying) allowed to obtain a 

significant range of solutions in terms of texture, roughness and thickness [1,3,4].  

141



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

The Terranova render was patented by Carl August Kapferer in Germany in 1896, as a dry-mix coloured 

mortar for stone-imitating renders [5]. In 1916, Kapferer and Weber patented a method for increasing 

the permeability of the mortar to air, by adding a dilute emulsion of fat or oil [6]. This render, which 

quickly became very popular in Europe, diffused in Italy thanks to Aristide Sironi. Through his 

collaboration with Griesser, owner of the “S. A. Italiana Manifatture Griesser”, he met Kapferer, who 

filed the patent of Terranova in Italy (n° 247015) in 1928 [5]. This document confirmed the main 

features of this material, also claimed in the previous patents. According to some authors, the 

admixture was characterized by a binder manufactured by slaking lime with the addition of wax, oil 

and glycerine, and the formation of calcium silicates (insoluble in water) occurred by mixing silicic acid 

and sodium fluoride or silicon fluoride to the aggregates [1,3]. In 1932, Sironi, Griesser and Kepferer 

established the “S. A. Italiana Intonaci Terranova”, starting the manufacturing in Italy [1,5]. This render, 

launched with an extensive advertisement, had enormous success during the 1930s [5]. In 1945 Sironi 

acquired the shares of Griesser and Kepferer and replaced the “S. A. Italiana Intonaci Terranova” with 

the “Italiana Intonaci Terranova S.p.A.”, which was sold to the Austrian “Montana Aktiengesellschaft” 

company in 1987, already owner of the Austrian and German Terranova industries. In 1993 the entire 

Terranova company was acquired by the French company “Weber&Broutin”. Nowadays, the 

Terranova brand is owned by Saint-Gobain Weber S.p.A., which commercializes it in different versions, 

among which is the alleged original one [3,5]. 

Despite its wide use in modern architecture, the historic Terranova render has been scarcely 

investigated so far. Its technical features, properties and formulation are basically unknown, also due 

to the presence of patents aimed at protecting rather than disclosing the actual mortar formulation. 

Besides, in contrast to what was declared there, hydraulic binders and/or cement seem to be present 

sometimes in this render, according to some studies [1,4], which suggested the possible presence of 

different recipes or the alteration of the formulation directly on-site, before the application. Even 

concerning the aggregates, information is still lacking. Quartz and silicate aggregates were found [1], 

and the presence of mica seemed typical for this mortar, providing a sparkling effect [3,4].  

A deeper knowledge of this material is fundamental for designing suitable conservation and 

restoration interventions, and could help unveil the reasons for some particularly good performances 

of this render. This study aims at characterizing samples of Terranova render, to disclose, if existing, a 

recurrent formulation, to favour the design of compatible repair mortars and to provide useful insights 

into the design of new high-performance renders. 

For these purposes, some original samples of supposedly Terranova renders were investigated, and 

the results were compared to those obtained in a previous study on the original Terranova render of 

another Rationalist building, the Engineering Faculty in Bologna [6], where it showed an excellent 

conservation state (Figures 1a-b). To explain this durability, in the aforementioned study a thorough 

characterization of the render was conducted, and the following features were highlighted: 

• it consisted of a single, coloured layer about 12 mm thick, with a very rough surface; 

• the aggregates were quite coarse (up to 5 mm) and mainly composed of quartz, feldspar and mica; 

• the binder was constituted by dolomitic lime with traces of white cement; 
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• large voids were present (larger than those detectable by mercury intrusion porosimetry), 

suggesting the use of air-entraining agents. 

This sample, characterized in a previous study, is labelled as ING in this paper and it is used for 

comparison. 

  

(a) (b) 
Figure 1. (a) Engineering Faculty building, Bologna (1935), at present; (b) The Terranova render sample. 

2 Materials and methods  

The samples investigated were collected from three Rationalist buildings in Emilia-Romagna, dating 

back to the Thirties: 

• The former “Mercato Ortofrutticolo (MOF), located in Ferrara and built in 1937 (Figure 2). The 

building, which hosted offices, a café and a trading hall, maintained its original use until 1989 when 

the Municipality began to use it as an archive, then it was abandoned in 1995. It was restored in 

2016, as a part of a recovery project of the whole surrounding area [7], and the samples were 

collected during the restoration works. Now it hosts the Urban Center and the headquarters of the 

association of architects in Ferrara. 

• The former “Gioventù Italiana del Littorio” (GIL), built in Forlì in 1935 and destined to activities for 

young people promoted by the Fascist regime (Figure 3) [8]. The building was restored in the 2010s 

and presently hosts sport and cultural activities as well as the headquarters of the ATRIUM 

Association, (Architecture of Totalitarian Regimes of the XX Century in Europe’s Urban Memory). 

The latter is a European cultural route promoted by the Council of Europe, focusing on fostering 

the knowledge of architecture built by European totalitarian regimes in the XX Century, to define 

a safeguard approach towards “dissonant heritage”, removing its ideological meanings and 

highlighting those cultural and historical aspects that are worthy of preservation [9]. 

• The former “Asilo Santarelli”, located in Forlì and built in 1936 (Figure 4). The nursery school, which 

underwent various retrofit interventions, kept its original function until 2012, when it was closed 

[10]. Presently the building is subjected to a restoration project. 

143



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

All the samples collected were made of two well-adherent layers: the external one, coloured and with 
a rough surface, was applied on a grey substrate having a quite smooth surface. In particular: 

• in the samples from the former MOF (labelled as “MOF-1”), the upper layer was green and very 

thin (about 3 mm thick) (Figure 5); 

• in the sample from the former GIL (labelled as “GIL-1”), the upper layer was red and quite thick 

(about 8 mm) (Figure 6); 

• in the samples from “Asilo Santarelli” (labelled as “ASL-1”), the upper layer was dark orange and 

very thin (about 3 mm thick) (Figure 7). 

 
Figure 2: Former MOF, Ferrara (1937). State in 2016, before restoration (courtesy of Leonardo srl, Casalecchio 

di Reno, Italy). 
 

 
Figure 3: Former GIL, Forlì (1935). Current state, after restoration. 
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Figure 4: Former Asilo Santarelli, Forlì (1936). Current state. 

 

 

Figure 5: Top view of MOF-1. Figure 6: Top view of GIL-1. 

 

 
Figure 7: Top view of ASL-1. 

The cross-section of the samples was observed by an Olympus SZX10 stereo-optical microscope (SOM) 

to investigate the layers, their interface and the aggregates. Each sample was previously embedded in 

a resin (Technovit 4004, Kulzer), and then, after some minutes of hardening, the surface under 

inspection was lapped and polished. 

Concerning all the other tests, only the coloured layers were investigated, since they were considered 

the most interesting ones. The two parts were separated manually by a saw, along the interface. 
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The elemental chemical composition and the morphology were analysed by a Philips XL20 SEM 

scanning electron microscope (SEM) equipped with EDS microanalysis, previously sputtering the 

samples with aluminium to make them conductive. Water absorption and bulk density were calculated 

by determining the dry mass (after oven drying at 70°C until constant mass) and the saturated mass of 

the samples (by immersion at room pressure), and measuring the volume through hydrostatic 

weighing [11]. The capillary absorption coefficient was measured by sorptivity test according to EN 

15801:2009 [12], placing the external surface of the render on a layer of cellulose pulp and gauze 

(allowing a better contact than filter paper suggested by the standard, due to the roughness of the 

renders) saturated with deionized water. The mass increase of the samples with time per unit area 

was plotted in a graph versus the square root of time, calculating the capillary absorption coefficient 

from the slope of the first linear part of the curve. The microstructure of the renders was also 

investigated by mercury intrusion porosimetry (Thermo Scientific Pascal Units 140 Series and 240 

Series, overall range of investigated pore diameters: 116-0.0074 μm), determining their open porosity, 

median pore diameter (defined as the pore dimension calculated at 50% of the total pore volume) and 

pore size distribution. 

3 Results and discussion 

According to SOM observations (Figure 8), the base layers of MOF-1 and GIL-1 samples appear to be 

constituted by an ordinary mortar, grey in colour, with ordinary sand aggregates and without any 

notable features. At the same time the coloured layers of these samples are remarkably different not 

only in terms of colour but also in terms of type and size of the aggregates. The coloured layer of GIL-

1 is quite thick (8 mm) and is characterized by large aggregates (up to 5 mm), while the coloured layer 

of MOF-1 is thinner (3 mm), with aggregates characterised by small size (< 1 mm) and white or light 

grey colour. Mica flakes appear in both coloured layers, similar to the previously characterised 

Terranova sample (ING). According to these observations, the coloured Terranova renders could have 

been applied over all-purpose base mortars. Concerning the ASL-1 sample (Figure 8e-f), no particular 

difference was observed in the aggregates between the coloured and the base layers, being the sand 

similar (size <1 mm and no particular aesthetic features) and the mica absent. Furthermore, a paint 

was applied over the coloured layer in ASL-1, probably during past maintenance works. This was 

suggested by the presence of a thin grey layer (likely some deposits) between the mortar and the paint.  

Homogeneously distributed large voids were detected by SOM in the coloured layers of MOF-1, GIL-1 

and ASL-1 samples (Figure 8), approximately in the range 0.01-0.2 mm, 0.02-0.6 mm and 0.02-0.6 mm, 

respectively. These voids frequently exhibit a circular shape. Consistently, high open porosity and 

relatively low bulk density were found in these renders (Tab. 1), which could be ascribed to the use of 

air-entraining agents in the mix, which was also postulated for the previously characterised ING render 

[6].  

Notably, the porosity of these samples was much higher than the values reported in the literature for 

cement-based renders (15–18%) [13,14], indicating that the Terranova render has completely different 

features compared to ordinary cement-based ones, and more similar to lime-based render. 
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The pore size distribution (Figure 9) did not allow to detect the presence of macropores in the coloured 

layers, because MIP is not suitable for large voids (diameter > 100 m);  hence different kinds of 

analysis would be necessary. However, the renders’ pores are mostly between 0.1 and 10 μm. Hence 

they can be considered quite coarse, especially compared to ordinary cement-based renders, whose 

size is reportedly in the range 0.002–0.1 m [15].  

In terms of capillary absorption rate, GIL-1, MOF-1 and ING samples are basically identical, while ASL-

1 sample exhibits a bit higher value (Tab. 1). Interestingly, all the values found are quite low (e.g., 

values in the range 0.07–0.11 kg/m2s1/2 are reported for ordinary cement-based renders [16]), which 

could be ascribed to the presence of large voids that slow down the capillary absorption flow. 

Concerning the chemical composition, no differences between the three renders resulted from the 

EDS analysis, apart from the elements ascribable to the pigments (Cr and Fe were related to the green 

and red colours, respectively). All the mortars investigated exhibited the presence of C, O, Mg, Si, K 

and Ca (Tab. 2). The significant presence of magnesium could be consistent with magnesium 

compounds in the binder and/or in the mica aggregates. Magnesian compounds, such as 

hydromagnesite, brucite and magnesite, were found in ING render, suggesting the presence of 

dolomitic lime in the binder. Further analyses are running for the characterization of the binder. 

  

(a) (b) 

  
(c) (d) 
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(e) (f) 

Figure 8: Stereo-optical microscope images of the three renders under investigation: (a), (b) MOF-1; (c), (d) GIL-
1; (e), (f) ASL-1. 

 
Figure 9: Pore size distribution curves of the coloured layers of the four renders, determined by MIP. 

Table 1. Features of the coloured layers of the samples.  

 
Bulk density a 

(g/cm3) 

Water 
absorption a 

(%) 

Open porosity b 
(%) 

Median pore 
diameter b 

(μm) 

Capillary absor. 
coefficient 
(Kg/m2s1/2) 

MOF-1 1.70 20.0 32.9 0.621 0.068 

GIL-1 1.87 13.6 28.3 0.749 0.056 

ASL-1 1.68 18.8 31.3 1.997 0.128 

ING 1.82 12.6 24.3 1.288 0.068 

(a) determined by water saturation at room pressure and hydrostatic weighing; (b) determined by MIP 
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Table 2. EDS analyses of the samples (coloured layers).  

 MOF-1 GIL-1 ASL-1 

C ++ ++ ++ 

O +++ +++ +++ 

Mg ++ ++ ++ 

Si ++ ++ ++ 

K + +  

Ca +++ +++ +++ 

Cr +   

Fe  +  

+++ dominantly present; ++ present; + present in a small amount 

4 Conclusions 

Given the results exposed above, the following observations can be made about the coloured 

Terranova renders: 

• Some common features seem present in the investigated samples, such as the low bulk density, 

the high porosity, the presence of big pores and large voids, and the presence of magnesium 

compounds whose attribution to magnesian lime in the binder is still under investigation. 

However, the different colour, thickness and possibly also application technique (not known) of 

the samples reflect into differences in the pigments and the aggregate used, both in terms of 

nature and grain size distribution. In two out of three samples, mica aggregates were found. 

• The identification of a unique and constant formulation for Terranova render appears quite 

challenging, and probably a range of different recipes was used. However, the render of the former 

“Gioventù Italiana del Littorio” (GIL) seems very similar to the Terranova render of the Engineering 

Faculty in Bologna (ING). 

• From the point of view of performance, the high porosity and low density of the renders make 

them similar to lime-based mortars, in contrast with the low capillary absorption rate, which was 

ascribed to the presence of large voids owing to the use of air-entraining agents. 

Quantitative data about the formulation and behaviour of historic Terranova render are still very few. 

A better knowledge of this material could contribute to its proper preservation and conservation in 

the restoration of Rationalist architecture. 
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Topic 2: Historic production, processing 
 and application of mortars, renders and grouts.  

Lime technologies. 
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MORTARS AND BINDERS DURING A TIME OF EMERGING INDUSTRIES: 19th 
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(3) Arbeitsgemeinschaft Steinrestaurierung, Vienna, Austria 

Abstract: A number of military fortresses built between 1853 and 1914 by the Austrian‐

Hungarian Empire in today’s Republic of Montenegro are currently being investigated by the Austrian 

Archaeological Institute. The ongoing survey first focused on three sites dating between 1858 and 

1897. Mortars had been diversely used in all of them for different purposes of construction. 

Analyses were performed on mortar samples by thin-section microscopy and SEM. The results reveal 

use of several lime, natural cement and Portland cement materials, depending on their use in the 

building and on the period of construction. All three fort buildings contain mainly air lime mortars as 

bedding and filling of the stone masonry, while pointing on exterior walls and tamped concretes are 

usually based on Portland cements. The microscopic features of the Portland cement  (PC) clinkers 

reflect the typical conditions of early PC production. Roman cement (RC) mortars were only 

occasionally found. 

Our contribution includes a presentation of the fortresses and their construction principles, followed 

by a discussion of the mortars by their binder constituents and aggregates. In the context of the state 

of the Austro-Hungarian cement industry in the 19th century, the observations reveal one of the 

earliest applications of Portland cement in the whole Empire. 

1 Introduction 

The imperial Austro-Hungarian system of fortifications in the today’s Republic of Montenegro was 

largely built between 1853 and 1914; it was the former southern extremity of the Empire. As well as 

marking out the southern boundary with the Ottoman Empire (until 1878) and Montenegro, its 

purpose was to defend part of the Adriatic fleet based in the Bay of Cattaro (today Kotor). The 

fortresses and the pathways linking them were largely abandoned after the First Wold War, so that 

most of the remaining structures and materials date back to the time of construction in the 2nd half 

of the 19th century. For the same reason, and due to the impacts during WW I, most buildings are 

today in an advanced state of decay. 

Inspired by an initiative of the Ministry of Culture of Montenegro in 2017, the Austrian Archaeological 

Institute of the Austrian Academy of Sciences started its scientific activities within an ongoing project 

related to the Austro-Hungarian fortification buildings in Montenegro. 
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This contribution focusses on the material aspects of a larger research project aimed to raise 

awareness of the existence of these defensive military structures, and in doing so, alert the need to 

protect and conserve this cultural heritage for future generations. 

2 State of Research and previous work 

Apart from two existing studies on the military architecture around the bay of Kotor which provide a 

broad overview of the existent building diversity and construction phases [1-3], neither detailed 

building analysis nor extensive historical background research has been published until present. In the 

autumns of 2018 and 2019, two short on-site campaigns were performed with a team of experts in the 

areas of building research, stone restoration and surveying. Initially, the topographic peculiarities of 

the bay of Kotor, surrounded by steep mountain ridges, were examined regarding the positioning of 

the Austro-Hungarian fortification buildings in their various phases of development. Out of a total of 

more than eighty objects, the fortifications of Kosmač (1858), Goražda (1884-1886) and Vermač (1894-

1897) were selected for a detailed examination (Figure 1). These three fortification complexes cover a 

time range of 40 years of structural engineering, a period of rapid advances in technological and 

industrial development within the 19th century. Though in remote positions, they all are characterised 

by their vicinity to the heavily touristed destinations of Kotor and Budva, which is why these forts 

possess great potential to make history come alive to educators and students, tourists, and the broader 

public. At the same time these fortifications are mostly endangered by possible future construction 

measures. 

 

 
Figure 1. Location of the former Austrian naval base of Cattaro/Kotor and the three investigated fortresses 

Kosmač, Goražda and Vermač. (©Google Maps, supplemented by the authors) 

 

In 2020, project activities focused on the preparation of building survey plans for the Kosmač, Goražda 

and Vrmač fortresses, which had been investigated since 2018 (Figure 2), and on the analysis of a set 

of stone and mortar samples taken during the course of both field campaigns. As sampling for 
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laboratory analyses had to follow certain constraints, careful selection of samples was based on the 

idea to achieve insight into the major construction elements of each of the sites. 

An important piece of information related to one of the forts could be found in the Vienna Kriegsarchiv 

(war archives)  of the Austrian State Archives in Vienna [4]: a hand-written record on building materials 

and techniques of construction of Vermač fort (1894-1897), drafted by the Kotor branch of the Army 

Engineering Department (“Geniedirektion”). Amongst others, this document provided valuable insight 

into the types and approximate quantities of mortar binders used their proveniences and producers, 

as well as information on the origin and type of sand and aggregate. The observations made by 

laboratory mortar analyses will be discussed later with regard to this record. 

By comparison with another record [5] on the construction of the nearby Battery of Vermač (also 

known as Battery of Skaljari, built 1884-1886), which so far has not been investigated by the authors, 

conclusions can be drawn on the change of building materials and their suppliers within a time span 

of 10 years. 

Material scientific studies were thus performed on samples taken from selected elements of the three 

buildings. They comprised concretes, masonry bedding and pointing mortars, exterior and interior 

renders, as well as natural stones. The analyses were aimed at providing information to the building 

history including construction processes, origin and procurement routes of the materials as well as 

achieving basic knowledge needed for their conservation and restoration. 

Given the strategic importance of the forts and the administrative management by a big public 

institution like the Austro-Hungarian Army Command, it can be assumed that building materials and 

construction methods were at the highest available standards of the time. It seemed of particular 

interest that the period of construction was marked by significant progresses in the manufacture of 

cementitious building materials. 
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Figure 2. The fortresses of Kosmač (1858), Goražda (1884-1886) and Vermač (1884-1897), ground plans and 

sections (©ÖAW-ÖAI, drawing by Nicola Math based on 3-D laser scans by Christian Kurtze). 

3 The forts of Vermač, Goražda and Kosmač  - inventories and building description 

In the following, the three fort complexes are briefly described in reverse order, i.e. starting with the 

latest for which written information is available. 

3.1 Vermač (Vrmač) 
Constructed in the period 1894–1897, Vermač/Vrmač is the youngest of the fortifications examined. 

Consisting of several buildings, the complex, located on a ridge above Kotor, had to protect and defend 

the town against possible attacks from across the Montenegrin border situated on the opposite slopes 

of the Bay of Kotor. It was largely built below the present ground level which had been partly raised to 

protect particularly the southern fronts of the fortification. The top deck was later covered with a 

massive “concrete bonnet”. A several meters wide moat supported by stone walls runs around the 

central fortress building. 
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Figure 3. Vermač, view of the fortification in the terrain with its “block‐like” appearance (© ÖAW‐ÖAI, 

C. Kurtze) 

 

As mentioned above, written records describe in detail the materials and techniques of construction 

of Vrmač [4]. Similar reports would most probably exist for all the other Austro-Hungarian military 

buildings in the area, though so far they could not be traced by the authors, with the exception of the 

nearby Battery of Vermač [5] which was built about 10 years earlier than the fort there. 

Like the older fort buildings, most walls of the Vermač fortress were constructed as core-and-veneer 

with shells of regular stone ashlars and a core of rubble stone and mortar. Stone was also employed 

for most of the door and window framings. The barrel vaults of the ground floor were made of brick, 

while tamped concrete vaults cover the rooms of the first floor. Presumably in a later stage, the second 

upper floor was spanned by means of a construction of steel girders and tamped concrete. 

As we know from [4], while the rubble quarry stone described as a hard and brittle limestone was 

extracted in the immediate surroundings, much better workability was assigned to limestone varieties 

from the island of Curzola/Korčula which were used as dressing stone. Several stone samples 

investigated by thin section microscopy confirmed the report, though this is beyond the scope of the 

present contribution. 

Bricks forming e.g., the vaults of less exposed rooms of the basement and ground floor were set in 

lime mortar. The source of all bricks used in the Vrmač constructions was the factory of Count Caboga 

in Kupari near Ragusa/Dubrovnik. The report mentions their low quality due to high magnesium 

contents, a statement which was not verified during our survey. 

Regarding the mortars used in Vermač, it is evidenced both by the historical source of [4] and by the 

present survey that Portland cement mortars strongly prevail over Roman cement ones. In this respect, 

the building of Vrmač differs from the older fortresses where more Roman cement was used. 

The Portland cement of the Vermač fortress is reported to originate from Lengenfeld in Ober-

Krain/Dovje-Mojstrana, Kranjska Gora. The cement plant owned by Ammann & Co. had started its 

production in 1893 [6]. Though no more detailed information on their products could be found in the 

literature, it is likely that there “natural” Portland cement was produced from locally extracted 

marlstones. 
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Significantly more information is available on the producer of natural “Roman” cement: the company 

Gilardi- & Betizza in Spalato/Split [7]. Their Roman cement production started in 1871 and was 

complemented by – most probably again natural – Portland cement after 1880. Both products were 

certified and recommended for the construction of fortresses in the Kotor area. While Gilardi & Betizza 

had delivered Roman cement for both Vermač buildings, i.e. the Battery (1884-1886) and the Fort 

(1894–1897), their Portland cement was supplied only to the earlier Battery [5]; 10 years later, when 

the Fort of Vermač was built, the army administration had switched to the producer of Kranjska Gora 

[4] who had by then started their production of Portland cement. 

Lime was purchased as lump quicklime from the locations Krašić and Mali Pristan on the peninsula of 

Luštica situated at the entrance to the bay of Kotor. Its slaking was done at the building site and is not 

further described, and no pit is mentioned in the report. Accordingly, the binder microstructure of the 

lime mortar samples points to a short-term slaking (see 4.2.2). 

The costs of 100 kg Portland cement delivered to the building site is given in [4] with 3.4 Fl. (Austrian 

gulden) compared to 2.8 Fl. for Roman cement. According to the present-day currency [8], this 

amounts to roughly 72 Euro to 60 Euro, respectively. In comparison, quicklime delivered to Kotor by 

boat costed between 1.6 and 2 Fl. Per 100 kg, corresponding to 6pprox. 23 to 30 Euro. 

As to its use in the constructions, Portland cement-based mortars are used in the following elements 

of the fortress complex: cisterns, sinkholes and sewer tunnels, imposts of those vaults in the ground 

floor where the shielded batteries were placed, abutments of gun carriages, and the masonry adjacent 

to chimneys and window or door openings. For a number of elements designed to be artillery-proof or 

have heavy load bearing functions, concrete elements were called for, even naming the mixing ratios 

but not specifying the type of cement used; for the Battery of Vermač built 10 years before the Fort, 

the use of Roman cement in concrete construction is stated [5]. 

Concerning the aggregate for mortars and concrete of Fort Vermač [4], gravel was obtained by crushing 

the quarry stone from the nearby outcrops, whilst coarse sand was supplied from torrents of Bianca/ 

Bijela near Castelnuovo/Herceg Novi, and fine sand from the beaches next to Budva. The latter was 

stored outdoors over the winter period in order to have the salts washed out. 

Samples taken from mortar elements of the Vrmač fortress in course of the present survey included 

pointing mortars of stone masonry outdoors and indoors, outdoor renders as well as plasterwork on 

interior walls. No concrete element was sampled so far. The results confirm the use of binders as stated 

by the report [4]: lime mortars were found just in masonry beddings and interior plaster, while pointing 

as well as renders revealed based on Portland cement. More details are reported in 4.2.2. 

3.2 Goražda 
The turret fortress of Goražda is situated a few km SSE of Vermač on a plateau-like extension of the 

same ridge. By its position it was meant to control a wide area which included Kotor, the roads from 

Budva to Kotor and Cetinje, the slopes of the Lovćen and the bay of Tivat down to the southern end of 

historical Dalmatia. Constructed in 1884-86, Goražda is about ten years older and significantly larger 

than the neighbouring fortification of Vermač. Similar to the latter, Goražda was also partly built below 

the ground level by backfilling the terrain around the structure. A several metres wide moat, supported 

by massive stone walls and accomplished by four projecting carponniers, surrounds the building with 
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its casemates and the central armoured turret originally equipped with two siege guns, which is still 

preserved up to date.  

Other than Vermač which suffered several heavy damages during WW I and was then abandoned, the 

fortification of Goražda was in use beyond the fall of the Empire in 1918, even during WW II and further 

in the post‐war period until the 1980s. This is confirmed by a variety of repair works as well as by 

conversions and additions to the original structure as well as by a high amount of paints, whitewashes 

and graffiti, including more elaborate wall paintings present in different area of the complex. 

 
Figure 4. Fortification of Goražda (constructed 1884–1886) (© ÖAW‐ÖAI, C. Kurtze) 

 

In contrary to the Vermač fortress, no contemporaneous report specifying details of construction and 

building materials could be found so far for Goražda. The survey revealed that natural stone – in all 

places compact limestone of varying lithological features - is the dominant building material of the wall 

constructions. Analogies with the ashlar stone of the Vermač fortress supplied from Korčula are 

unlikely under the premise that so far no in-depth analyses were performed to characterize the variety 

of the Goražda masonry stone. The prevailing construction scheme of most walls is again the core-and-

veneer technique; regular dressed stone courses have their joints precisely trimmed in different ways. 

In most areas of the building interior walls received particular attention by careful execution of the 

pointing in a raised ribbon style. The structural elements of the walls are beyond doubt from the time 

of origin, including the core infills of rubble stone and mortar. Most door and window reveals are also 

original, they are built from equal dimensioned stone ashlars. The barrel vaults in the interior have 

lunette caps from natural stone, except for those areas spanned and strengthened by steel girders, 

where ceilings and floors consist of tamped concrete 

Samples taken from mortar elements of the Goražda fortification during this survey comprised tamped 

concrete, bedding of the stone masonry, pointing on different types of stone masonry outdoors and 

indoors, outdoor renders as well as plasterwork on interior walls. The results of analysis reveal the use 

of dolomitic lime mortars for masonry beddings and interior plasters, while the selection of binders for 

masonry pointing seems to depend on the type of masonry: Roman cement was found in pointing 

mortars of interior and free-standing single shell stone walls, while Portland cement based pointing 
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was mainly detected on exterior masonry, repairs and on later added interior walls. Also the concrete 

samples proved the presence of Portland cement.  

More details are reported below. 

3.3 Kosmač 
The fortification of Kosmač was built in a prominent position at 800 m above sea level above the coastal 

town of Budva. This complex formed the southernmost fortress of the Austrian‐Hungarian Empire at 

the borders of Montenegro and (till 1878) the Ottoman Empire. The construction started in the 1840s 

and was completed in 1858. By the end of WW I in 1918, the Austrian troops retreated from Kosmač 

and blew up the fortification, thus laying the ground for the ruinous condition in which it appears till 

our days, even if it had been garrisoned again by Italian troops during WW II. 

Due to its earlier date of erection, the position and the strategic disposition, the construction plan and 

appearance of the Kosmač fortress differ completely from the above addressed forts of Vermač and 

Goražda. The three storey high building originally covered by a hipped roof is formed by two 

symmetrical wings, each with a semi-circular extension at its end. The central tower faces seaward 

while large arched gun ports face out over the hinterland (parts of the above description are taken 

from [9]). 

 
Figure 5. Fortification of Kosmač (constructed 1858) 2018 (© ÖAW‐ÖAI, C. Kurtze) 

 
The building was almost completely executed in natural stone in the form of uniform courses of 

dressed stone ashlars. Like the other two fortresses described above, the unrendered masonries were 

constructed in a core‐and‐veneer mode with two parallel shells filled with quarry stones and mortar. 

A greyish limestone of local origin was used. The walls in the interior of the building are comparatively 

less regularly textured, built with quarry stones and chips of stone and platy bricks filling the wide 

joints. It is thus assumed that the interior walls were plastered and probably whitewashed at least in 

parts, which is confirmed by a number of mortar residues preserved on the stone surfaces. All interior 

spaces are covered with barrel vaults made of a lightweight porous kast limestone; just the uppermost 

ceiling had been reinforced with a thick layer of tamped concrete. Most of this layer had been 

159



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

destroyed by the 1918 explosion, so that fragments of this concrete can be found in the debris which 

today covers the site, along with stones from the masonry and chips of slate from the former roofing. 

Apart from the stone material originating from the masonry and vaults, a few mortar elements were 

sampled from the site of Kosmač with its limited accessibility to the ruins. They comprised bedding 

mortars of the masonry along with interior plaster, pointing mortars from the exterior stone masonry, 

concrete from the collapsed ceiling reinforcement, and a mortar of unknown origin, the two latter 

samples collected from the debris on the ground. The laboratory analyses revealed feebly hydraulic 

lime as binder of bedding mortars, air lime in the interior plasterwork, and Portland cement as binder 

of the tamped concrete as well as of the exterior pointing. Given the early date of construction (1858), 

the use of PC was somewhat surprising since it appears just a few years after initiation of the first 

(natural) Portland cement in the Austro-Hungarian Empire (1856) [10].  

More details on the mortars of Kosmač are given in 4.2.2. 

4 Mortar analysis 

4.1 Methods 

All materials sampled at Vermač, Goražda and Kosmač were analysed by polarizing thin section 

microscopy (PLM) and by scanning electron microscopy (SEM) combined with energy-dispersive X-ray 

spectroscopy (EDS). This approach was considered appropriate to obtain comprehensive information 

on the type of binders and the composition of mortars. The analyses were performed on polished thin 

sections made from vacuum-impregnated samples; a blue dye was added to the resin in order to 

facilitate the visibility of pores. 

SEM observations of the polished sections were made under low vacuum to avoid irreversible coating 

with carbon. Under these conditions, no quantitative EDS analyses could be achieved, though the 

spectra were reliable enough to identify the nature of binder components and aggregates by their 

chemical composition. 

4.2 Results 

4.2.1 Aggregates in mortars 

In the present context, aggregates were not considered of primary significance for the classification of 

the mortars though they form important components of any mortar material and, by their 

petrographic nature, are of interest in respect to their provenance and the mixing regime. This section 

will therefore start with a general view on the aggregates found in the mortar samples, before dealing 

with the binders as the major item of their classification. 

As a consequence of the topographic conditions of Montenegro with its rugged slopes and the 

seashore at close distance, local stone material was used to provide the aggregate of all types of mortar 

and concrete. The geological situation, with a clear predominance of calcareous rock outcrops, is 

reflected by the petrographic nature of the carbonate aggregates found in all of the samples. In 

addition, the presence of radiolarian-rich layers in most of the calcareous bedrocks adds important 
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amounts of chert to the aggregate mix. It is evident that the high weathering resistance of this 

microcrystalline silica variety accounts for its frequent accumulation in sediments such as gravel and 

sand. 

Considering Vermač Fort, the army report on its construction [4] also refers to the type and origin of 

aggregates supplied to the site, without further specifying for which type of mortar they were used. It 

distinguishes between gravel, coarse, and fine sand, and each class was obtained from a different 

source. It is of interest to classify the aggregate found in the samples in view of the written information. 

• Coarse gravel for the construction of Vermač was obtained from a nearby quarry by smashing the 

rock to the required size, usually up to several cm. This kind of aggregate is supposed to be 

unsorted. It is explicitly stated that attention was paid to use just sound and uncontaminated rock 

material and that therefore no careful washing was required. The angular chips obtained by 

crushing reflect the immediate geological environment of each fortress – compact limestone of 

locally differing lithological character. Silica layers of dark radiolarite are always frequently 

intercalated, though the form a minor constituent and were probably rather avoided by the stone 

workers. Such limestone chips (> 1.5 cm) eventually mixed with river gravel were found in one 

concrete sample from Kosmač (Figure 6), while the concrete of Goražda contains much smaller (< 

5 mm) subangular gravel of chert with just occasional carbonate gravel. 

It should be noted that all micrographs in the Figures of this section are scaled to the same size of 

magnification in order to make them comparable. 

  
Figure 6. Limestone chips as coarse aggregates along with a few river or sea gravels (rounded grains) from 

carbonate and silica (chert) in a PC-based tamped concrete from Kosmač; thin section scan at plane polarized 
light, PPL (a) and crossed polarized light, XPL (b). 

 

• Coarse sand as understood by the authors of [4] includes in fact gravel in the size of a few mm up 

to about 1 cm in diameter. According to the report, it was taken from some torrents near the coast, 

at least as far the Vermač fort is concerned. This river sand appears usually well rounded 

(limestone) to (sub)angular (chert); depending on the source rock of the sediment, it is in many 

cases chert dominate here thanks to its higher resistance. 

River gravel as aggregate was observed in many of the mortar samples from all three sites. They 

can be attributed either to bedding mortars of the rubble core in cavity walls, or to indoor plaster 

a b 
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mortars (Figure 7), or, as mentioned above, to the tamped concrete of Goražda (Figure 8, with 

predominance of chert components). 

 

  
Figure 7. Unsorted, mostly angular to subangular river sand from limestone (white arrows) and chert (red 
arrows) in a lime-based indoor plaster from Kosmač; thin section scan at plane polarized light,PPL (a) and 

crossed polarized light, XPL (b). 
 

  
Figure 8. River sand and gravel from subangular chert with just occasional well rounded limestone (centre), in a 

PC-based tamped concrete of Goražda; it is assumed that chert-rich sand was intentionally selected to make 
this concrete harder; thin section scan at plane polarized light, PPL (a) and crossed polarized light, XPL (b). 

 
 

• Fine sand for the Vermač Fort construction was taken from the beaches near Budva as stated by 

the army report [4]. It can be assumed that the same holds for the other two buildings. The Vermač 

reports mentions that this sand, due to its salt content, was deposited outdoors for a year in order 

to have the salts washed out by percolating rain water. This beach sand is quite characteristic by 

the roundness of aggregates and a somewhat broader petrographic composition than the coarser 

inland counterparts. A sample collected from a beach near Budva matches the sand aggregate of 

the historic mortars to a high extent (Figure 9): again, limestone and chert form the predominant 

components of this moderately well sorted sediment, but the former appears spherical with full 

roundness, while the latter is also isometric though just subangular. Such “fine sand” forms the 

aggregate in most of the pointing mortars studied, while in some other mortars it was probably 

mixed with “coarse sand” for a broader grain size distribution. 

a b 

a b 
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Figure 9. Sea sand from the beach of Budva, composed of limestone and chert components; according to the 
army report on Vermač [4], such sand was used as “fine sand” for construction purposes; thin section scan at 

plane polarized light, PPL (a) and crossed polarized light, XPL (b). 

 

  
Figure 10. Fine sand presumably from the seashore of the Budva area, composed of limestone and chert, in a RC-

based indoor pointing mortar of Goražda; thin section scan at plane polarized light, PPL (a) and crossed 
polarized light, XPL (b). 

 
4.2.2 Mortars classified by binder types 

• Air lime mortars 

Air lime mortars were consistently found in samples from interior plasterwork in all of the fort 

buildings. In the case of Goražda, they were clearly based on Mg-rich, so-called dolomitic lime 

(compare e.g., the lumps in Figure 11 to those in Figure 12), hence the origin of the raw material 

differs from the other two fortresses despite the close vicinity to Vermač. The same dolomitic lime 

constitutes the bedding mortar of the stone masonry of Goražda, while the bedding mortars of 

Vermač are based on pure lime - occasional lime lumps in these mortars point to a quick process 

of slaking in accordance with the fact that no lime pit is mentioned in the otherwise rather detailed 

report on the construction of this fort. Kosmač, on the other hand, has slightly hydraulic bedding 

mortars. 

 

a b 
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Figure 11. Mg-rich lime lump in a dolomitic lime bedding mortar of Goražda; thin section scan at plane 

polarized light, PPL (a) and crossed polarized light, XPL (b); c = fracture face of the mortar. 

 

   
Figure 12. Binder-related particles in indoor lime plaster samples from Vermač where quicklime was obtained 

from fossil limestone calcined by local producers in Korčula and short-term slaked on the construction site; 
residual structure of the raw feed stone (a), and undispersed lime lump (b). Thin section at plane transmitted 
light, dark field; in the diffuse light of the dark field mode, microporous areas appear bluish whilst white and 

compact areas show bright; c = fracture face of the mortar 

 
As indicated above, a group of samples which might be related to the intentional use of reactive chert 

as aggregate can be found in some mortar samples from Kosmač. These mortars, particularly rich in 

chert, appear as bedding, or core filling mortars, respectively, of the stone masonry. It can be assumed 

that prolonged conditions of moisture in the specific positions of the wall have contributed to the 

development of hydrated rims around the chert, as illustrated by Figures 13 and 14. Thus, even if these 

mortars are extremely leached, they appear as extraordinary hard and strong. 

 

• Roman cement mortars 

Roman cement mortars were not found in any of the samples from Kosmač, despite of the fact 

that these binders had their heydays in Austria-Hungary about a decade before the fort was built. 

The apparent lack of Roman cement in our samples there may be due to the ruinous conditions of 

that fortification, with a limited accessibility to several structures restricting the possibility to 

sample all types of building elements. Also in Vermač, where the use of minor amounts of Roman 

cement from Split is known although no specific application is mentioned, no such binder was 

traced in any of the samples. Its use was probably restricted to some minor building elements 

which have not been studied yet. 

a b 
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Figure 13. Reactive chert aggregate in a lime-based core filling mortar of the Kosmač stone masonry; thin 

section scan at plane polarized light, PPL (a) and crossed polarized light, XPL (b); c = fracture face of the mortar. 

 

  
Figure 14. SEM micrograph of a chert aggregate with leached reaction rim in the same mortar as Figure 13; the 
matrix of the binder reveals tiny bright spots of secondary calcium carbonate, a characteristic feature of aged 

hydraulic binders [11]; SEM-BSE (a) and EDS spot map of Si and Ca (b) 

 
However in Goražda, the largest of the fortresses from which the most samples were taken, Roman 

cement mortars were found, as pointing mortars from interior and exterior masonries surfaces (see 

Figure 15). The typology of binder related nodules found points to a relatively low burned product, 

where the higher burned portion present in any Roman cement of that period had most probably been 

removed in the factory.  

 

   
Figure 15. Binder related nodules characteristic of Roman cement in an exterior pointing mortar of the Goražda 

stone masonry; thin section scan at plane polarized light, PPL (a) and crossed polarized light, XPL (b); c = 
fracture face of the mortar. 

a b 
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An exception to Roman cement in the Goražda pointing was found in a sample from a retention wall 

constructed with stone ashlars, where the otherwise similarly dressed pointing was made with 

Portland cement. 

• Portland cement mortars and concretes 

Portland cement mortars proved to be prevalent in all three of the forts under investigation: in 

1890s’ Vermač they are in all indoors and outdoors pointing mortars and at least some of the 

exterior renderwork, while in 1880s’ Goražda Portland cement was used in parts of the exterior 

masonry pointing and renders on concrete, which itself revealed to be based on this binder. Also 

Kosmač exterior pointing made use of Portland cement, although this may be due to maintenance 

interventions possibly in times of the reinforcement of the roof in the early 20th century. 

By microscopy, all the PC-mortars studied clearly revealed their early age of production by the 

coarseness of clinker residues in the binders, and by their internal phase structure pointing to the 

use of vertical shaft kilns with prolonged times of residence and slow cooling (Figure 16). 

Moreover, the use of a single, natural raw feed to calcine the cements is evident by the range of 

varying clinker microstructures in most of the samples (Figure 17). This means of production was 

quite common for the majority of cement plants in the territory of the Empire thanks to the 

frequent occurrence of appropriate marlstone in the Alpine and Dinaric regions. In particular, Alois 

Kraft in Kirchbichl/Tyrol, the only known Austrian producer in the 1850s [10], as well as Gilardi-

Betizza in Split, who had this binder available since 1880 [7] and would have been an ideal supplier 

through boat transport to Kotor, were offering natural Portland cement. 

Figure 16. Coarse PC clinker residues in a late 1890s pointing mortar of a stone masonry in Vermač; due to an 
improved quality of calcination, the variety of clinker types is less pronounced here than in the earlier PC 

clinkers of Kosmač; coarse interstitial phases (mostly calcium-aluminoferrite, see arrows) (a, b) point to low 
cooling rates of a shaft kiln; thin section at incident light (a) and plane transmitted light, PPL (b); c = fracture 

face of the mortar. 
 

   
a b c 
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Figure 17. PC binder matrix of a pointing mortar on an exterior stone wall of Kosmač, both micrographs(a and 

b) show clinker residues of strongly varying internal texture, a feature characteristic of natural Portland 
cements – in fact, the PC brand used was most probably a natural PC by Kraft in Tyrol, the first known Portland 

cement in the whole Austro-Hungarian Empire [10]; SEM-BSE¸ c = fracture face of the mortar. 

 
Given the generally early age of the fort buildings in respect to the timeline of the production and use 

of Portland cement in the Austrian-Hungarian Empire, which started in 1856 and developed just slowly 

till the 1890s in steadily successful competition to Roman cement, it seemed unlikely to find a 

significant number of Portland cement mortars in all three of the studied sites, in particular in the 

earliest one, Kosmač from 1858. No use of this then modern binder was reported so far from any 

Austrian building of the 1850s, even if some amounts of Portland cement were imported from England 

or Germany, which has likely occurred for a few applications. However, it seems improbable that the 

army of a big Empire with plenty of production plants would have imported building materials from 

abroad, while it seems highly probable that they were among the first users of novel materials at a 

time when civic architecture and engineering was still hesitant to use them. 

5 Conclusions and outlook 

The versatile use of different mineral building materials in the construction works of the 19th century 

Austro-Hungarian army forts of Montenegro sheds light on the conscious selection of mortar 

constituents and recipes by the military engineers. Through our approach to identifying binders and 

aggregates through microscopic laboratory analyses of samples, paralleled by information extracted 

from the available written sources, it was shown that the most novel cementitious products at their 

time were employed only for certain elements of construction. This refers in particular to Portland 

cements, the newest and most expensive of all binders used: their application was, on the one hand, 

in concrete members of a fortress supposed to carry heavy loads or withstand the enemy’s artillery, 

or to those areas exposed to the heavy autumn and winter rainfalls, i.e. the joints of the otherwise 

compact exterior stone faces of the masonries. In contrast, the bulk of mortars used to fill the core 

cavities of these masonries were prepared with much cheaper, locally available air lime. Roman 

cement, in turn, was only used in limited quantities, quite different from many civic engineering 

constructions of that time, where such low calcined natural binders were even employed in concretes.  

a b c 
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It has to be acknowledged, however, that the above general conclusions are only preliminary since 

they are based just on a limited amount of analytical data on just three objects surveyed so far by the 

authors.  

In order to ensure the continuation of the successfully started project, an application for further 

funding was submitted and recently approved. The planned future research, carried out in close 

cooperation with Montenegrin colleagues of the University of Montenegro in Podgorica, locally 

coordinated by Prof. Ilja Lalosević, will focus not only on the fortification architecture, but also on main 

settlements of the Bay of Kotor area, in order to study the Habsburg defence systems in context to the 

historical setting of the bay, its surrounding region and the whole Austro-Hungarian Empire. This will 

also include aspects of architectural transition from the Venetian to the Habsburg settings by necessary 

archival and library research in Montenegro and Austria. The link between history, architecture and 

material sciences is believed to contribute to a better understanding of the historical/architectural 

heritage of the Bay of Kotor.  
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PROCESSING WHILE SLAKING? HOT APPLIED LIME MORTAR (HAM) AND 
HOT LIME WASH REVISITED  

Thomas Köberle1 and Heiner Siedel2  

(1) Technische Universität Dresden, Institute of Construction Materials, Dresden, Germany 
(2) Technische Universität Dresden, Institute of Geotechnical Engineering, Applied Geology, Dresden, Germany 

Abstract: Processing air lime in hot state is a traditional technique which is still used today by 

some craftsmen and restorers. For mortars it offers unique properties and expands the field of use in 

a direction which is normally covered by hydraulic systems. By microscopic techniques it was possible 

to demonstrate that a fast development of large crystals of portlandite and later calcite lead to a 

porous fabric with higher strength, compared to mixtures of the same recipe, that were cooled down 

before application. The effects revealed for HAM could also be proved in a comparable way for hot 

applied lime washes.  

1 Introduction 

Lime is estimated as an environmentally friendly building material with a low carbon footprint. It is 

used as binder for bedding mortars and also to prepare renders and plasters. As coatings to shelter 

and decorate walls in the interior and the exterior lime washes are appreciated because of their ability 

to regulate indoor climate and their potential to prevent microbial growth. The properties of air lime 

are seen with limitations with respect to high compressive strength and if a higher durability is wanted 

e.g. for renders in harsh conditions. Normally, hydraulic agents like pozzolans or portland cement are 

added. This blended mixes offer a faster development of strength and, finally, also a higher 

compressive strength. But they involve the risk of soluble alkalis that might cause damage due to the 

formation of expanding salts in humid areas. 

Beside the common techniques where quicklime is slaked and cooled down before further processing 

it is also possible to mix and work it up in the hot state during the chemical reaction that converts 

quicklime to calcium hydroxide. The technique to utilise hot applied mortar (HAM), which was 

inherited from the past, offers unique properties also today with modern limes. It can expand the 

range of application for pure lime systems towards the area which is normally covered by hydraulic 

mixtures. It has to be stressed out that hot mixes - for a summary of the technique see [1] - are not the 

same like HAM from the definition. Hot mix means that quicklime is slaked in contact to the aggregate, 

but very often these mixtures are processed in a cooled down state, while HAM is always used hot. 

Today only a few craftsman and restorers use the benefit of hot processing. They report that the 

mortar is stiffening much faster and reaches a higher strength. This is for example favourable for 

bedding mortars for uneven stone blocks where the joints have to be adjusted in thickness to the 

irregular ground or for pointing or backfill mortars where a slight expansion is advantageous. The 

practitioners also postulate that renders, which are processed as HAM show a higher resistance to salt 

170



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

decay and a better water vapour diffusion due to a higher porosity. Beside the use as mortar, lime 

washes that are processed in the hot state are said to have better properties in terms of workability 

and opacity. They are also described to have a better adhesion on difficult grounds like acrylic or even 

oil based paint layers.  

From 2017 to 2020, a research project was carried out at the Technische Universität Dresden to plan 

and operate workshops with craftsmen and restorers to share and distribute the knowledge of working 

with HAM and hot lime washes. Besides that, older restoration measures in that technique were 

evaluated with the focus on their durability. A third aspect laid on analysing the physical and 

mechanical properties of lime mixtures used in hot state - either as mortar (HAM) or as hot lime wash 

–  always in comparison with dry slaked, cooled down mixtures of the same recipe. It could be shown 

that HAM gives a higher early strength. Depending on the used quicklime, the setting can start within 

minutes, and after one year a compressive strength of approximately 1.3 to 2.4 N/mm2 was reached, 

depending on the mixture. In contrast, cold processed mortars of the same recipe showed a 

compressive strength of 0.9 to 1.2 N/mm2 only [2]. There was no evidence for a hypothetic hydraulic 

reaction due to heat and high alkalinity, what was confirmed later by other authors [3].  

To explain differences in behaviour and properties of HAM and cold applied, dry slaked mortars, 

comparative microscopic investigations were carried out on the different materials. Moreover, first 

systematic investigations on the properties of hot applied lime wash are presented. 

2 Material and Methods 

For experiments with HAM and the cold mixtures, a commercial available quicklime SCHAEFER-Precal 

30S (CL90, R5, P1 according to [4]) was mixed with sand from SBU Sandwerke Dresden GmbH. For 

some blends, pumice from Bisotherm GmbH or brick sand from Letschert KG, all in the particle size 0 - 

4 mm, were used as a substitute. The mixing recipes are given in table 1. 

 

Table 1. Mixtures to compare the properties of hot and cold applied lime mortars (all relations in parts per 
volume). 

name quicklime sand brick sand pumice water 
HAM Cold mix 

       
H1 K1 1 5   2 
H2 K2 1 2.5 2.5  2 
H3 K3 1 2.5  2.5 2 

 

 
To utilise the properties of HAM it is essential – due to the quick setting – that only small amounts of 

material are mixed. The method is therefore limited to handmade production. In a first step the solid 

ingredients are measured by volume in a bucket – note that the bucket has to be resistant against 

temperatures up to 100°C – and mixed dry with a fast rotating handheld mortar mixer afterwards. To 

measure the volume of the raw materials metal cans of 600 - 800 ml can be recommended. Then tap 

water is added in one portion and mixed quickly to a homogeneous mass. The mortar can reach 
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temperatures of 50 - 80°C; sometimes it even might start to boil. The velocity of slaking and the 

accompanying rise of temperature is a material characteristic of the respective quicklime and mainly 

dependent on its reactivity and fineness. Because of that it is essential to do preliminary tests if other 

quicklime and aggregates  are chosen. For a typical HAM, temperature should reach a maximum of at 

least 40°C while processing, the higher the better. This definition was fixed in discussions with 

craftsmen.  

To compare the results with cold processed mortars these were made in the traditional technique of 

sand slaking or hot mixing [2]. Here the quicklime - coarse pieces instead of a powder - was given in a 

sand bed, covered with sand, and then water was added. The recipe was the same like for HAM but 

the mixture was slaked and cooled down for at least two weeks. After slaking the batch was mixed in 

the same way. 

 For lime wash, also the above-mentioned quicklime was chosen. A ratio of four volumes of tap water 

to one volume of quicklime turned out to show the best results for the chosen lime – this might differ 

for other quicklime types. In contrast to HAM, for mixing lime wash water was given in the bucket first 

and the mixing process was started with the same handheld mortar mixer while the powdered 

quicklime was added at once. For the cold mixtures, the lime was slaked and stored for 6 months and 

then mixed well without additional water before use. 

 After application, lime wash samples were taken to investigate the thickness and microstructure by 

scanning electron microscopy (SEM, Quanta 250, FEI) after 14 days. To analyse the development of 

micro fabric of HAM over time mortar samples in the fresh state were taken in steps of minutes and 

hydration was stopped by freezing in liquid nitrogen. Then the samples were dried by kryo-preparation 

with an Alpha 1-2 LDplus (Christ GmbH) equipment and broken bits were analysed with SEM 

afterwards. For an overview of pore space and binder-to-aggregate distribution, petrographic thin 

sections were prepared by impregnation of the samples with blue dyed resin and investigated by a 

Leitz Orthoplan pol microscope equipped with a Canon EOS 600D camera in transmitted light. False 

colour images were performed with Photoshop software. 

3 Hot applied lime mortar (HAM)  

The structures of HAM (example H1, fig. 1) differ from those of dry slaked lime mortars processed in 

cold state (example K1, fig. 3).  

In thin section, the carbonated zone after 28 days of setting is well visible due to the brown colour of 

the binder. The non-carbonated calcium hydroxide appears lighter. In HAM, the carbonated zone is 

smaller compared to the chilled mortar. An explanation might be the lack of moisture. The water was 

needed for the formation of Ca(OH)2 while slaking, and the mortar dried faster after application due 

to the visible system of macro pores, , supported by the heat of exothermal reaction. In HAM the 

pattern of elongated, crack-like pores is homogeneously distributed and connected (fig. 2), whereas in 

the cold applied mortar in fig. 4 more isometric pores are isolated in the matrix. Note that the here 

described fabric of HAM is not unique to mortars which are applied hot and is therefore not a general 

proof for this technique in historic mortars.  
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Figure 1. Photo of a thin section of HAM, mixture 

H1. Dashed red line: boundary of carbonated zone. 
Age is 28 days. 

Figure 2. False colour image of fig. 1 to contrast pore 
space (blue), aggregate (red) and the lime binder 

(yellow). 
 

  
Figure 3. Photo of a thin section of cold applied 

mixture K1. Dashed red line: boundary of 
carbonated zone. Age is 28 days. 

Figure 4. False colour image of fig. 3 to contrast pore 
space (blue), aggregate (red) and the lime binder 

(yellow). 

 
 
The microstructure of HAM was analysed by SEM following a defined schedule. For that, mortar in the 

fresh state was compared with set one after 28 days. In fig. 5 one can see that a coarse structure of 

hexagonal portlandite crystals was developed after 10 minutes of slaking. This is the period in which 

the mortar was processed and starts to set. After 28 days (fig. 6), the matrix of HAM has converted to 

calcite in the area near the surface. The fabric of coarse-grained portlandite, with a prolonged c-axis 

typical for quick slaking [5] in combination with water uptake while slaking leads to an early setting. By 

carbonation it reacts continuously to a coarse spindle-like fabric of calcite skalenohedrons. This 

structure seems to be responsible for a higher strength and better water permeability.  
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Figure 5. Photo of a broken piece of HAM, mixture 
H1 in SEM (photo: Simone Hempel). Long prismatic 

crystals of portlandite are developed after 10 
minutes of slaking. 

Figure 6. Photo of mixture H1 after 28 days. 
Portlandite has converted to skalenohedric calcite. 

 

 
 Figure 7. Photo of mixture K1 after 28 days. 

Inhomogeneous fabric without developed 
portlandite or calcite crystals. 

 
Compared to the microstructure in HAM, in cold applied, dry slaked mortars the matrix appears diffuse 

and with a poor crystallinity. In the matrix of mixture K1 after 28 days (fig. 7), portlandite and calcite 

crystals are poorly developed. This finding is valid for all three mixtures. They differ in velocity of 

setting, compressive strength and water permeability [6]. The mixture H2 with brick sand showed 

fastest setting and highest compressive strength. That might be explained by the high content of fine 

fraction in aggregate deriving from the brick sand and therefore a high water demand to wet the 

aggregate particle. 

4 Hot applied lime wash 

Lime wash, normally used at ambient temperature, is also workable hot, while slaking. The hot lime 

wash has a low viscosity after mixing and because of that shows a good workability. In fig. 8, a simple 

test to compare the viscosity of both hot and cold lime washes of the same recipe is demonstrated. 

On a glass plate, assembled inclined, the same amount of lime wash was placed in three time steps - 

20s, 60s, 120s - after mixing. 
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Figure 8. Hot lime wash (left) and cold lime wash were placed on an inclined glass plate, 20s, 60s and 120s after 

mixing (a, b, c). 

 

20 seconds after mixing, the hot lime wash runs nearly one meter on the glass plate. The following 

portions behave more viscose due to fixation of water during the chemical reaction while slaking and 

evaporation because of heat developement. After two minutes the viscosity is stable and kept until 

the lime wash is entirely processed, which takes about 10 to 15 minutes for a bucket applied with a 

broad brush. In comparison to the hot applied mixture, the cool one is quite tough and highly viscose. 

In the experiment (fig. 8), it did not run on the inclined glass plate at all. It was still possible to process 

it with a brush. For routine work, however, it should be diluted with more water. 

 

  
Figure 9. SEM image of a broken piece of a cold lime 

wash, applied in two steps (b1 and b2), on an even 
substrate a. 

Figure 10. SEM image of a broken piece of a hot lime 
wash, applied in two steps (b1 and b2), on an even 

substrate a. 
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In SEM, broken pieces of two-layer applications of the hot and the cold mixture on an even brick 

surface showed different thicknesses. In fig. 9, the thickness of a cold mixture is displayed against the 

thickness of a hot lime wash in fig. 10. Note that the magnification of these two images was not the 

same.  

The hot applied lime wash has a higher opacity compared to the cold applied mixture. Considering that 

the cold lime wash had to be diluted in a larger scale for appropriate processing in practice, the ability 

to cover the substrate would have been even worse. 

Comparable to mortars, different properties of the hot applied and the cold lime wash can be 

explained by their microstructure. 

 

  
Figure 11. SEM image of the microstructure of a cold 

lime wash. 
Figure 12. SEM image of the microstructure of a hot 

lime wash. 

 
14 days after application the cold applied lime wash showed only a diffuse matrix with low crystalline 

character (fig. 11), whereas the hot applied lime wash displayed well developed calcite crystals (fig. 

12). This also leads to the assumption, that due to fast slaking the precipitated portlandite in hot 

applied lime wash was coarse and converted to a well-developed matrix of larger calcite crystals - 

analogue to hot applied mortar, HAM (fig. 6 and 7). These larger crystals have a lower surface area 

compared to fine-grained diffuse particles. This could also explain the better workability of hot applied 

lime wash with same water content, and furthermore it might have a positive effect on the weathering 

because the solubility of larger calcite crystals should be lower.  

5 Summary 

Hot applied mortar (HAM) and hot lime wash show properties that differ from those of cold applied 

mortars or lime washes. For the presented experiments, mortars and lime washes of the same recipe 

were compared and analysed. 

The results for HAM confirm practical experiences of the craftsmen and restorers with respect to a 

faster setting and development of compressive strength, higher water uptake, a better water vapour 

permeability and also better salt resistance [2, 6]. Therefore, this technique can be used in applications 

where normally hydraulic systems were chosen.  
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The above mentioned properties can be explained by the development of large hexagonal portlandite 

crystals, which form a porous fabric that stabilises the mortar at an early stage after application and 

leads to a faster setting. The portlandite afterwards converts to large rhombohedral calcite crystals by 

carbonation. This fabric is on one hand porous but on the other hand more stable than the diffuse, 

fine-grained matrix of cold applied lime mortars.  

For lime washes, the comparison resulted in a better workability of hot applied lime wash, a higher 

thickness of its paint layer when applied with a brush and, due to that, a better opacity. This can also 

be explained by the formation of large and well-developed calcite crystals.  

Hot processing of lime is a promising technique for the use in the field of restoration and traditional 

craftsmanship. An additional advantage is that with one binder - the powdered quicklime - one can 

fulfil all requirements of a brick layer and plasterer by adding suiting aggregates. Even a final coating 

can be realized without preparing and storing lime washes in advance. For that, HAM offers additional 

options especially in the field of the conservation of monuments and ecological building, where pure 

lime is preferred.  

Finally, it has to be noted that slaking quicklime is a hazardous action especially when the powdered 

form is used [6]. The highest risk is given when powder gets in contact with the humid surface of the 

eye and slakes there. The heat development and the high Ph might lead to harmful injury. This is valid 

for all work with quicklime, but working and processing HAM and hot lime washes additionally has the 

risk to burn skin and eye while processing. Because of this it is highly recommended to follow the safety 

instructions, and protection glasses should be worn all time. For processing powdered quicklime closed 

glasses which seals the area around the eyes are recommende 
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Abstract: Limewashes have been used as finishing coats for walls since ancient times. Its 

protective, aesthetic, antiseptic properties and cost-efficiency are the ground for its worldwide 

application. The main drawback of lime-based paints is their low durability towards the action of water, 

particularly wind-driven rain. Additives that grant water-repellent properties have been added to these 

paints to overcome this issue. Among these additives, vegetable oils have been reported worldwide in 

ancient documents. In this work, three vegetable oils have been selected based on their composition 

and promising results in previous studies, global availability, and cost-efficiency: rapeseed, sunflower, 

and sunflower oil with high oleic acid content. Additionally, a commercial water-repellent lime putty 

with the addition of olive oil was included to prepare a limewash and compare it with the lab-prepared 

paints. Two types of stone with very different porous structures were used as substrates to compare 

the effect of the paints on their water transport properties. The substrate with higher porosity and 

wider pores showed promising results in terms of water-repellence and drying. In contrast, the stone 

with lower porosity and fine pores did not show good results. Based on this study, suggestions for 

further research to improve the performance of the paints in substrates with low porosity and narrow 

pore size distribution are given. 

1 Introduction 

Limewash or whitewash is a dilution of lime putty with water that has been used as a paint since 

Classical times. It has been commonly used as a finishing coat worldwide for thousands of years, thanks 

to the global geological availability of limestone. However, little research has been made about this 

type of coating [1]. With the advent of the Industrial Revolution, these traditional paints were 

substituted by synthetic ones. However, synthetic paints are not always compatible with traditional 

porous materials, mainly because they tend to lower their permeability, thus worsening dampness 

problems and, consequently, the need for new interventions within a short-term period [2, 3]. 

Additionally, damaged synthetic paints need to be entirely removed before applying a new one. In the 

case of lime-based paints, only the damaged parts need to be removed before reapplying new coats. 

In Portugal, the traditional annual maintenance with limewash overpaints was mostly done during 

spring (mild temperatures and few rainy days); more than a yearly maintenance intervention, it was 

also a social practice passed by generations [4]. 

In Portugal and the Czech Republic, this traditional simple "home-made" paint by local populations 

was mostly lost during the 60s [5, 6]. Nowadays, the value of these traditional paints is regaining 

recognition (Figure 1) thanks to their low cost, antiseptic properties upon application, compatibility 
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with old and new constructions made of porous building materials, and eco-friendly nature. The final 

finishing is matte and highly permeable to water. Recent studies have reported that lime paints can 

enhance the drying of some porous materials [7-10]; this effect has been assigned to the increment of 

the effective evaporative surface of the substrate. 

 

 

Figure 1. Limewashing in S. Miguel island in the Azores during the spring of 2019. 

The main drawback of using lime-based paints to protect walls is their low durability towards the action 

of water, particularly wind-driven rain, which mainly results in the loss of cohesion of the paint, e.g., 

by chalking and scaling [3]. To overcome this issue, additives that can improve cohesion and grant 

water-repellent properties have been added to these paints since ancient times. Among these 

additives, vegetable oils have been reported worldwide in old documents to improve the durability 

towards the action of water by imparting water-repellence to the paint [1]. The oils were naturally 

selected by their local availability, e.g., linseed and olive oil in Europe [6, 11], Tung oil in China [12], 

Areca nut in India [13].  

In this work, three types of vegetable oils have been selected as water-repellent additives for 

improving the durability of limewashes towards the action of water while ensuring that the paint does 

not suppress the drying of damp porous materials. The vegetable oils were selected based on their 

composition, global availability, and cost-efficiency: rapeseed oil, sunflower oil, and sunflower oil with 

high oleic acid content. The paints were prepared by mixing 1.5 wt.% of oil with pure lime putty (by 

mass). Moreover, a commercial lime putty with the addition of olive oil was also included to prepare 

a limewash and compare it with the lab-prepared paints. Two types of natural stone with a very 

different porous structure were used as case study substrates to compare the effect of the paints on 

the water transport properties.  
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2 Experimental campaign 

2.1 Materials  

2.1.1 Lime putties and oils 

Two types of lime putties classified as CL90 according to EN459-1 [14] have been used to prepare 

limewashes: (1) a pure lime putty prepared by storing air lime hydrate in powder (Čertovy schody, 

Czech Republic) under water for 1 year, and (2) a water-repellent lime putty (Fradical, Portugal) stored 

under water for over 5 years. According to the producer, the Fradical lime putty is prepared by adding 

olive oil during the lime slaking process, following a traditional way of preparation. This lime has been 

selected to assess its performance as a limewash because its water-repellence properties are assigned 

to the addition of a vegetable oil. To the authors' knowledge, the Fradical lime has never been studied 

when used to prepare limewash. 

Three types of vegetable oils have been selected to add to the pure lime putty: rapeseed oil, sunflower 

oil, sunflower, and sunflower oil with high oleic acid content (Sovena Oilseeds, Portugal). Rapeseed oil 

was selected based on the promising results obtained in a previous study focused on the analysis of 

the microstructure and water-repellence of oils added to lime pastes [15]. Raw sunflower oil and 

sunflower oil with high oleic acid content were selected based on another study in which these oils 

were added to lime mortar [16]. Additionally, these oils were selected given their worldwide 

availability and low cost. The fatty acids composition of the oils provided by the producer (Sovena 

Oilseeds, Portugal) is given in Table 1. 

Table 1. Component fatty acids present in the oils (in wt.%) provided by Sovena Oilseeds Portugal. 

Oil Palmitic 

C16:0 

Stearic 

C18:0 

Oleic 

C18:1 

Linoleic 

C18:2 

Linolenic 

C18:3 

Rapeseed 4.60 1.60 63.90 18.50 8.20 

Sunflower 6.80 3.10 38.90 47.90 0.10 

Sunflower high oleic 3.82 3.17 84.80 5.84 0.09 

 

2.1.2 Substrates 

Two types of natural stone with different porous structure were selected as substrates to study the 

water transport behaviour of the limewashes. Both stones are from the Czech Republic and have been 

widely used in architectural heritage. Mšené is a sandstone with high porosity and pore size; ca. 30% 

open porosity and main pore size diameter centred around 27 µm [9]. Opuka is a marlstone with a 

lower porosity and much smaller pore size than Mšené; ca. 24% open porosity and main pore diameter 

centred around 0.2 µm [9]. Tablet specimens with 10 mm × 50 mm x 50 mm were used to determine 

the contact angle with water drops. Cubic specimens with 50 mm edge were used for the water 

absorption and drying tests. Four sides of the cubic specimens were sealed with epoxy resin; in the 

case of Opuka stone, which has visible sedimentary bedding planes, the resin was applied on the sides 

perpendicular to the bedding planes.  
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2.2 Limewash preparation and application to the substrates 

The content of lime in the putties was gravimetrically determined by weighting small portions (three 

replicates of ca. 50g) of decanted fresh lime putty and drying at 60°C to constant mass. The mass of 

lime in both putties was ca. 50 ±3 wt.%. This value is close to the one obtained by Faria et al. [17] with 

lime putty produced with finely crushed quicklime stored under water for 10 months (53 wt.% of lime) 

and not far from a lime putty made with quicklime after 16 months of storage under water (60%). In 

the case of pure limewash and Fradical limewash, water was added to the lime putties to obtain lime 

suspensions with 20 wt.% of lime and 80 wt.% of water. In the case of the limewashes with additives, 

1.5 wt.% of each oil (to the lime weight) was added to the lime putty and manually mixed for 5 min 

with a spoon. Afterwards, water was added and the suspension was mixed for further 5 min. 

Four limewash coats were applied with a brush (with soft to medium bristles) crisscrossed on one of 

the specimens' surfaces. In the case of specimens treated with limewashes with oils, the first two coats 

applied were of pure limewash to serve as a primer for the limewashes with additives. Before applying 

the first limewash coat, the stone surface was wetted with water with a brush to facilitate the 

penetration and adherence of the limewash and avoid crazing of the paint. The limewash coatings 

were applied with a minimum time interval of 24 h between coats. All specimens (uncoated and 

coated) were left to cure for 8 days in a room with 17 ±3°C and 70 ±5% relative humidity (RH). 

2.3 Testing procedures 

The specimens were dried at 40°C to constant mass after curing and the dry mass was registered before 

testing. The tablet specimens were used for determining the static contact angle according to EN 15802 

[18] using a goniometer. Three water drops were measured on each specimen (4 replicates of each 

type). 

The cubic specimens were used for the water absorption by capillarity test using four replicates of each 

specimen type; the test was performed according to EN 15801 [19]. Following the water absorption by 

capillarity test, the specimens were further immersed in water until constant mass to ensure saturation 

and begin the drying test. The drying test was performed according to EN 16322 [20]. Due to a technical 

problem with the acclimatization system in the room, the drying test was performed at different 

thermohygrometric conditions than those described in the standard, hence at 17 ±3 ºC and 70 ±5 % 

RH. 

3 Results and discussion 

The results of static contact angle with water drops are given in Table 2. The uncoated specimens and 

those coated with pure limewash absorbed the water drop after 10 s of contact. The values obtained 

show a very high standard deviation, probably due to improper homogenization of the additives in the 

mixes. Therefore, new limewash mixtures were prepared by mixing the lime and oil suspensions 

mechanically using a magnetic mixer at high speed.  

The results of the contact angle of the limewashes prepared via mechanical mixing are also given in 

Table 2, except for the Fradical limewash that was mixed with the additive during slaking. The values 

show that mechanical mixing reduces the standard deviation and increases remarkably the contact 
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angle of the limewashes applied to MS stone, indicating that the mixes prepared manually were not 

adequately homogenized. The highest increment was registered in the case of LSO (ca. 138% 

increment), followed by LS (125%) and LR (92%). The cubic specimens used in the water absorption by 

capillarity and drying tests were treated with manually mixed suspensions of limewashes. Therefore, 

the results can be somewhat biased by the improper homogenization of the additives in the mixtures. 

This must be taken into account when interpreting the results presented next. 

Table 2. Contact angle with water drops measured on the limewashed stone surfaces using manual or mechanical 
mixing - average of 3 measurements performed in 4 replicates of each limewash type (± standard deviation). 

Stone/Limewash1 Contact angle 

Manual mixing 

Contact angle 

Mechanical mixing 

MS/LR 52.3 (±23.4) 100.0 (±14.4) 

MS/LS 19.1 (±16.6) 43.0 (±1.3) 

MS/LSO 28.7 (±28.8) 68.3 (±13.6) 

MS/LF 138.7 (±2.7) * 

OP/LF 131.7 (±4.8) * 

1 The specimens not listed absorbed the water drop within 10 s after the drop hit the surface. 
* Not determined (additive added during lime slaking). 
 

All oils imparted water-repellence to the limewash applied to the most porous stone (MS). In the case 

of the less porous stone (OP), only the Fradical limewash granted water-repellence. In fact, the Fradical 

limewash produced hydrophobic coats on both stones, i.e., the water drop contact angle was higher 

than 90°. Rapeseed oil also imparted hydrophobicity, but only to MS stone coated with the 

mechanically mixed suspension.  

Two previous studies [15, 21] comparing the effect of several oils on the degree of water-repellence 

in lime pastes and Portland cement mortars, respectively, have indicated that oils with a high content 

of monounsaturated fatty acids are more effective in imparting water-repellence compared to oils with 

high amount of polyunsaturated fatty acids. In both studies, rapeseed oil, which contains ca. 65% of 

oleic acid, was considered a good additive for imparting water repellence to the mentioned materials. 

Therefore, this study comprised oils with a high oleic acid content (Table 1). Though sunflower oil with 

high oleic acid content has the highest amount of monounsaturated fatty acids, the degree of water-

repellence granted to the limewash is much lower than that granted by rapeseed oil. Based on the 

fatty acid composition of the oils given in Table 1, a small amount of polyunsaturated fatty acids (ca. 

20% linoleic and 10% linolenic) can also play a synergistic role in granting water-repellence to lime. 

Fradical lime putty contains olive oil, which is known to contain a high content of oleic acid (ca. 78%) 

and a small amount of linoleic acid (ca. 7%) [22]. However, the amount of oil added to the Fradical lime 

during slaking is unknown, and this can significantly influence the degree of water-repellence. 

The water absorption by capillarity curves of each of the most representative specimen type is given 

in Figure 2, and the capillarity coefficients calculated from the curves are given in Tables 3 and 4 for 

Mšené and Opuka stones, respectively. The curves of the uncoated specimens (R) show an initial linear 
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section that develops into an asymptote at a defined interval, indicating that the stones are 

homogenous and have a well interconnected pore network. Pure limewash reduces the water 

absorption rate in the most porous stone (MS) compared to the uncoated specimens. The reduction is 

slightly enhanced with the addition of oils, except in the case of LSO, which shows a similar absorption 

rate as pure limewash (Figure 2.a); as mentioned, this result may be due to the improper mixing of the 

oil with the lime suspension. The Fradical limewash is the most effective in reducing the water 

absorption rate, followed by the limewashes with sunflower (LS) and rapeseed (LR) oils. In the case of 

Opuka stone, only the LF and LS limewash clearly reduced the water absorption rate (Figure 2.b). The 

total water absorbed is lower for OP coated specimens compared to MS coated ones, although that 

value is similar for all coats applied to the same substrate. 

  

(a) (b) 
Figure 2. Water absorption by capillarity curves of: (a) Mšené stone; (b) Opuka stone. 

Table 3. Water absorption by capillarity coefficient, drying rate in stage I, and drying index determined in Mšené 
stone; average of 4 specimens (± standard deviation). 

Stone/Limewash Coefficient of water 

absorption by capillarity 

(kg·m-2·h-1/2) 

Drying rate  

Stage I (kg·m-2) 

Drying index 

(-) 

MS/R 51.57 (±1.04) 0.045 (±0.004) 0.32 (±0.01) 

MS/L 11.27 (±0.42) 0.053 (±0.007) 0.26 (±0.03) 

MS/LR 8.25 (±0.73) 0.050 (±0.003) 0.27 (±0.02) 

MS/LS 3.85 (±0.31) 0.057 (±0.005) 0.25 (±0.01) 

MS/LSO 13.36 (±2.61) 0.059 (±0.006) 0.23 (±0.03) 

MS/LF 1.81 (±0.50) 0.064 (±0.001) 0.22 (±0.01) 
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Table 4. Water absorption by capillarity coefficient, drying rate in stage I, and drying index determined in Opuka 
stone; average of 4 specimens (± standard deviation). 

Stone/Limewash Coefficient of water 

absorption by capillarity 

(kg·m-2·h-1/2) 

Drying rate  

Stage I (kg·m-2) 

Drying index 

(-) 

OP/R 1.95 (±0.10) 0.025 (±0.001) 0.42 (±0.02) 

OP/L 1.99 (±0.12) 0.027 (±0.001) 0.43 (±0.01) 

OP/LR 1.88 (±0.16) 0.027 (±0.001) 0.43 (±0.04) 

OP/LS 1.54 (±0.11) 0.026 (±0.001) 0.44 (±0.01) 

OP/LSO 2.00 (±0.09) 0.025 (±0.001) 0.44 (±0.02) 

OP/LF 1.16 (±0.28) 0.026 (±0.001) 0.42 (±0.01) 

 

During the water absorption by capillarity test with OP stone, peeling of the paint layer was observed 

in one specimen of L and LR (Figure 3.a). Chalking of the paint layer occurred in all OP specimens and 

more predominantly in LF and LSO specimens (Figure 3.b), probably due to abrasion caused by patting 

the specimens dry with a wet cloth during the capillarity test to remove the excess water along 

weighing. The observed damage during the capillarity test foresees the low durability of the paints 

applied to Opuka stone after prolonged contact with water (72 h). These alterations are likely to 

influence the results of further tests performed on the same specimens; in this study, specimens used 

in the capillarity test were subsequently used to evaluate their drying behaviour, so this aspect was 

given attention in the interpretation of the results of the drying test. 

  

(a) (b) 
Figure 3. Alterations observed on Opuka limewashed stone surface after the water absorption by capillarity 

test: (a) aspect of R, L, and LR specimens showing peeling of the paint layer on one specimen coated with L and 
LR limewashes (indicated with red arrows); (b) aspect of LF, LS, and LSO specimens showing wearing of the 

paint, most evident on two LF specimens (indicated with red arrows). 

The drying rate in stage I and the drying index determined in Mšené and Opuka stones are shown in 

Tables 3 and 4, respectively. The comparison of the drying rate and drying index obtained in both 

stones is given in the graphs in Figure 4. The drying of a porous material saturated with water generally 

comprises two stages: stage I, in which the water front is at the surface of the material and the supply 
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of water to the surface is steady and governed by capillary water transport; and stage II, when the 

supply of water to the surface can no longer compensate for the water loss by evaporation, so the 

water front recedes into the material and water migrates mostly via vapour diffusion. The drying rate 

was calculated from the Stage I slope of the curve. The drying index was calculated using the entire 

drying period, i.e., until the specimens reached constant mass (552 h in MS and 792 h in OP). The drying 

index reflects the global drying kinetics (integral of the drying curve); the higher the drying index, the 

slower the drying.  

  
(a) (b) 

Figure 4. Drying test results of Mšené and Opuka stones: (a) stage I drying rate; (b) drying index. 

As expected, the stone with higher porosity and pore size distribution (MS) dries faster than the less 

porous one (OP). In MS stone, all limewashes promoted a clear increment of the drying rate and 

reduction of the drying index. As mentioned, the acceleration of the drying rate in porous substrates 

coated with lime-based paints is related to the increment of the effective evaporative surface and has 

been reported in other studies using MS stone [9, 10]. The increment was highest in the case of the 

Fradical limewash (LF), which also showed the highest degree of water-repellence. This is in contrast 

with previous studies with limewashes with linseed oil [9, 10] that showed that the higher the degree 

of water-repellence (by increasing the oil dosage), the slower the drying rate. However, LF limewash 

was prepared with a different lime putty (lime slaked with olive oil stored under water for over 5 years). 

It is generally known that slaked lime putties have higher plasticity than putties prepared with dry 

hydrate [23] and that the plasticity and workability improve upon long-term storage under water [24]. 

Though this effect depends on the type of lime used [25], it is likely related to the reduction of the 

calcium hydroxide particles' size [26]. Therefore, it is reasonable to assume that the calcium hydroxide 

particles in the Fradical lime putty have probably smaller sizes than those in the putty prepared from 

dry hydrate, not only assigned to the preparation process but also to the much longer storage time 

under water. The smaller size of the lime particles is likely to increase the effective evaporative surface 

of the porous substrate more effectively. This might be why the Fradical limewashed MS specimens 

show a higher drying rate than those coated with pure limewash made of dry hydrate, despite LF's 

hydrophobic properties. 

The drying rate of MS specimens coated with limewashes with sunflower oils also registered an 

increment of the drying rate with respect to the reference (L). However, their water repellence degree 

is much lower than LF (Table 2), and the high standard deviation is within the reference values. In the 

186



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

case of LR, the drying rate is slightly reduced compared to the pure limewash (L), but it is still above 

the drying rate of the uncoated stone (R). 

In the case of OP stone, the differences registered in both the drying rate and index are virtually 

negligible compared to those registered in MS stone, which is in line with previous studies using the 

same stones [9, 10]. The very fine porous structure of Opuka stone (main pore size around 0.2 µm) 

hinders the penetration of the lime particles into the stone matrix. Scanning electron microscopic 

observations have shown that limewashes prepared with a similar lime putty do not bond well to the 

surface of Opuka stone [10], which explains the detachment of the paint during the capillarity test. As 

the paint coats remain at the surface, they create a thin layer (ca. 150 µm) that is more porous than 

the underlying stone material [10], so the drying kinetics are not much altered. In the case of MS stone, 

the lime particles penetrate into the matrix up to a depth of ca. 200 µm [10]. Despite the observed 

damage to the paint layer observed in a few OP specimens after the capillarity test (Figure 3), the 

standard deviation is very low, which reassures that the limewashes have little effect on the drying 

behaviour of this stone. 

During the drying test, one MS specimen coated with LR and LS limewashes developed mildly visible 

moulds (Figure 5), which is probably related to the presence of vegetable oils and foresees the 

biosusceptibility of these coatings, especially if applied in interior walls of low ventilated rooms. It 

should be taken into account that the drying test was conducted in a room with low intensity of  

artificial light or sunlight and at very high RH (70±5 %), which can support the development of this type 

of biological colonization. Nevertheless, tests promoting biological colonization and outdoor exposure 

tests should be considered in the future when evaluating coatings with organic additives. 

Additionally, according to a recent review on ageing tests [27], tests dealing with biological 

colonization are strikingly the less frequent ageing tests performed in lab research studies, so further 

efforts should be made to overcome this research gap in the field. 

  

(a) (b) 
Figure 5. Aspect of moulds (indicated with red arrows) developed during the drying test on Mšené stone 

coated with: (a) LR limewash; (b) LS limewash. 
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4 Conclusions 

This work studied the performance of five types of limewashes, four of which with the addition of 

vegetable oils: pure limewash, limewash with rapeseed oil, limewash with sunflower oil, limewash with 

sunflower oil with a high oleic acid content, and a commercial limewash (Fradical) that is produced 

with the addition of olive oil. The limewashes were applied to two porous substrates with a different 

porous structure to study the influence of the limewashes on their water transport properties. The 

main conclusions of this study are summarized as follows: 

• The method of preparation of the limewashes with additives significantly influences the properties 

of the final coat. Traditionally, oils were mixed with the additives during the slaking process, like 

the Fradical lime putty with olive oil used in this study. Mixing the additives with a ready-made 

lime putty manually can lead to a poor homogenization of the additives in the lime and produce 

coats with heterogeneous properties. Ideally, mixing oils with lime should be done during the 

slaking process. When using lime putty, it is advisable to use mechanical mixing. 

• The Fradical water-repellent lime putty showed the most promising results in terms of water-

repellence and drying behaviour. The limewashes prepared with this type of lime provided 

hydrophobic coats on both substrates and enhanced the drying rate of the most porous substrate. 

• Lime putties prepared with the addition of 1.5 wt.% of rapeseed oil, sunflower oil, and sunflower 

oil with high oleic acid content granted water-repellence properties to the limewashes without 

hindering the drying rate of the substrates so that they can be considered as an alternative to more 

expensive and less available oils like olive oil. Particularly, rapeseed oil should be considered in 

further studies using traditional preparation methods (mixing the oil during the lime slaking 

process). 

• None of the limewashes (including pure limewash) was found suitable for application in the less 

porous substrate used in this study (Opuka marlstone). This can be attributable to the low adhesion 

of the limewashes to this material, as observed by the peeling of the paint in some specimens 

during the capillarity test. This is probably assigned to the very fine porosity of this stone that 

hampers the penetration of the lime particles into the porous network.  

• Limewashes with rapeseed and sunflower oil showed the development of moulds during the 

drying test conducted in conditions of low light and ventilation. Therefore, tests promoting 

biological colonization and onsite exposure should be done to unveil the biosusceptibility of this 

type of coat. 

This work showed that the limewashes with vegetable oils have a good performance in regard to water 

transport when applied on a porous material with a coarse porous network. Further research to 

improve the suitability of limewashes to substrates with lower porosity and narrow pore size 

distribution should be undertaken. Using lime putties composed of calcium hydroxide with the lowest 

particle size as possible and with a lower lime:water ratio should be considered.  
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Topic 3: Mortars in archaeological sites.  
Construction history. Archaeometry.  

Dating of historic mortars. 
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CHEMICAL AND MINERALOGICAL CHARACTERIZATION OF LIME PLASTER 
FROM 6TH CENTURY STONE-CHAMBER TOMB OF BAEKJE, REPUBLIC OF 
KOREA 

Eunkyung Kim 1 and Soyeong Kang 1,* 

(1) National Research Institute of Cultural Heritage, Republic of Korea 

Abstract: This study investigated the characterization of lime collected from the tomb of Songje-

ri in Naju-si, Republic of Korea. The site is highly significant to understand the burial culture of ancient 

period in Korean history. The lime remained partially on the wall inside the tomb. The mineralogical 

and chemical properties of lime samples were characterized by digital microscope, X-ray diffraction 

analysis, thermal analysis (TG-DSC), X-ray fluorescence analysis and mercury intrusion porosimetry. As 

a result of analysis, the sample is a plaster consisting only of lime, which was manufactured by shells. 

Traces of a small amount of organic matter are confirmed, but further study is required for artificial 

addition. 

1 Introduction 

Lime plaster has been used in various fields for centuries—from ancient Korean murals to modern and 

contemporary masonry buildings. Among the murals of ancient Goguryeo tombs, Anak Tomb No. 3 (4th 

century AD), Tonggu Tomb No. 12 (4–5th century AD), and Ssangyeongchong Murals (5th century AD) 

are representative. Lime plaster is presumed to be a mix of mineral materials such as clay, sand, drying 

oil, and organic matter such as herbaceous plants [1]. Lime plaster made from oyster shells was used 

for the base layer of the mural painting in the Gaya tomb (6th century AD) in Goari, Gyeongbuk [2]. 

Among the tombs of Baekje, traces of lime plaster were found in the tomb in Gamil-dong, Hanam (4th 

century AD), the tomb in Beopcheon-ri, Wonju (4–5th century AD), the tomb in Pangyo, Seongnam (5th 

century AD), and the tomb in Songsan-ri, Gongju (6th century AD) [3–6]. As such, lime plaster is a 

material that was frequently used in Korea’s ancient burial culture. 

However, the research results of lime in the ancient period of Korea are insufficient due to the lack of 

related records and the difficulty in obtaining samples. To the extent that lime plaster is a material that 

requires professional knowledge and skill in its production and construction, if scientific analysis were 

considered along with an archaeological analysis, it would be possible to understand the level of 

construction technology at the time, the burial culture, and the exchange patterns through which the 

technology was introduced.   

In this paper, the characteristics of lime plaster used in the burial culture in the period of Baekje are 

reviewed through a scientific analysis of the lime plaster used as a finishing material inside the stone 

burial chambers. 
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2 Materials and methods 

2.1 Materials 

The lime samples collected from a stone chamber tomb in Songje-ri at Naju-si. As a result of excavation, 

it is estimated that this site is the tomb of a local leader class and was built in the early to mid-6th 

century [7]. Most of the lime plaster has been lost and partially remain on the surface or between the 

stone walls (Figure 1). Samples were obtained from the wall where the lime remained for each 

orientation. 

 

 
Figure 1. General and internal view of stone chamber tomb in Songje-ri, Naju-si. (A) Front view (B), (C) Inner 

wall (D), (E) residual state of traditional lime samples. 

2.2 Methods 

A mineralogical and chemical analysis was conducted to understand the material properties of the lime 

plaster used as a finishing material inside the Baekje stone burial chambers. First, the collected sample 

of lime plaster and the tissue morphology of the shells were observed with a digital microscope (DVM6, 

Leica). The observed sample was powdered, and its constituent minerals were investigated by X-ray 

diffraction analysis (EMPYREAN, PANalytical, scan range 5°–60°, step size 0.04, 200 sec/step), infrared 

spectroscopic analysis (Nicolet iS7, Thermo Fisher Scientific, 4,000-600 cm-1, resolution 4 cm-1, 64 

scans/s), and thermogravimetric/differential thermal analysis (LABSYS Evo, Setaram, N2 gas, 30–1,000 

℃ 10 ℃/min). To determine each sample’s chemical characteristics, an X-ray fluorescence analysis 

(MXF-2400, Shimadzu) was conducted. In addition, pore characteristic of the lime samples was 

investigated by mercury intrusion porosimetry. 

3  Results 

3.1 Microscopic observation 

The sample exhibited a white porous matrix and the surface is contaminated with soil and dead plants. 

Aggregates such as sand were not confirmed. The shells mixed with lime plaster had a gray-blue color. 
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It has a size between 0.5 mm and 10 mm when observed on the surface. In addition, a small amount 

of organic material indentation was observed (Figure 2).  

 
Figure 2. Observations of the shape of the lime and shell samples. 

3.2 Mineralogy 

The results of the X-ray diffraction analysis identified calcite, which is commonly composed of calcium 

carbonate (CaCO3), as the main constituent mineral in the samples. This suggests that all samples were 

plastered with lime as the main material. The confirmed quartz peak was found to be part of the soil 

remaining on the sample’s surface (Tab 1). 

Table 1. Mineralogical composition of the lime samples by XRD. 

 NS-1 NS-2 NS-3 NS-4 NS-5 NS-6 

Calcite ++ ++ ++ ++ ++ ++ 

Quartz + + + + + + 

Feldspars + - - - - - 

Peak intensity: ++ Major +present –undetected 

 

As a result of Fourier transform infrared spectroscopy, bands from calcium carbonate and silicate 

minerals were found in the lime plaster samples (Figure 3A). The sharp absorption bands around 2500 

cm-2, 500 cm-1, 1404 cm-1, 872 cm-1, and 712 cm-1 were due to the overtone, stretching, and bending 

bands of carbonate ions, respectively. The absorption band appearing in the vicinity of 1000–900 cm-1 

was due to the Si–O–Si asymmetric stretching band of quartz [8–11].  

As a result of measuring the thermogravimetry/differential scanning calorimetry of the lime plaster 

sample, the main weight reduction and the maximum endothermic reaction were measured in the 

700–800 ℃ range due to the decarbonation of calcium carbonate, which is calcite (Figure 3B). 
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Figure 3. Comparison of the spectroscopy and thermal analysis of lime samples (A) FTIR spectrum (B) TG-DSC 

curve. 

3.3 Chemical composition 

The X-ray fluorescence analysis of the main chemical components of the samples of lime plaster found 

CaO 48.72–53.44 wt.%, L.O.I. (loss on ignition) 39.31–43.42 wt.% and SiO2 1.64-9.08 wt.% in the sample 

from stone chamber tomb. The results showed that the CaO and L.O.I. content was high under the 

influence of calcite, which was the main constituent mineral of the sample. In terms of chemical 

composition, the content of the samples was similar, and some NS-1, NS-4 had higher SiO2 and Al2O3 

content than other samples. This is presumed to be the effect of the soil remaining in the lime plaster 

sample, as in the results of X-ray diffraction analysis (Tab. 2). 

 

Table 2. Results of analysis on the main chemical composition of the lime samples 

 SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 MnO P2O5 L.O.I. 

NS-1 9.08 1.3 0.19 48.72 0.26 0.5 0.09 0.01 0.01 0.06 39.31 

NS-2 1.64 0.43 0.14 53.44 0.25 0.05 0.04 0.02 0.01 0.09 43.42 

NS-3 5.61 1.32 0.34 50.58 0.28 0.23 0.09 0.04 0.02 0.09 41.11 

NS-4 2.15 0.92 0.32 52.87 0.29 0.08 0.07 0.03 0.02 0.11 42.76 

NS-5 3.38 0.75 0.25 52.03 0.25 0.1 0.05 0.03 0.22 0.2 42.34 

NS-6 1.97 0.65 0.20 52.82 0.25 0.08 0.05 0.02 0.02 0.11 43.4 

 

3.4 Pore characteristic 

The porosity and pore size distribution measured on lime plaster samples. The samples show similar 

porosity of 47.3-56.4% and average pore diameter of 0.45-0.82 μm (Tab 3). The pore size distributions 

of lime plasters have a similar distribution with maxima at about 1.5-2 μm (Figure 4). 
 

 

A B 
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Table 3. Pore characteristics of lime samples 

 NS-1 NS-2 NS-3 NS-4 NS-5 NS-6 

Porosity (%) 52.13 47.28 56.41 55.79 49.19 55.44 

Avg. pore size 

diameter (μm) 
0.45 0.63 0.82 0.67 0.53 0.63 

 

 
Figure 4. Pore size diameters of lime samples. 

4 Discussion 

Regarding the lime plaster used as a finish for the walls of the stone-chamber tomb excavated from 

the Songje-ri, Naju-si, small amount traces of herbaceous plants were confirmed in the form mixed 

with shells.  

The lime sample did not contain aggregates such as gravel or sand, and calcite was detected as the 

main mineral. The amount of CaCO3 in the sample was calculated using the weight loss in 600–900℃ 

range in TG and CaO content in XRF. As a result of the analysis, the CaCO3 content was confirmed to 

be 90% or more, and the results were also similar to each other (Tab 4). Therefore, the CaO identified 

by XRF was from lime and also the samples were manufactured by the shell. 

 

Table 4. Comparative of the %CaCO3 contents obtained by the TG and XRF 

 NS-1 NS-2 NS-3 NS-4 NS-5 NS-6 

TG 94.5 93.7 94.5 90.6 95.7 93.8 

XRF 87 95.4 90.3 94.4 92.9 94.3 

 

The material properties of the lime plaster used in the tombs of Songje-ri were similar to those in 

Gamil-dong tombs of Baekje estimated to be from the middle of the 4th century to the early 5th century. 

Lime made from the shells was also used as an internal finishing material for Gamil-dong tombs. The 

shells found in the lime plaster of Gamil-dong tombs had a layered structure and a thick, curved, radial 
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rib shape. The shells were presumed to be of bivalve oysters. In addition, as a result of observing the 

microstructure of the shell surface, it was confirmed that the amorphous form deformed by 

recrystallization during the firing process and pores through which carbon dioxide escaped [12]. 

Lime plaster was also excavated from stone burial chamber No. 9 in Pangyo, Baekje (the late 4th century 

to the late 5th century). As a result of the X-ray fluorescence analysis [6], a chemical composition of 

CaO 53.75 wt.%, SiO2 0.90 wt.%, and L.O.I. 40 wt.% was observed and thus, only lime plaster seems to 

have been applied. Further, as a result of treating the lime plaster with hydrochloric acid, shell 

fragment was confirmed. Accordingly, the raw material of lime plaster was estimated to be shell. Based 

on this, it is possible to deduce that the Baekje Period possessed the lime plaster production 

technology and construction method using shells, which was used for the construction of tombs. 

However, further research is still needed on whether shell was used with lime as an aggregate. 

On the surface of the lime plaster of the tomb in Songje-ri, indentations and fluids presumed to be 

stems of herbaceous plants remain. However, only a very small amount was observed, so it is unclear 

whether artificial mixing. Regarding the mixing of organic matter, traces remain in the mural paintings 

of the Gaya tomb in Goari, Goryeong and Gamil-dong tombs [12, 14]. Moreover, it is known that 

vegetable fibers such as reeds, rice straw, and kiwi stems were added to lime plaster used as a base 

layer for murals in Goguryeo tombs, Sindap-ri tomb, Yeoncheon and Tonghyeon-ri tomb, Yeoncheon 

of Baekje [1, 6]. Therefore, if a species analysis of a plant sample with original remains was performed, 

it could be used as specific data on the construction technology of ancient tomb. 

5 Conclusion 

Mineralogical and chemical analyses of samples from the stone chamber tomb in Songje-ri, Naju-si 

exhibits the characteristics of a lime plaster of 6th century of Baekje. As a result, it was confirmed that 

lime was made from shells and used as plaster in the Baekje period. Through this analysis of the lime 

plaster, it is possible to accumulate important data that reveal the lime plaster manufacturing 

techniques and construction technology. In this respect, the study is of great archaeological 

significance. If a species identification of the shells and herbaceous species is carried out by securing 

additional samples in the future, information on lime plaster manufacturing and construction 

technology in the Baekje dynasty could be identified. 
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CHARACTERISATION OF HISTORIC MORTARS RELATED TO THE 
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Abstract: The archaeological sites of Mikulčice and Pohansko (South Moravia – the Czech 

Republic) belong to the oldest and the most important localities of Slavic settlement in Central Europe, 

related to the 9th century. Their considerable importance is attached to the preserved masonry 

remnants, which are also one of the oldest lime and stone masonry remains in the Czech Republic. A 

number of historic mortars sampled from the archaeological sites in Mikulčice and Pohansko were 

collected in order to study their composition, mortar structural characteristics and raw materials 

provenance. The aim of this study was not only the comparison and characterisation of the historical 

mortars from these archaeological sites, but we also evaluated the suitability of these mortars to be 

dated by 14C analysis.  

The samples of historic mortars were characterised by several analytical techniques. Polarised light 

microscopy (PLM) and scanning electron microscopy (SEM-EDS) were used to determine petrographic 

characteristic and mineralogical composition. Thermal analyses (TA) and quantitative X-ray diffraction 

(XRD-QPA) were used to determine the chemical and mineralogical composition and hydraulic 

properties of the studied mortars. Stable isotope analyses (δ13C‰ and δ18O‰) and cathode 

luminescence (CL) were performed to detect carbonate filler and underburnt lime particles containing 

geogenic carbon. The collected mortar samples contained a considerable amount of lime particles that 

can adversely affect the possibility of 14C radiocarbon dating. According to the results of the analyses, 

the samples from Mikulčice and the samples from Pohansko had a similar character. Mortars were 

very rich in the binder and contained unburnt limestone fragments that occurred frequently. Unburnt 

fragments were classified as a micritic limestone and contained sparite rich zones and bioclastic 

material. This material was determined as Ernstbrunn limestones according to the composition and 

structure. Stable isotope analysis also suggested that all studied lime samples came from a single 

source. The presence of geogenic carbonates (not fully burnt lime) affects the resulting 14C age of the 

analysed samples fundamentally. The character of mortars leads to a discussion on how to adapt the 

separating procedures of the individual fractions and avoid geogenic carbon contamination.  

1  Introduction 

1.1. Possibilities of mortar dating 

Radiocarbon dating of mortars is an analytical method that allows specifying the age of buildings for 

which more accurate information and connections from the time of their construction have not been 
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preserved. For buildings from the period of the early medieval Moravia, we have only general ideas 

about their age from detailed archaeological research (9th century). However, a more precise timeline 

is missing. From this point of view, mortars from the early medieval Moravian buildings represent an 

interesting study material. 

The number of publications proving that the dating of mortar binders is possible under certain 

conditions and providing relevant results has increased significantly in the last two decades [1, 2 ,3, 4]. 

The dating of the carbonate binder of a mortar is based on the technology of lime production and 

application as a binder. This process starts by burning limestone (mostly CaCO3) in a kiln when it 

decomposes into quicklime (CaO) and carbon dioxide (CO2). When the quicklime is slaked (transformed 

to Ca(OH)2) CO2 is absorbed back from the air (carbonation process). The result is the original calcium 

carbonate (CaCO3), the so-called anthropogenic carbonate. It differs from the original geogenic 

carbonate in its isotopic composition and 14C activity. This corresponds to the activity of atmospheric 
14CO2 and the isotopic composition of the air at the time of the carbonation reaction. Based on the 

knowledge of the half-life of 14C, the so-called "conventional radiocarbon age" of the sample can be 

expressed. This can then be subsequently converted to a calibrated (real) age using a calibration curve 

[5]. However, this idealised procedure has several pitfalls.  

1) Raw materials for lime production have a varied composition, which subsequently affects the 

carbonisation process in different ways (results in younger age).  

2) The burning conditions in a kiln are not uniform and a certain portion of CO2 of the geogenic origin 

remains in the lime binder (results in older age).  

3) CO2 must pass through the porous system of the material during carbonation; the carbonation rate 

slows down with depth (samples from the core of thick structures result in older age).  

4) Mortar components may contaminate the sample, e.g. carbonate filler (results in older age  

5) The presence of mineral phases, e.g. phyllosilicates binds younger CO2 (results in younger age).  

6) Possible dissolution of carbonate and recrystallises (results in younger age).  

 

Therefore, proper sampling and appropriate procedures of sample pre-treatment are necessary to 

separate the anthropogenic CO2 and exclude the contaminants.  

The currently used mortar characterisation methods can be used to evaluate the suitability of 

archaeological mortars for radiocarbon dating. Based on the composition, structure, and other 

material properties, the presence of compounds or mineral phases that could affect radiocarbon 

dating can be evaluated. Thorough characterisation thus always represents a fundamental 

contribution to the successful dating of historical mortar samples. 

For carbon separation, the following methods are mainly used: the method based on mechanical 

separation (modified CryoSonic – Cryobreaking, Sonication, Centrifugation) [6], the method of 

chemical decomposition by acid hydrolysis is also used [4, 7], and the method of thermal 

decomposition [8, 9]. The modified CryoSonic method was developed in the CIRCLE Centre (Italy) and 

it is based on gentle mechanical disintegration, ultrasonic disintegration, centrifugation, 

sedimentation and filtration [10]. The obtained fine carbonate fraction is dissolved in heated 

phosphoric acid. This methodology can be well adapted to the character of the studied samples. The 

previous mortar characterisation is fundamental for the next steps because the mortar composition 
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(matrix particles and fillers) affects the sample preparation significantly. Especially the number of 

fractions collected for analysis 14C [11]. The composition of the mortar matrix has a direct effect on 

dating options [12]. The presence of non-carbonate impurities affects CO2 binding during carbonisation 

[13]. The structure and granularity of the binder present reflect the properties of the original raw 

material, technological processing parameters and carbonisation and recrystallisation conditions [14]. 

Also the presence of carbonate filler particles and unburned binder pieces of the original carbonate 

material has a significant impact on dating options [15, 16, 17]. They contain geogenic carbonate, 

which introduces an error in the dating results, which ultimately leads to an incorrect interpretation 

of the age of the studied sample. 

Overall, the main aims of this study were to use knowledge in the field of analysis of historic materials 

for the comparison and characterisation of the historical mortars from archaeological sites Mikulčice 

and Pohansko and to evaluate the suitability of these samples to be dated by 14C analysis. 

 

1.2. Historical background 

Mikulčice and Pohansko are the most important sites in the territory of early medieval Moravia. [18], 

located in the area of the middle and lower reaches of the Morava river [19]. This area, inhabited by 

Slavs at the time of the migration period, was Christianized in the first half of the 9th century. The area 

was suitable for settlement and agricultural production, but its undeniable advantage and source of 

wealth was its location on important trade routes. A state unit soon began to take shape here which 

played an important role in the early history of Central Europe, and it is considered the ancestor of the 

following medieval states [20].  

Throughout the 9th century, the Moravian territory developed within the framework of political, 

economic and cultural relations with the Frankish Empire. Along with Christianization, innovations in 

the field of art and culture also came here, including stone architecture and lime mortar. The history 

of early medieval Moravia ends with the invasion of nomadic Hungarians at the beginning of the 10th 

century [21]. 

 

1.3. Archaeological sites of Mikulčice and Pohansko 

The early medieval fortification of Mikulčice is situated south-east of the village Mikulčice in the South 

Moravia Region. This fortification formed the core of an extensive settlement complex referred to as 

the Mikulčice-Kopčany agglomeration during the 9th century. The castle (fortified core) is situated on 

the right bank of the Morava River in the Czech Republic. The extra mural settlement and the 

hinterland of the centre are situated on both banks of the Morava river. On the left bank, in Slovakia, 

close to Kopčany village, still stands the pre-Romanesque Church of St. Margaret of Antioch dated to 

the 9th century [22]. The first stage of the archaeological excavations in the Mikulčice-Kopčany area 

were the large-scale excavations during 1954 and 1992 [23]. They were characterised by the extensive 

fieldwork that continued uninterrupted for 38 seasons and explored an area of almost 5 ha. Thanks to 

this huge works were Mikulčice settlements' remains discovered and became more famous [24]. 

During 1993 and 2003 were fieldworks assessed and became the systematic processing of the previous 

research results. A new information system was set up, and basic guides were prepared. Moreover, 

the former fieldwork base was transformed into an academic research centre [25]. In 2004 began the 
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last step to process sources and verify old research. For this purpose, the most important 

archaeological objects and the well-documented areas were chosen [26]. The previous results were 

revived and updated with new fieldwork results. At the beginning of 2008, the Slavic fortification in 

Mikulčice was revitalised. 

The second important archaeological area is Pohansko near Břeclav in the South Moravia region, near 

the Czech-Austrian borders. It is a large Slavonic fortification from 9th century in the vicinity of the 

confluence of the rivers Morava and Dyje [27].  Archaeological excavations have been conducted in 

this area since 1958. Excavations uncovered many scattered archaeological findings from various 

periods of the prehistorical age, but the main and continuous settlement there can be dated between 

6th and 10th centuries [21]. The first research was focused on the area around the north-western part 

of the stronghold, where the highest concentration of mortars and plasters was detected. During 90s 

many small-scale excavations were conducted to identify the extent of settlement in the whole 

agglomeration. On the basis of archaeological and geophysical surveys, the maximum extent of 

Pohansko is currently estimated to be around 60 ha (in the 10th century) [28]. Today approximately a 

quarter of the total extent of the stronghold is examined, so the research is by far not finished [29]. 

 

1.4. Sampling sites 

The studied samples were sampled in the original excavations, mostly from church relics (Mikulčice, 

Church number II, III and IX, Pohansko, Church number 1 and 2, Mikulčice, Palace number 2, 3, 4, 5, 6, 

9 and 10). There were mortars from foundations, fragments of floors, wall pieces with bedding mortars 

and mortars with surface treatments (Table 1). 

Table 1. The list of studied samples 

ML 10; ML 11; ML 12; ML 13; ML 14; ML 15; ML 16; ML 17; 

ML 18; ML 19; ML 20; ML 21; ML 22; ML 23; ML 24; ML 25; 

ML 26; ML 27; ML 28; ML 29; ML 30; ML 31; ML 32; ML 33 

 Mikulčice, historic mortars, mortar and rock 

fragments. Samples from archaeological probes 

and relicts of historic masonry. 

POH 1; POH 2; POH 3; POH 4; POH 5; POH 6; POH 7; POH 8; 

POH 9; POH 10; POH 11; POH 12; POH 13; POH 14; POH 15 

 Pohansko, historic mortar fragments, rock fabrics, 

mortar and plaster layers. 

2 Methodology 

The main object of the research was the characterisation of mortar samples with a special focus on the 

present binder related particles (BRP). All samples were described macroscopically and 

photographically documented. The mortar samples were then divided according to the planned 

analytical procedures. One part was used for microscopy, the other part was finely crushed and sieved 

through a 63 µm sieve. The sub-sieve fraction was used for binder analysis (designation B) by thermal 

analyses and X-ray diffraction. BRP and  limestone fragments occurred in all studied samples. Some of 

these particles (designation L) were selected and analysed by thermal analysis, X-ray diffraction and 

mass spectroscopy (used for the determination of carbon (13C) and oxygen (18O) isotope composition).  
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The samples for polarised light microscopy (PLM) were cut with a saw and impregnated under vacuum 

with epoxy resin. Polished thin-sections approx. 35 µm thick were studied using a polarising light 

microscope Olympus BX53M equipped with a digital camera Olympus DP27. The samples were 

observed in a plain polarised light (PPL) and a crossed polarised light (CPL). 

Cathodoluminescence (CL) was used for the identification of BRP and for the detection of unburnt 

limestone particles. Polarising light microscope Olympus BX53M with a digital camera Olympus DP74 

and “cold cathode” type Mk 5-2 (CITL Company) was used for observation. 

Polished thin-sections were carbon coated and analysed by scanning electron microscopy with an 

energy dispersive spectrometer (SEM-EDS) by Tescan MIRA II LMU coupled with a spectrometer from 

Bruker AXS. The EDS analysis was used for the micro-chemical analysis of fine-grained calcitic binder 

(mortar matrix). According to the chemical composition, the cementation index (CI) was calculated, 

describing the hydraulic properties of the studied mortars [30].  

Thermogravimetric analysis (TA) was performed on an SDT instrument Discovery 650 from TA 

Instruments in the temperature range 25–1000°C. Approx. 20 mg of sample was heated in a ceramic 

crucible in a nitrogen atmosphere at a heating rate of 20°C per minute.  

In order to characterise the mineral composition of the studied mortars, samples were analysed by 

powder X-ray diffraction (XRD) using a D8 Bruker Instrument. The measuring conditions were the 

following: generator settings to 40 mA, 40 kV; tube position - line focus; soller slits - 2.5°; divergence 

slits - 0.6 mm; angular range (2Θ) - 5–82°; step size (2Θ) - 0.01°; counting time/step was 0.04 s; anode 

material - Cu; spinning - 15 rqm; sample holder - aluminium. 10 wt. % of NIST676a Al2O3 was added 

as an internal standard before data collection. The mineral phases of the insoluble residues were 

determined by quantitative phase analysis (QPA) using the Rietveld method [31]. 

For leaching off the samples in acid and sieve analyse, 1 M solution of acetic acid (CH3COOH) was 

used. The leaching time was over a minimum period of 12 hours (according to the weight). The samples 

were then washed in distilled water. The remaining solid matter was dried to a constant weight. After 

that it was sieved through a set of standard mesh size 8; 4; 2; 1; 0.5; 0.25; 0.125; 0.063 mm. 

The isotopic composition of carbon (δ13C ‰) and oxygen (δ18O ‰) was determined by decomposition 

in 100% phosphoric acid under a vacuum at 25°C, the decomposition time was 24 hours. The 

composition of carbon and oxygen isotopes in the released CO2 was measured on Delta V mass 

spectrometer with a total measurement error being ± 0.1 ‰. The composition of carbon isotopes is 

related to the international PDB standard, the values of oxygen isotope composition related to the 

SMOW standard are determined from the measured values against the PDB standard by recalculation. 

The isotopic composition was carried out in the Laboratory of the Czech Geological Survey, Prague 

Barrandov. 

3 Results 

3.1. Macroscopic description of the samples 

The studied mortars consisted of a fine-grained carbonate binder and macroscopically visible clusters 

of quartz grains. Fine-grained white to beige limestone fragments (size up to 50 mm) were also 

relatively common. 
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3.2. Microscopic characterisation of the samples (PLM, CL and SEM-EDS) 

According to the PLM, CL and SEM-EDS methods, quartz grains represented the predominant filler 

component. The most common were semi-sharp-edged or sharp-edged grains (Figure 1a). 

Polycrystalline quartz also occurred (Figure 1b). The size of most grains ranged from 0.3 to 0.7 mm. 

However, the presence of monocrystalline quartz grains larger than 1 mm was no exception (Figure 

1c). The largest quartz grain was 5 mm in diameter.  

 

Figure 1. Microphotographs observed using PLM: (a) Quartz grains typical for mortar samples (ML 29, PPL); (b) 

Polycrystalline quartz grain (ML 33, CPL); (c) Monocrystalline quartz grain (ML 29, PPL); (d) Fragment of fine-

grained calcareous sandstone (ML 27, PPL). 

 

Feldspars (sodium and potassium) occurred less frequently, than usual quartz grains. The presence of 

feldspars was evident, especially in the CL. These components were characterised by bright blue 

luminescence (Figure 2a, 2b, 2c). The size of feldspar grains usually ranged from 0.3 to 0.6 mm.  

Other minerals such as elongated mica, apatite grains (typical green colour in CL) (Figure 2d) and small 

opaque minerals also occurred in studied mortars. The fragments of fine-grained calcareous sandstone 
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(lithoclasts) were formed by a mixture of small quartz and feldspar clusters cemented with calcite. 

They had a regular oval shape and a size of up to 2 mm (Figure 1d).  

Fragments of fine-grained limestone were found in all studied samples (Figure 3a, 3b). These particles 

were irregular and sharp-edged, from 0.3 to 3 mm in size. However, significantly larger fragments were 

not exceptional (e.g. a 14 mm limestone fragment was found in sample ML 31). Small isolated 

limestone particles in matrix were the most common (Figure 2c). The limestone consisted of a 

predominant fine-grained micritic matrix with coarser sparite zones. Veins and pressure-solution 

seams were filled with secondarily precipitated sparitic calcite. Relics of microfossils, mostly coral 

remains, were identified in these limestone fragments (Figure 3a, 3b). Classification: biomicritic 

limestone (according to the Folk classification system) [32], mudstone or wackestone (according to the 

Dunham) [33]. All limestone fragments had quite a uniform character. Slight differences were observed 

in CL. Bright red or orange luminescence was typical for most of the limestones (Figure 2a), but also 

dark red luminescence occurred (Figure 2b).  

 

Figure 2. Microphotographs observed using CL: (a) Limestone fragment (Lsf) and small grain of K-feldspar (Kfs) 

(ML 29); (b) Large limestone fragment (Lsf) with dark red cathodoluminescence (ML 33); (c) K-feldspars (Kfs) 

and small bright coloured limestone fragments (Lsf) in matrix (Mat) (ML 22); (d) Lime-lump (LL) and apatite 

(Apt) grains in matrix (Mat) (ML 25). 

 

The binder of all studied samples consisted of a fine-grained carbonate matrix. It filled the inter-

granular space between the clastic filler grains and limestone fragments (Figure 3c). The structure of 

the binder was uniform, without any significant transformation or traces of degradation. 
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Cathodoluminescence of the matrix was very weak; the matrix appeared as black background (Figure 

2c, 2d).  

Binder related particles (BRP) frequently occurred in the studied samples (Figure 3d). These particles 

were derived from a binder and were of interest because some of them clearly reflected the original 

raw material, and others were in the form of lime lumps sensu stricto, as described by [34]. The size of 

the BRP was variable, small particles of 0.2 mm were more frequent, but there were also large particles 

of about 6 mm (samples ML 32 and 33). Cathodoluminescence of the BRP was orange or slightly red 

(Figure 2d). Partially burnt particles (containing visible unburnt core) had a brighter 

cathodoluminescence colour (Figure 4a, 4b). 

 

Figure 3. Microphotographs observed using PLM: (a) Limestone fragment (ML 29); (b) Limestone fragment 

(POH 3); (c) Fine-grained calcite matrix (ML 22); (d) Binder related particle - lime-lump (ML 33). 

 

The structure of the mortars was mostly compact, but there were also small pores and cracks. The 

ratios between the filler, the binder and the pore spaces were mostly constant in the samples. The 

filler represented 35 to 50%, the binder 40 to 65% and the pore spaces 20 to 30% of the sample volume. 
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The EDS was mainly used to characterise the binder and BRP (Figure 5). Both the binding matrix and 

the BRP were rich in CaO content (Tab. 2). The calculated cementation index (CI) does not exceed 0.16, 

which corresponds to air lime. 

 

 
Figure 4. Binder related particle contained visible core observed using PLM (a) and using CL (b). 

 

Fragments of limestones, PBP, lime lumps and matrix differed in the presence of chlorite. Chlorite was 

typical for almost all BRP (e.g. lime lumps) and the matrix. It was due to the presence of salts in the 

binder. In contrast, significantly less chlorite was detected in the unburnt or partially burnt limestone 

fragments. 

 

Figure 5. Positions of SEM-EDS microanalyses in ML 19. 
 
 
 

  

Table 2. Selected SEM-EDS microanalyses of sample 
ML 19 – difference between two binder related 
particles (BRP).  

Analysis 1 2 

CaO 99.13 96.00 

SiO2 0.18 0.86 

Al2O3 0.17 0.07 

MgO 0.37 0.45 

Na2O 0.09 - 

SO3 - 0.09 

Cl 0.04 1.17 

Fe2O3 - 0.26 

P2O5 - 1.10 

Sum 99.98 100 

CI 0.01 0.03 
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3.3. Thermal analyses (TA) 

Based on the macroscopic and microscopic evaluation, the studied materials were divided into four 

groups:    (A) limestone fragments, possibly including raw material and unburnt raw material particles,  

(B) Binder related particles - BRP, including lime lumps, 

(C) binder, represented by fractions up to 63 µm, 

(D) calcareous sandstone and other lithoclasts.  

The TA analyses confirmed some differences among these groups (Figure 6). The limestone samples 

showed a  weight loss in the temperature interval 600–950°C (decomposition of CaCO3) of about 43 

wt. %. which is significant for high-purity limestones (Tab. 3). The loss between temperatures 50– 

600°C connected to the release of physically and chemically bound water did not exceed 0.5 wt. % 

(Tab. 3). On the other hand, group B and C samples mostly had a weight loss in percentage units within 

this interval (Figure 6). It corresponded to the loss of moisture contained in the mortar aggregate or 

moisture contained in the hydrated binder phases. In addition, the technological particles (group B) 

were less contaminated than the samples of the binders (group C).  

 

Table 3. Weight loss of selected samples represented the group A, B, C, and D and estimated CaCO3 content. 

Sample 
Weight loss [wt.%]   

50-600°C 600-950°C CaCO3 [wt. %]  

ML 12L1 0.27 43.67 99.3 Limestone (A) 

ML 14L1 0.22 43.64 99.2 Limestone (A) 

ML 17L2 0.25 43.38 98.6 Limestone (A) 

ML 19L1 0.19 43.46 98.8 Limestone (A) 

ML 20L1 0.44 42.35 96.3 Limestone (A) 

ML 13L1 2.85 34.84 79.2 BRP (B) 

ML 13L2 2.07 39.17 89.0 BRP (B) 

ML 16L1 2.20 33.61 76.4 BRP (B) 

ML 17L1 2.13 36.94 84.0 BRP (B) 

POH 2L1 0.6 42.33 95.0 BRP (B) 

POH 6L1 1.0 42.51 95.0 BRP (B) 

POH 7L1 0.3 42.84 96.4 BRP (B) 

POH 8L1 2.2 41.80 92.7 BRP (B) 

ML 11b 3.46 33.05 75.1 Binder (C) 

ML 13b 4.28 33.85 76.9 Binder (C) 

ML 16b 3.64 31.71 72.1 Binder (C) 

ML 17b 3.85 35.47 80.6 Binder (C) 

ML 20b 3.03 34.85 79.2 Binder (C) 

POH 6b 1.7 33.79 74.9 Binder (C) 

POH 7b 2.0 38.69 86.2 Binder (C) 

ML 18 0.56 23.92 54.4 Sandstone (D) 
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Figure 6. Comparison of the weight losses in the ranges 50 to 600°C and 600 to 950°C for the groups A, B and C. 

 

3.4. X-ray diffraction (XRD) 

The samples analysed by the TA were also analysed by XRD. The major component of all materials was 

calcite. Dolomitisation was low, and the highest dolomite content was detected in ML 20L1 (Tab. 4). 

Quartz, feldspar and muscovite were mostly of aggregate origin. Raw materials (group A) were rare. 

Contamination of binder samples (group C) with aggregate ranges from 5 to 18% by weight. A 

comparison of the X-ray results and the thermal analysis results of the raw materials (group A) suggests 

that a large part of the amorphous fraction is probably less crystalline calcite, which appears 

amorphous on the diffractogram.   

 

Table 4. Mineralogical composition of selected samples (XRD). 

Sample Quartz Calcite Na-feld K-feld Ca-feld Muscovite Chlorite Dolomite Amorphous 

ML 14L (A) <0.5 80.8 - - -  - - 19.0 

ML 17L2 (A) <0.5 71.5 - - - - - 0.7 28.0 

ML 19L2 (A) 0.6 80.5 - - - - - - 19.0 

ML 20L1 (A) <0.5 73.2 - - - - - 1.8 25.0 

ML 13L1 (B) 8.6 60.9 0.7 0.4 0.3 0.6 - - 28.4 

ML 15L1 (B) 15.1 50.0 1.4 0.6 0.6 0.5 - - 31.9 

ML 16L1 (B) 10.3 55.6 0.9 0.6 - 0.4 - - 32.0 

ML 17b (C) 5.6 64.1 1.6 1.0 - 1.1 <0.5 - 26.4 

ML 20b (C) 5.7 63.4 1.3 0.4 - 0.9 - - 28.0 

ML 29b (C) 3.3 77.6 1.3 - - 0.6 - - 17.2 

POH 2b (C) 8.7 87.3 2 1.2 - 0.8 - - - 

POH  5b (C) 41.6 27.2 9.5 6.5 - 5.9 4.2 - 1.3 

POH 6b (C) 9.6 85.1 1.7 1.4 - 0.8 0.7 <0.5 0.6 

POH 7b (C) 5.4 90.9 0.7 0.7 - 1.4 <0.5 <0.5 0.7 

POH 8b (C) 12.6 77.3 3.3 3 - 1.6 1.5 0.7 - 
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3.5. Leaching off in acid and sieve analyse 

The ratio of soluble and insoluble mortar components was influenced by the number of limestone 

fragments and BRPs. These components were soluble in acid as well as the binding matrix. Larger 

limestone fragments and BRP were possible to remove but the majority were left and thus included in 

the soluble component. The weight ratio of insoluble and soluble components was in the range of 1 : 

0.5–2.1 (Tab. 5). The mortars were rich in the binder, but the soluble part was higher due to the 

presence of particles, which, although added to the mortar as a binder, did not behave as effectively 

due to their size. The sands obtained by dissolving the mortar samples had similar characteristics. Only 

sample ML 15 contained significantly coarser fractions. This possibly corresponds to some specific use 

of this mortar. 

 

Table 5. Selected weight ratios of insoluble and soluble components 

Sample 
Sample weight before 

dissolution [g] 
Insoluble components A 

[wt. %] 
Soluble components B 

[wt. %] 
A/B ratio 

ML 10 50.7 68.2 31.8 2.1 
ML 11 95.6 44.4 55.6 0.8 
ML 13 75.1 58.1 41.9 1.4 
ML 15 81.8 46.1 53.9 0.9 
ML 16 125.9 34.7 65.3 0.5 
ML 19 61.8 65.7 34.3 1.9 
ML 20 89.6 60.7 39.3 1.5 

 

 

3.6. Stable isotope analyses 

The ideal value of carbonate binder δ13C V-PDB, in which atmospheric CO2 was absorbed by calcium 

hydroxide, is between -20 ‰ and -27 ‰ [35]. Moreover, δ13C fluctuate to both positive and negative 

values in the presence of contaminants, typically geogenic carbonates or layered silicates, which 

absorb recent atmospheric CO2 [36]. The presence of these contaminants or geogenic carbon can 

cause inaccurate results in radiocarbon dating. Sound and hard-looking white particles were removed 

from mortars and their isotope content was determined, mainly aiming to trace their origin.   

 The content of oxygen and carbon stable isotopes was determined for 12 samples (Figure 7). The 

variance of δ13C V-PDB values was between 1.6 ‰ and -17.7 ‰ (Tab. 6). This content suggests that the 

selected samples are all limestones, POH 2L could be partially burnt and re-carbonated limestone. They 

most probably contain geogenic carbonate. For dating purposes, this material must not be included.  

The differences between the materials from Mikulčice and Pohansko were also observed. The results 

suggest that the raw material sources were probably not identic but isotopically related. Only the 

sample POH 2 showed significantly different values, which indicate carbonation without geogenic 

impurity. Probably it was a partially burned material. 
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Figure 7. ẟ13C and ẟ18O isotopes of selected samples. 

4 Discussion 

All studied samples from Mikulčice and Pohansko were of a similar nature. No secondary 

recrystallisation was observed, which suggests that the samples may be suitable for 14C dating in terms 

of sample rejuvenation. 

The individual components (groups A, B and C) were distinguishable based on macroscopic and 

microscopic observation and the results of thermal analysis (TA). A slight difference was found in the 

amorphous phase content between the samples from Mikulčice and Pohansko. The samples from 

Mikulčice had a higher amorphous content. Based on the TA analysis, the amorphous phase includes 

calcite (see group A), which may behave differently during the acid dissolution process to collect CO2 

fractions.  

The binder of all samples was a calcitic lime with a minimal admixture of non-carbonate components. 

According to the SEM-EDS and XRD analyses, the cementation index describing the hydraulicity of the 

binder and BRP was very low (on average 0.02), which corresponds to air limes. Therefore, it is likely 

that the raw material for the binder production was very pure limestone without impurities. This is 

also in agreement with the results of the TA analysis of BRP and limestone fragments. The stable 

isotope analysis suggests that the limestone could come from similar sources, possibly a single source.  

The mortars were characterised by a high binder content and a significant amount of limestone 

fragments and BRP. Most of the limestone fragments do not show signs of temperature changes. Some 

particles (especially in the ML 29 sample), which retained their original structure and shape, showed 

the presence of fine cracks and were composed of fine-grained carbonate mass. These BRP were most 

probably partially burnt and thus, they represented the composition of the original raw material. At 

the same time, their isotope ẟ13C content was shifted by the carbonation process (POH 2L).  

Based on the composition and identical structural features [37], the so-called Ernstbrunn limestones 

of the Jurassic Period can be identified as a potential source of these limestones, which form significant 

  

Table 6. ẟ13C & ẟ18O isotopes of selected samples. 

Sample 
ẟ13C (‰ 

V-PDB) 

ẟ18O (‰ 

V-PDB) 

ẟ18O (‰ 

V-SMOW) 

ML 10L1 0.5 -3.3 27.7 

ML 10L2 1.6 -3.2 27.7 

ML 12L1 1.0 -5.3 27.6 

ML 14L1 1.6 -2.9 27.8 

ML 20L1 -3.0 -5.8 26.0 

ML 30L -2.4 -8.6 27.4 

POH 1L1 0.6 -3.1 13.7 

POH 2L -17.7 -19.5 9.3 

POH 3L 0.1 -3.2 9.4 

POH 9L 1.6 -1.8 18.0 

POH 14L -1.2 -1.2 13.2 

POH 15L -1.4 -1.9 12.9 
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ridge formations in the Pálava area. Differences in stable isotope composition in limestone material 

from the Mikulčice and Pohansko localities indicate the same limestone type.  

As stated by Leslie a Hughes [15], Ingham [16] or Elsen [17, 34], the presence of carbonate filler 

particles and unburnt binder fragments of the original limestone material has a significant impact on 

dating options. The presence of geogenic carbonate introduces an error in the dating results and leads 

to an incorrect interpretation of the age of the studied mortar. However, such mortar particles are 

relatively abundant in samples from Mikulčice and Pohansko. They were well identified using by OM 

and CL.  It is, therefore, crucial to choose an adequate pre-processing of these mortars focusing on an 

appropriate separation method of the limestone particles. The limestone fragments could be physically 

removed by a mechanical procedure [35]. Alternatively, the fractionation during the acid dissolution 

can be used to exclude this geogenic carbon [11]. The suitability of the mechanical or chemical 

separations needs to be verified further.   

In addition to the already mentioned limestone fragments, the presence of all carbonate particles is 

very important. The BRP present in the mortars were of various types, including partially burnt lumps, 

not disintegrated lime fragments and lime lumps sensu stricto. The TA results also showed that some 

of these BRP were less pure than the present limestone fragments, which suggests their 

contamination. Some of them can possibly be slightly hydraulic. These particles may also form non-

carbonate clusters that do not reflect representative CO2 in the atmosphere at the time of the 

construction process. In order to use the BRP for dating, as suggested by [13], their identification would 

have to be improved by further studies.     

5 Conclusion 

Based on the characterisation of the historical mortars, the following points should be considered if 

their radiocarbon dating is to be carried out: All mortars are made of carbonated calcitic air lime and 

non-carbonate sand. Studied samples contain carbonate particles: limestone fragments, BRP and 

calcareous sandstone. These components are of various sizes and cannot be simply separated as 

individual particles. Therefore, a geogenic carbon present can negatively affect the dating results.   

The limestone and calcareous sandstone fragments are clearly distinguishable. They differ from the 

binding matrix, favouring their separation during the pre-treatment phase carried out prior to the CO2 

extraction for the dating.  

The CL demonstrated the presence of carbonates of geogenic origin. The bright red colour was 

assigned to unburnt limestone; the dark red was typical for particles that probably originated from the 

fragmentation of partially burnt particles. They varied in size ranging from several to hundred 

micrometres, this makes them harder to separate from the binding matrix.  

The binder related particles in the mortars comprised (i) partially burnt limestone, (ii) fragments of not 

disintegrated but carbonated lime and (iii) lime lumps sensu stricto.  

The lime lumps sensu stricto can in theory be used directly for the 14C dating; however, the study 

showed that their differentiation from the other types of BRP requires analysis of their structure by 

microscopy.  
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 Abstract: The paper analysed petrographically plasters of three subsequential building periods 

of the Roman Theatre Augusta Raurica dating from 70-180 AD. The analysis indicated that the masonry 

plasters of the multiple construction phases can be grouped in discrete chemical-petrographic clusters. 

Despite the presence of common features, mainly associated to the prevalent aggregate of an oolitic 

limestone, the plasters from different theatre phases can be discriminated microscopically, the main 

parameter being the character of the binder matrix. Matrix silicification in association to reacted silex 

fragments was identified as a key differentiation factor between later and earlier construction phases, 

suggesting an intentionality of material choices, of technical process, or both. In addition, the 

carbonatic binder of different theatre phases present a chemical composition with characteristic 

patterns of the Ca/Mg/Sr ratios. The isotropic gel-like phase leading to the matrix silicification is 

interpreted to be the product of long-term carbonation of calcium-silicate-hydrate (CSH) phases 

generated by a pozzolanic, or eventually a hydraulic reaction of the lime binder. The primary source of 

the plasters’ hydraulicity is not clear, but silex fragments, which are common across all construction 

phases, seem to have been an important contributor to CSH formation.  

1 Introduction  

Augusta Raurica is located on the south bank of the Rhine River about 15 km East of Basel, near the 

villages Augst/Kaiseraugst, Switzerland, and represents the oldest known Roman colony on the Rhine. 

The Roman Theatre of Augusta Raurica with its imposing ruins has been extensively studied over 

decades. Yet there are still some gaps of understanding and open archaeological questions associated 

to the mortars, partially due to a lack of archaeological evidence (e.g. missing oven remains), 

limitations of science, or to the scope of the analysis carried out in the past. Previous studies focused 

primarily on construction techniques and physical-chemical properties of plasters, with little attention 

dedicated to the aspects associated to the binder and plaster technology. No in-depth characterisation 

of the specific binder features and of hydraulicity drivers, and no comprehensive evaluation of the 

plaster recipes, their associated quality and technical applications have been carried out in a 

systematic way. The most comprehensive and recent archaeometric study on Augusta Raurica plasters 

has been carried out by Peter Berner [1], including a thorough physical-chemical characterisation of 

the Theatre mortars and its aggregates, as well as a geological mapping of the raw materials in the 

vicinity of the Roman city. 

215



6th Historic Mortars Conference 

21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

Our new research intends to enhance the archaeometric analysis of the Augusta Raurica Theatre’ 

plasters and reduce the existing knowledge gaps on the technological footprint associated to the 

multiple cement recipes and building periods, enlightening the archaeological interpretation with 

material science insights. The first phase of this research, described in the present paper, focused on 

complementing the existing plaster studies with a deep dive of the petrographic analysis using 

polarised light microscopy in thin section, as well as on a reassessment of the existing geochemical 

data. The analysis embedded samples from various masonry structures and construction phases and 

was supplemented by detailed archaeological investigations on the Roman construction levels within 

the Theatre’s perimeter. 

2 Archaeological context and geological background 

Colonia Augusta Raurica was founded on the South bank of the Rhine River around 44 BC by Lucius 

Munatius Plancus, the governor of the Province of Gallia, within the territory of the celtic tribe of the 

Rauraci (Rauriker) and at the immediate border of the Empire, at an important trade and movement 

crossroad. The actual construction of the village started however only around 15 BC and, with the shift 

of the Empire border from the Rhine to the Limes in the North one century later (around 80 AD), the 

colony started a period of redesign and development. Augusta Raurica, now situated at the Empire 

interior, enjoyed a period of peace and prosperity, turning into a vigorous centre of trade and 

handicraft. The colony expanded, building a small urban cell at the Rhine terrace – the “Unterstadt”, 

or “lower town” - and a major metropolitan centre at the elevated plateau situated nearby, at the 

intersection of two Rhine affluents, the Ergolz and the Violenbach streams - the so-called “Oberstadt”, 

or “upper town”. The formerly predominating wooden constructions were replaced by stone 

structures and a series of communal and religious monumental buildings have been constructed. This 

time of prosperity lasted for almost 200 years. Functional and representative buildings have been 

added, former ones have been adapted to new uses and/or to a new scale as well as to the evolving 

requirements of the population and the administration. At the 2nd century AD, the apogee of its 

flourishing period, Augusta Raurica counted with an estimated population of around 15’000 

inhabitants. 

Domestic tensions, epidemics and the fall of the Limes after 260 AD disrupted however this pathway 

of wealth. The border of the Empire returned to the Rhine and a period of invasions, military conflicts 

and uncertainty dominated the colony. A massive military fortification (castrum) has been constructed 

at the Rhine bank and became the centre of activity, business and social life. After around 275 AD the 

urban centre at the uphill - the “Oberstadt”- has been gradually abandoned and the once monumental 

constructions lost their role and relevance and turned into sources of building materials for military 

constructions and fortifications. The castrum at the Rhein has probably not been abandoned before 

the middle of the 5th century and the region certainly remained under Roman control until end of the 

5th century AD, time when the Romans started to lose power over the North Alpine region. 
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2.1 The Roman Theatre 

The Roman Theatre is the most impressive and notorious monument at Augusta Raurica and 

dominates the “Oberstadt” landscape. The Roman Theatre has attracted the attention of scholars for 

centuries, has been extensively studied over decades and has suffered a series of historical and modern 

interventions, with the first restauration activity taking place already in the late 19th century. 

Since the beginning of 20th century, it is known that the ruins of Augusta Raurica theatre encompass 

in fact three overlaying constructions, and that the axis of each building was oriented towards a temple 

situated at the opposite hill, forming a common complex (Fig. 1). Recent post-excavation research 

indicates that during the time frame between 70-180 AD three theatre buildings replaced each other. 

These three theatres, all of which experienced at least one phase of alteration, belonged to four 

different types of “Gallo Roman” buildings [2-5]. Each architectural modification at the theatre, 

reflected in the different building periods, can be traced back to a different communal function. The 

extension of all theatre constructions remained broadly unchanged across all phases, but there were 

significant differences in the height of the structure and consequently in its capacity. 

 

 
Figure 1. Aerial view of the Theatre after restauration (1991-2007), with the temple at the opposite side. Photo 

credits: Römerstadt Augusta Raurica. 
 

A series of lime and plaster mixing places have been identified at the theatre boundaries across various 

theatre phases, but no lime kiln has been found in the vicinity of the site so far, missing therefore a 

direct indication of the lime production practices at the time as well as a direct comparison for the 

original raw material used for the production of burnt lime. 

 

Theatre building periods 

The first theatre (building Period 1) has been constructed around 70-80 AD, simultaneously to the 

Podium temple at the opposite Schönbühl hill, as an Arena-theatre type. It was a multi-functional 

building with a circular arena surrounded by rows of seating tiers (cavea) and a small stage building, 

therefore equipped to host both gladiatorial and animal combat as well as stage performances (Fig. 

2a). Already around the end of the 1st century AD, the theatre was remodelled to a pure stage theatre 

through the addition of extra four rows of seating in the orchestra which disabled the use of the arena 

(Fig. 2b). Around 110 AD the intended function of the theatre again changed, leading to the partial 
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destruction of the first theatre structure and its replacement by what is called a semi-Amphitheatre 

with an oval arena (building Period 2), which was mainly dedicated to gladiatorial and animal games 

(Fig. 2c). The third and last theatre (building Period 3), constructed around 180-190 AD, was a 

monumental stage theatre with walls of 17-20 m height and offering seating capacity for 10.000 

people, almost twice as much as the arena theatre of Period 1 (Fig. 2d). This massive construction that 

replaced the semi-amphitheatre and remained in operation for around 100 years, suffered stability 

issues already during its construction that led to static reinforcements and to significant architectural 

adjustments compared to the previous building concepts. This youngest theatre has been probably 

destroyed around 280 AD, likely used as a source for construction material during late antiquity [4-5]. 

Archaeological research indicates that the structures of the former building periods have not been fully 

broken down. Instead, parts of the former monuments have been integrated into the new theatre and 

building material coming from the dismantled structures has been re-used in the new construction, 

turning the theatre ruins into a complicated puzzle of difficult interpretation. 

2.2 Geology and topography 

The geographical location region of Augusta Raurica belongs geomorphologically to the “Tafeljura”. 

The landscape around the site is strongly characterised by quaternary sediments alongside the Rhine 

and Ergolz river valleys that overlay the Jurassic and Triassic formations underneath. Whereas the 

Rhine gravel is primarily characterised by the crystalline rocks of the Alpine and pre-Alpine chains, the 

sediments of the Ergolz and Violenbach creeks are mainly composed by limestones of the Jura-chain 

formations. At the immediate vicinity of the site there is a series of outcrops where the underlying 

Triassic and Jurassic sedimentary rocks come to the surface. These rocks are mainly characterised by 

different types of limestones (often biogenic, more or less rich in magnesium and silex, and partially 

intercalated with flint layers), marls, as well as sandstones with variable share of carbonatic 

components. The most relevant formations occurring at the outcrops at the surroundings of Augusta 

Raurica are micritic and dolomitic limestones (Muschelkalk, Trias) and oolitic limestones 

(Hautprogenstein, Dogger)[6-7].  

 

        
  (a)     (b)      (c)         (d) 
Figure 2. Reconstruction of the main building periods of the Augusta Raurica Theatre: (a) Period 1a: First arena 

theatre; (b) Period 1b: Modified arena theatre; (c) Period 2: Semi-amphitheatre; (d) Period 3: Monumental 
stage theatre. Extract from Hufschmid [5]. 

218



6th Historic Mortars Conference 

21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

3 Materials and methods 

The present study encompassed twenty-four plaster samples from all Theatre building periods and 

associated to multiple masonry structures (Table 1), which were collected and categorised during the 

1992 excavation season [8]. With the exception of three cases, all samples represent plasters used for 

the construction of supporting walls or structural foundations. 

The plasters samples were impregnated with resin, prepared into thin sections of 30 micrometres 

thickness (glass-covered and polished), and analysed under a polarised light microscope using 

transmitted, and selectively reflected, light. The petrographic analysis has been carried out at the IPAS 

(Integrative Prehistory and Archaeological Science) at the University of Basel using a Leica DMRXP 

microscope. The mortar samples have been complemented by selected examples of surrounding rocks 

and alluvial sediments. These were primarily used as comparison material to support the microscopic 

recognition of synthetic (non-natural) products and the identification of raw materials. 

Most plaster samples included in this study have been previously analysed by Berner [1], at least 

partially. Available information on composition and geochemistry, both for plasters and rocks, have 

been reassessed and reinterpreted in light of the petrographic analysis and embedding additional and 

up-to-date archaeological and geoarchaeological research.  
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Table 1. Samples description and archaeological context 

Sample Archaeological structure Mortar type 
Building 

period 

Elemental composition 

at fraction <0.05mm1 

    Ca 

(mg/l) 

Mg/Ca 

(%) 

Sr/Ca 

(%) 

1168.4 Theatre wall MR10 Masonry mortar 1    

1168.5 Theatre wall MR11 Masonry mortar 1 830.7 13.4 0.056 

1178.5 Theatre wall MR15 Masonry mortar 1 751.7 23.8 0.048 

1181.2 
Theatre staircase between   

walls MR85 and MR41 
Masonry mortar 1    

1178.2 Theatre wall MR30/38 Masonry mortar 2 1500 0.84 0.030 

1178.3 Theatre wall MR30/38 Masonry mortar 2    

1178.4 Theatre wall MR38/(30) Masonry mortar 2 1442 2.64 0.022 

1181.3 Underneath stair step Masonry mortar 2    

1182.1 Sewer MR211 Wall mortar 2 926.8 9.36 0.040 

1182.3 Sewer MR215 Vault mortar 2?    

366.5 Theatre wall MR1 (drill core) Masonry mortar 3 886.8 7.53 0.026 

366.7 Theatre wall MR1 (drill core) Masonry mortar 3    

1177.1 Theatre vault MR1 
Filling material 

between tufa blocks 
3    

1177.2 Theatre wall MR2 Masonry mortar 3    

1177.3 Theatre wall MR2 Masonry mortar 3 890.2 10.1 0.052 

1177.4 Theatre wall MR2 Masonry mortar 3 905.7 15.3 0.040 
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1177.7 Theatre wall MR6 Masonry mortar 3 
   

1177.8 Theatre wall MR6 Masonry mortar 3 1042 13.8 0.025 

1178.1 Structural foundations MR42 Masonry mortar 3 930.8 14.9 0.035 

1179.1 Structural Foundations MR188 Masonry mortar 3 775.8 18.9 0.030 

1179.2 Structural foundations- block Masonry mortar 3 
   

1181.6 Structural foundations MR58 Masonry mortar 3 1010 11.9 0.033 

1177.5 Theatre wall MR3 Masonry mortar 3a 974.3 15.2 0.032 

1177.6 Theatre wall MR3 Masonry mortar 3a 1336 5.4 0.037 

(1) Chemical composition after Berner [1]: Flame AAS of the liquid portion after (partial) acid digestion followed 
by filtration and discard of solid residue.  

4 Results 

4.1 Petrography 

The Table 2 summarises the output of the petrographic analysis. 

The analytical refreshment indicated that, despite deviations, the masonry plasters of all Theatre 

phases present a set of singular features related to both raw material choices and mortar technique. 

Microscopically they are easily identifiable by a combination of typical attributes, as follows: 

• Limestone is the leading aggregate type, predominantly the alluvial pebbles of the oolite-rich 

Hauptrogenstein (Dogger)(Fig. 3a). 

• High amounts of fragments of amorphous silica dispersed in the carbonatic matrix, mainly of two 

types: silex/flint fragments and residual fossil filling (Fig. 3 b,c). 

• High amounts of lose and/or broken oolites (angular edges) (Fig. 3d). 

• The binder is predominantly enriched in Mg, with few exceptions. 

• The binder is carbonatic, independently of the building period. Lime lumps are present in all 

samples independently of the construction phase, normally of calcareous limestone and showing 

an unburnt core (Fig. 3e). Secondarily, and with differently relevance in the multiple samples, are 

present lime lumps of dolomitic limestone (Fig. 3f) as well as lime lumps suggesting an incomplete 

hydration of burnt fragments. 

Recycled mortar fragments added as aggregate are eventually present, but not in relevant amounts 

and not as consistently as to characterise an integral part of the mortar recipe. 
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   (a)         (b)       (c)

      
  (d)        (e)       (f) 
Figure 3. Microphotographs of Theatre mortars: (a) Pebbles and fragments of oolitic limestone 
“Hauptrogenstein” as prevalent aggregate (arrows), under plane polarised light (PPL); (b) Silex/flint fragment 
with signs of modification and reaction, under crossed polarised light (XPL); (c) Fossil with siliceous filling (XPL); 
(d) Broken and loose oolites (arrows; XPL); (e) Lime lump (XPL); (f) Dolomitic lime lump (PPL). 
 

4.1.1 Masonry mortars 

Although at first sight the masonry plasters from different construction phases look similar, a careful 

observation surfaces important attributes that seem to be specific and typical for the different building 

periods and might be traced backed to raw material, plaster recipes, and/or technical skills. 

Period 1 (Arena theatre) and Period 2 (Semi-amphitheatre) 

Periods 1 and 2 are microscopically very similar to each other, presenting all typical attributes 

described above. The carbonatic binder appears predominantly brownish under polarised light (Fig. 4 

a-c), showing the typical diffuse brown zones often observed in Roman plasters and modern cements, 

and normally associated to the presence of hydraulic phases [9-11]. 

 

   
   (a)     (b)      (c) 
Figure 4. Microphotographs of the diffuse brownish zones typical for the binder matrix of Periods 1 and 2: (a) 
Theatre mortar showing predominance of brown coloured matrix, and diffuse brownish zones well recognised 
surrounding a reacted fragment (PPL); (b) XPL image of (a); (c) Restauration mortar from 1st half 20th century, 
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hydraulic, showing a binder matrix dominated by a diffuse brown colour, similar to (a) and (b) (XPL). 
 

Matrix silicification and isotropic gel-like phases characteristic for Period 3, are relatively less frequent 

or absent. Lime lumps are frequent and often characterised by limestone fragments with unburnt core, 

though the original rock is not anymore recognisable. Main aggregate components are limestones of 

different kinds, more or less rich in silica, sandstones with variable carbonatic content, as well as 

fragments of flint and chert. Aggregates of crystalline rocks are secondary and brick fragments are 

practically absent, with no relevant additions of plant-based material. There are very few fragments 

that present reaction rim and often there are signs a poor cohesion between matrix and aggregates. 

The samples of Period 1 seem to be relatively more inhomogeneous and less carefully processed than 

Period 2, with the presence of more varied admixtures and secondary Fe-impregnation. The samples 

are however very deteriorated, with few intact binder matrix zones, and both Phases are represented 

by a very limited number of samples. 

 
 
 
Period 3 (monumental stage theatre) 

The mortars of the building Period 3, represented by a more abundant pool of samples, build a fairly 

coherent group in terms of textural features and chemical footprint, suggesting either better 

technological skills, a more consistent material management and handling, and/or a different mortar 

recipe when compared to the earlier periods. Many Period 3’ samples have been described as “hard” 

or “very hard” when collected in the field, and present a fairly homogeneous, cohesive and light-

coloured matrix (clean aspect) under the microscope (Fig. 5 a,b,j). The binder matrix shows signs of 

silicification, presenting a widespread impregnation of an isotropic, inhomogeneous, amorphous 

phase (Fig. 5 d,e), which appears intermixed with tiny points and very fine needles of carbonatic 

recrystallisation (Fig. 5 e,f). Diffuse brown coloured zones do occur, but the binder matrix appears 

overall grey under polarised light (Fig. 5 c,g,k) , this being a characteristic feature of the Period 3’ 

plasters. Silex fragments with signs of modification (Fig. 5 g,h) and aggregates with reaction rims (Fig. 

5i) are frequently observed, and occur clearly in higher amounts than in previous phases. Likewise, 

there is a higher percentage of rock fragments/aggregates of crystalline and volcanic origin when 

compared to other building periods. Sandy limestones and arenites with various carbonatic contents 

are frequent, some of them presenting signs of burning. Oolitic-Hauptrogenstein pebbles predominate 

as aggregate, but there is a more varied portfolio of limestones compared to Periods 1 and 2.  
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    (a)      (b)     (c) 

      
   (d)      (e)     (f) 

      
    (g)       (h)     (i) 

     
  (j)      (k)     (l) 
Figure 5. Microphotographs of features non-exclusive but specially frequent in the Theatre masonry mortars of 
Period 3 (a-k): (a) and (b) Light coloured calcareous binder matrix (PPL); (c) XPL image of (b), showing greyish 
character of the binder under polarised light; (d) Detail of the amorphous, gel-like phase that impregnates the 
binder matrix (XPL); (e) Tiny points of secondary carbonation (XPL); (f) Fine needles of carbonatic recrystallisation 
(XPL); (g) Silex fragment with reacted rims in a light grey binder matrix (XPL); (h) Silex fragment with reacted 
borders (PPL); (i) Very fine fragment that fully reacted with the lime binder, likely a volcanic rock (PPL); (j) Binder 
showing gel-like phase impregnation close to brown diffuse zones (PPL); (k) XPL image of (j), surfacing the 
isotropic character of the gel phase and the diffuse character of the brown zones. (l) XPL mage of opus signinum  
1177.1, with high amounts of brick fragments/ powder, and the diffuse brown zones across the binder matrix. 

 
Brick fragments are relatively more often than in elder phases, but appear in very limited and 

subordinate amount. Plant-based material is very sporadic. Lime lumps are frequent but not equally 
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relevant in all samples, and often suggest a pattern of incomplete hydration. The carbonatic binder is 

enriched in Mg and lime lumps of dolomitic limestones are often observed. 

The mortars of the Period 3a, which represents a different building period of the building Period 3, 

clearly differ from the norm described above: isotropic gel-like phases are visibly less frequent, 

fragments with reaction rims are rare, and the samples have an overall appearance of being more 

inhomogeneous. The samples of Period 3a are more similar to Periods 1 and 2 than to Period 3 in terms 

of recipe and processing/treatment, suggesting a retrogression on skills, difficult access to raw 

material, or construction under time pressure. 

Table 2. Summary of key petrographic observations 

Sample 

Binder  Main non-binder components 1 

Type 

 

Prevalent 
character XPL 

 
Rocks 

(inert) 

Minerals 

(inert) 

Brick 

fragments 

Fragments with 

reaction rims 

1168.4 Lime 
Brownish, 

deteriorated 
 

HR; LS; SL; SS; ASi; 

GG 
Cc; Qz; G 

 

N/O N/O 

1168.5 Lime 
Not clear:    

deteriorated 
 HR; LS; SS; VO; GG Cc; Qz; Fd N/O N/O 

1178.5 Lime Brownish  
HR; LS; SL; SS; VO; 

ASi; GG 
Cc; Qz; Fd; G N/O Not clear 

1181.2 Lime 
Brownish/grey, 

deteriorated 
 HR; LS; SS; ASi; GG Cc; Qz; G N/O AmSi 

1178.2 Lime Brownish  
HR; LS; SL; SS; VO; 

ASi; GG 
Cc; Qz; G Sporadic Few, AmSi 

1178.3 Lime Brownish  
HR; LS; SL; 

SS; ASi; GG 
Cc; Qz; Fd; B Sporadic Not clear 

1178.4 Lime Brownish  
HR; LS; SL; 

SS; ASi; GG 

Cc; Qz; Fd; 

G; B 
N/O N/O 

1181.3 Lime Brownish  
HR; LS; SL; SS; VO; 

ASi; GG 
Cc; Qz; Fd; N/O N/O 

1182.1 Lime 
Grey; 

deteriorated 
 

HR; LS; SL; SS; VO; 

ASi; GG 
Cc; Qz; Fd; N/O ASi, VO 
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1182.3 Lime 
Brownish; 

sporadic grey 
 

HR; LS; SL; SS; VO; 

ASi; GG 
Cc; Qz; Fd; G 

Often, but 

not major 

Frequent: 

brick + ASi 

366.5 Lime 
Grey, sporadic 

brownish 
 

HR; LS; SL; 

SS; VO; ASi 

Cc; Qz; Fd; 

G; B 
Few 

ASi; sporadic 

VO + bricks 

366.7 Lime Grey  
HR; LS; SL; 

SS; VO; ASi; GG 
Cc; Qz; B; M N/O 

ASi; sporadic 

bricks 

1177.1 
Lime 

 
Brownish  

HR; LS; SL; 

SS; VO 
Cc; Qz; Fd; G? Major 

Bricks mainly 

and many; ASi 

1177.2 Lime Grey  
HR; LS; SL; 

SS; VO; ASi 

Qz; Fd; Hb; HM; 

B? 
Few 

VO, ASi; few 

bricks 

1177.3 Lime Grey  
HR; LS; SS; 

VO; ASi; GG 
Cc; Qz; Fd; G Sporadic ASi 

1177.4 Lime 
Grey, sporadic 

brownish 
 

HR; LS; SL; SS; ASi; 

GG 
Cc; Qz; Fd; G N/O ASi 

1177.7 Lime Grey  HR; LS; SS; ASi; GG Cc; Qz; G; M Few 
Many; bricks 

and ASi 

1177.8 Lime Grey  
HR; LS; SS; VO; ASi; 

GG 
Cc; Qz; Fd; G; M N/O ASi (many), VO 

1178.1 Lime Grey  
HR; LS; SL; SS; 

VO; ASi; GG 
Cc; Qz; M; G(?) N/O ASi 

1179.1 Lime Grey  
HR; LS; SL; SS; 

ASi; GG 
Cc; Qz; Fd; G; B N/O 

Not clear; 

ASi ? 

1179.2 Lime 
Grey, sporadic 

brownish 
 

HR; LS; SS; 

VO; ASi; GG 

Cc; Qz; Fd; G; 

Hb?; HM?; M 
N/O ASi 
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1181.6 Lime 
Grey, 

deteriorated 
 

HR; LS; SL; 

SS; ASi; GG 
Cc; Qz; Fd N/O ASi; Fd? 

1177.5 Lime 
Brownish, 

deteriorated 
 

HR; LS; SL; 

SS; ASi 
Cc; Qz; B N/O N/O 

1177.6 Lime Brownish  
HR; LS; SL; SS; VO; 

ASi; GG 
Cc; Qz; G 

Very 

sporadic 
Few; ASi 

(1) N/O= not observed; Rock abbreviations: HR= Hauptrogenstein (oolitic limestone); LS= Other biogenic 
limestones; SL= Sandy limestone; SS= Sandstones; VO= volcanic; ASi= Amorphous silica (silex, flint, chert); GG= 
graphic granite. Mineral abbreviations: Cc= calcite; Qz= Quartz mono- and polycrystalline; Fd= feldspar; Hb= 
hornblende; Px= pyroxene; HM= heavy minerals; G= glauconite; B= biotite; M= muscovite 

 

4.1.2 Other plasters 

Three mortars analysed were related to non-sustaining structures. 

The sample 1177.1, attributed to Period 3 (stage theatre), comes from a filling material between tufa 

blocks forming a vault. It is the only specimen among all pieces of an “opus signinum”, namely a plaster 

mixture with predominance of brick fragments as aggregates and the admixture of brick powder as 

pozzolanic additive. It is the only mortar sample in which Hauptrogenstein pebbles, though present, 

are in subordinate amount. The brick fragments show frequently signs of reiterate burning, acting 

therefore partially as inert aggregates. Differently from other samples of the Period 3, the binder 

matrix of 1177.1 is predominantly brown under polarised light and presents the diffuse brown zones 

described in Periods 1 and 2 (Fig. 5 l). The isotropic gel-like phase is rare, suggesting that either the 

carbonation process of brick-derived pozzolanic reactions runs at a slower pace, or that the amount of 

CSH phases generated by the reactions where active silex fragments are present is higher, and 

consequently more silicification is observed after long-term carbonation. 

The samples 1182.1 and 1182.3 are related to a sewer coming from a neighbouring thermal bath 

complex, that crosses the theatre on its southern part and is supposed to belong to the Period 2 (semi-

amphitheatre). Though not belonging to the same wall, both samples are interpreted to belong to the 

same sewer structure. The microstructure of both samples is however clearly different, suggesting that 

they either belong to a different structure, or the differences are associated to a different functional 

application (1182.3 is part of the vault covering the channel, whereas 1182.1 comes from the walls). 

The vault mortar 1182.3, though with predominance of limestone pebbles as aggregates, presents a 

relatively high amount of brick fragments. It does not represent an opus signinum, but it is the only 

plaster besides the opus signinum sample 1177.1 that shows a considerably high frequency of brick 

fragments. The binder matrix presents predominantly a brownish colour, though silicification zones 

are also visible. The wall mortar 1182.1, on the other hand, shows characteristics that would be more 

typical for Period 3, namely a high relevance of isotropic, gel-like phases impregnating the binder 

matrix in association with reacted silex, as well as a similar chemical pattern. 
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4.2 Chemistry reassessment 

The reassessment of the available geochemical data of the fine matrix (fraction <0.05mm) of selected 

Theatre plasters and of the surrounding geological facies, with focus on the relationship between 

Strontium, Calcium and Magnesium, surfaced interesting patterns, namely: 

• Identification of three main mortar clusters, which are strongly correlated to the attributed building 

period (Fig. 6a). 

• Directional compatibility of the plaster matrix to the limestones of the Muschelkalk formation for 

all construction phases, with masonry plasters of Period 3 building a discrete chemical group with 

positive correlation to Mg-rich rocks of the Trigonodus Dolomite series (Trias), and masonry 

plasters of Period 2 directionally compatible to the Mg-poor Plattenkalk layers. The footprint of 

Period 1, with relatively higher Sr ratios, suggests that a slightly different raw material mix has been 

used to produce burnt lime compared to the other phases, possibly with addition of 

Hauptrogenstein rocks (Fig. 6 a,b). 

Despite the relatively restricted number of samples and the fact that the existing geochemical data 

does not cover all samples, the combination of the chemical with the petrographic observations do 

suggest that the described clusters are representative. A more comprehensive analysis is however 

needed to confirm these preliminary hypotheses. 

 
    (a)        (b) 
Figure 6. Sr/Ca ratios (%) versus Ca content (mg/l) of: (a) Fine granulometric fraction (<0.005mm) of Theatre 
mortars; (b) Limestones at the vicinity of the site. Based on AAS data from Berner [1] (see Table 1). 

5 Discussion 

The petrographic deep dive in conjunction with a reassessment of the existing geochemical data 

enabled the identification of discrete clusters of plasters associated to the different theatre periods, 

despite the presence of characteristic common attributes.  

The primary source of natural aggregates has remained unchanged across the whole Theatre history 

and conveys the most characteristic feature of the Theatre plasters across all construction phases: the 

pebbles of the neighbouring Ergolz creek and its fluvial terraces, composed by different types of 

limestones of the Jura chain, predominantly the oolite-rich Hauptrogenstein. The Ergolz pebbles are 

less resistant than the neighbouring Rhine alluvials, raising the question if this choice was based on a 
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lack of understanding of the material properties. The fact however that this choice remained 

unchanged for almost two centuries and across multiple reconstruction phases suggests that it 

represents a conscious decision to optimise logistical effort and/or to accelerate the construction, and 

that other tools were used to eliminate the downside of the lower resistance of limestone aggregates.  

The fact that in Period 3, characterised by the theatre of monumental size, the plasters contain a 

relatively higher amount of crystalline and volcanic rock fragments compared to previous phases 

suggests that the leading architect was possibly aware of the reduced “quality” of the Ergolz alluvials 

and also skilled to incorporate complementary technologies. 

Chemistry and petrographic observations (dolomitic lime lumps) suggest that Mg-rich or Mg-bearing 

limestones have been primarily used for the burnt lime production across the whole period, more 

specifically Periods 1 and 3. Due to the absence of comparative geological samples and of trace 

element chemistry the exact identification of the raw material source has not been possible, but 

Sr/Ca/Mg patterns derived from Berner’s chemical information (Table 1) [1] suggest the rocks of the 

Muschelkalk series as the primary raw material source or the primary mixing partner for the lime mix 

across all construction phases, though not necessarily the same facies/ layer. 

The samples overall present a series of indications that the plaster bulk suffered intensive mixing, or 

that raw limestone powder has been purposely added as additive: Fragments of oolites, not present 

in that form in the natural rock, are widespread; fossils filled with siliceous material often appear 

without their calcareous shells, suggesting that they were either eliminated through grinding, 

eventually through burning, or both.  

The commonly occurring fragments of amorphous silica can be traced back to the local geological 

formations. Fossils and oolites filled with chert are typical for the Hauptrogenstein series, the most 

common component of aggregates. The silex/flint components (which often present reaction rims) are 

typical for the Muschelkalk series, the supposed raw material source for burnt lime. Such silex grains 

with modification structures are also frequent in the locally occurring pleistocene conglomerate. 

The most interesting feature identified in the analytical re-assessment was the presence of an 

isotropic, gel-like phase which predominates in the binder matrix of Period 3 and which is normally 

inter-mixed with micro-sized secondary carbonates and associated to micro needles of carbonate 

recrystallisation. This amorphous, silica-gel-like material appears inhomogeneous, seemingly an 

intermixture of two or more phases (Fig. 7a). It normally occurs in association to fragments of 

amorphous silica (silex, flint) presenting reaction rims or other patterns of modification (Fig. 7 b,c). 

Due to its optical properties, this gel-like component is often overseen and/or interpreted as void 

under petrographic microscopy, and there is little literature on the subject [12]. This amorphous 

component is interpreted to be the product of long-term carbonation of CSH phases [13-16], 

generated by a pozzolanic, or eventually a hydraulic reaction of the lime binder. Calcium silicate 

hydrate, below exemplified by tobermorite 11Å, is described to react with the atmospheric carbon 

dioxide gas in the presence of moisture, decomposing into silica gel and calcium carbonate [14]: 

 

5CaO.6SiO2.5H2O + 5CO2 --> 5CaCO3 + 6SiO2 + 5H2O      (1) 
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Microscopically, the main pattern of differentiation between the plasters of the multiple Theatre 

periods is reflected in the prevalent character of the binder, presenting either impregnation with the 

above described isotropic gel-like phase in combination with reacted silex (typical for Period 3- stage 

theatre) (Fig. 5 a-h; Fig. 7a-c), or diffuse brown zones under polarised light (typical for Periods 1- arena 

theatre, and Period 2- semi-amphitheatre) (Fig. 4 a-b). 

 

    
  (a)       (b)     (c) 
Figure 7. Microphotographs of the Theatre mortar samples under polarised light (XPL): (a) High magnitude image 
showing the inhomogeneous and multi-phase character of the amorphous, gel-like phase that impregnates the 
binder matrix; (b) Silex fragment with features of modification and secondary carbonation; (c) Chert/silex 
fragment with reacted rims. 
 

At all phases of the Theatre, we are exposed to an intriguing situation: Whereas there are several 

indications that the lime plasters have a hydraulic character (i.e. relatively high compressive strength, 

resistance to water, indications of pozzolanic reactions, soluble silica ratios, isotropic gel-like phases), 

the source of the hydraulicity is not clear: no additive with pozzolanic character is recognised in 

significant quantities, neither there is any indication that a hydraulic lime has been produced in a 

deliberate and consistent way. Though components with reacted rims are often present dispersed in 

the binder, the visible amount of these fragments is in most cases not relevant enough to justify a 

widespread hydraulicity, raising the question if the bulk of these ingredients have been consumed in 

the course of the history, or if these reactions have been generated unintentionally and inconsistently, 

with no material influence on the hydraulic character of the binder: rather other additives not anymore 

visible were in fact the main driver of the pozzolanic reaction.  

Challenges of evaluating hydraulicity in historical mortars have been discussed by several scholars [17-

20] and similar phenomena of undefined source of hydraulicity in conjunction with the gel-like phases 

has been described by Weber et al. [12] in a series of Roman and medieval examples. Our current 

hypothesis is that the observed amorphous silica fragments, normally flint, have reacted with the lime 

binder to form calcium-silicate phases [21-26]. The fact that these flint fragments, often presenting 

alteration, are clearly more frequent in the plasters of the Period 3 (younger theatre, bigger), and that 

they often present angular shape suggest that they were crushed and added consciously, probably 

aiming a higher compressive strength property to support a more monumental construction size with 

higher load capacity. Not yet clear is if they were added with an intended function as aggregates and 

unintendedly acted as pozzolanic triggers, or if they were deliberately added as pozzolanic additives. 

Another possibility is that the silica-rich (dolomitic) limestone layers of the Muschelkalk series have 

been used as raw material of burnt lime, and that the burning process has facilitated or induced a 
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lime/silex reactivity or the production of hydraulic lime. Again, it still remains open if this choice was 

intentional due to the improved resulting lime attributes, or a consequence of the geological layers 

accessible at the outcrops at the time. It is not evident if such flint/lime reactions would be so relevant 

as to generate the physical-mechanical properties observed or if those properties are in fact associated 

to other reactive components not yet identified.  

It is likewise not yet evident if specific additives and aggregate components might have additionally 

contributed to the hydraulicity and/or strength of the material. Despite the fact that there is a positive 

correlation between the masonry mortars and the Muschelkalk considering the Sr/Ca/Mg pattern, it 

still remains unclear if at least part of the Mg content might have been generated by components 

responsible for the pozzolanic reaction, which are not anymore visible. The role of Magnesium in the 

quality of the binder and on facilitating some critical binder reactions is supposed to be relevant but 

remains unclear and unproved [27-29]. It is also still to be verified how relevant the addition of 

limestone powder might have been in improving the plaster properties, such the packing of the 

system, by providing new nucleation sites for calcium hydroxide, or eventually by facilitating the 

formation of carboaluminates in mixtures with additives of calcined clay (e.g. opus signinum) [29-31].  

The choice of non-obvious ingredients to generate hydraulicity would raise interesting questions both 

from an archaeological as well as from a technical point of view. Further investigations are needed to 

better understand and qualify the observed features and the related technical and historical 

implications. Complementary studies using additional analytical techniques are currently in progress. 
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Topic 4: Historic renders and plasters.  
Gypsum-based plasters and mortars.  

Adobe and mud mortars.  
Rammed earth constructions.  

Natural and Roman cement mortars.  
Assessment. 
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REPAIR MORTAR FOR A COLOURED LAYER OF SGRAFFITO RENDER – A 
TECHNOLOGICAL COPY 

Jan Válek 1,*, Olga Skružná 1, Zuzana Wichterlová 2, Jana Waisserová 3, Petr Kozlovcev 1 and Dita 
Frankeová 1 

(1) Institute of Theoretical and Applied Mechanics of Czech Academy of Sciences, Prague, Czech Republic 
(2) Faculty of Restoration, University of Pardubice, Litomyšl, Czech Republic 
(3) Freelance restorer, Zahořany, Czech Republic 

Abstract: Sgraffito technique was used to decorate renders by scratching the top layer of lime 

wash in the Renaissance time. This technique required both artistic and craft skills and its quality and 

durability relied on the selected materials. In order to contribute to the preservation of surviving 

sgraffiti in the town of Slavonice in the Czech Republic a study was carried out assessing the possibility 

to replicate the original materials and the application techniques. Historical sgraffito layers were 

sampled in situ and studied in a laboratory by commonly used analytical methods - OM, TA, XRD, SEM-

EDS. The raw materials, lime binder and sand, were characterised and the mixing proportion app. 1 to 

0.7 (vol.) of lime putty to sand was determined. The character of the raw materials was compared with 

the locally known resources and their probable provenance was localised. Based on the character of 

the local limestone, a similar raw material was obtained and burnt in an experimental lime kiln to 

produce quicklime. The sand was obtained locally from an old and disused pit quarry. The possibility 

to obtain the raw materials that came from similar sources as the historic ones allowed us to study 

possible production technologies and application techniques. The ways the raw materials were 

processed and the mortar applied were verified by a series of practical experiments. These included 

the use of lime putty v. dry slaked hydrate, the thickness of a layer, trowelling and final finishing, time 

span before application of lime wash, timing of drawing and scratching. In addition, the performance 

of the produced mortar mix was assessed by mechanical and physical tests. Compressive and flexural 

strengths, capillary absorption, drying index, open porosity and water vapour diffusion coefficient 

were determined on standard prism specimens as well as on mortar specimens cut from wall panels. 

The mortar was tested in two sets with different consistencies due to mixing water content. The tests 

pointed out the influence of application methods on the performance. The mortar properties were 

positively evaluated especially in terms of porous structure and water vapour permeability. The 

mortar, designed as a material replica of the original, was used in a conservation project on a façade 

of a house, where missing parts of a sgraffito render were reconstructed.  

1 Introduction 

Historic mortars are commonly characterised in order to describe their composition and physical 

properties in relation to design suitable repair procedures of historic buildings [1, 2, 3]. When a new 

repair mortar is designed, conservation professionals often advocate a “like for like” approach 

suggesting that the new mortar recipe should follow that of the original [4, 5]. From an analytical point 

of view, a copy based on composition is possible, but there is also a technological part that cannot be 
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omitted. Creating a technological copy of a work of art requires the use of the same materials and 

techniques that were used for the original.  

In the historical centre of Slavonice, on the side facade of the house No. 545, there were found 

fragments of a Renaissance sgraffito with figures of Landsknechts. (A term used for mercenary soldiers 

in the period of the Renaissance in the territory administered by the Habsburg emperors. The term 

comes from German and has a deeper meaning: a servant of the country fighting for Christian ideas.) 

The sgraffito used to be covered with a plaster, which protected it from the weather, and thanks to 

this protection, it has survived in an authentic state, which documents the original craftsmanship and 

art techniques. These sgraffito fragments offered an ideal opportunity to study the originally used 

materials and applied technologies. The subject of the research was the fragments of figural sgraffito 

on the right part of the facade. They depict parts of figures of a Landsknecht parade. Five figures have 

been preserved in their entirety, of the other two only fragments of their body (hand) and parts of 

armament (sword) have been preserved, Fig. 1. 

Sgraffito, or "scratching" in render, or plaster, is usually defined as an engraved figural and ornamental 

decoration of the exteriors, and exceptionally of the interiors of buildings. The period in which sgraffito 

originated corresponds to the character of the artistic appearance and techniques. Sgraffito as a 

distinctive decorative technique, as found on the Renaissance facades in the Czech Republic, comes 

from the Italian Renaissance [6]. In the Renaissance, the authors of contemporary texts describe the 

sgraffito technique and point out its painting aspects, which consist of shading. Girogio Vasari (1511–

1574) and Filippo Baldinucci (1625–1696) describe details of a technique called “scraping on facades” 

such as hatching (tratteggiare), “pushing” (aggravare) and adding “light shadow” (chiari e scuri) or 

“semi-coloured” (mezzo colore, tinta di mezzo), which is clearly a description of shading [7]. Both 

authors also suggest a further colouring or supporting of shadows with watercolour as part of the 

technique [7], Fig. 2. Most Renaissance sgraffiti in the Czech Republic consist of only one fine-grained 

mortar layer, called intonaco in Italian terminology, with a lime wash on the surface [8]. When the 

texture of this plaster is revealed by scraping, the colour of the base becomes apparent. Italian 

contemporary terminology refers to black intonaco (intonaco nero), coloured with charcoal.  However, 

it can also show a different colour of filler, which is simplistically called coloured intonaco. 

2 Original sgraffito technique 

The intention of the restoration of the sgraffito was that, if the appropriate graphic originals could be 

found, the figures would be completed and the fragments could be perceived as more complete scene. 

The original parts were to be conserved based on the principle of minimal intervention. The newly 

reconstructed parts of the sgraffito were to be made as a material and technological copy of the 

original, while maintaining the differences between the reconstructions and the original. By comparing 

the original Landsknecht figures traced on transparent plastic sheets with a large number of 

contemporary illustrations, it was found that the prints from the digital collection of the Herzog-Anton-

Ulrich Museum in Braunschweig corresponded best to them. However, Erhard Schön's original 

illustrations for Hans Sachs's poems about the Landsknechts had to be adapted to the scale and 
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handwriting of the surviving fragments of sgraffito figures. The new drawings of reconstructed parts 

on translucent plastic sheets were also used to transfer the drawing to the wall. 

 
Figure 1. State before reconstruction of the facade with the Landsknechts. On both sides of the secondarily 
placed window there are fragments, already conserved, of the original Renaissance sgraffito. The sgraffito 

pattern on the left side of the picture belongs to the later Renaissance decoration of the house. 

 

Figure 2. Detail showing three basic surface finishing techniques of the sgraffito. In the upper third, the lime 
wash is untreated and this finish acts as the brightest one, in the middle third, the lime wash is partially 

removed and smoothed with a spatula. This surface was subsequently decorated with hatching. The darkest 
part at the bottom was created by completely scraping away the lime wash and partially also the mortar 

surface. 
 

2.1 Material characterisation  

The survey investigated the material composition and layering of sgraffito, coloured layer and lime 

wash. The parameters assessed and the methods used are summarized in Tab. 1. 
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Table 1. Analytical procedures used in the study of the Landsknecht sgraffito mortar system and the summary of 

the analytical results based on samples.  

Thickness of 

layers and their 

composition 

Methods used: 

in-situ survey, 

OM 

The studied sgraffito consists of three layers: an underlying background layer, a 

5–10 mm thick coloured intonaco and a 0.3–0.6 mm thick lime wash coating. 

The intonaco is sound and contains only lime and sand with no other colouring 

additives, see Fig. 3. The lime wash does not contain any filler, only isolated 

binder related particles up to 0.4 mm in size. The overall thickness of the lime 

wash is quite thick for a single coat, but no application sublayers were detected. 

The good bonding between the lime wash and the substrate is probably due to 

its application on a fresh surface. The surface area of the lime wash is enriched 

with the binder. The lime wash shows brush stroke-marks in oblique light and 

different variations of thinning and smoothing down to the substrate.  

Characteristics 

of the binder 

Methods used: 

OM, SEM-EDS, 

TA, XRD  

The same or very similar binder was used in the coloured layer and in the lime 

wash. The lime is a pure calcitic one, Fig. 4, 5. The coloured layer mass contains 

macroscopically visible light-coloured binder related particles up to a size of 

approximately 4 mm. They are mainly composed of partially or incompletely 

burnt pieces of binder; completely unburnt material was not detected. They 

were formed by imperfect slaking and mortar preparation. There were also 

calcium silicate particles present to a lesser extent, but their composition 

differed from that of the bulk binder. They are very probably relics of silicate 

minerals from the original raw material, crystalline limestone. These particles 

potentially add hydraulicity to the binder.  

Characteristics 

of the 

aggregate  

Methods used: 

OM, SEM-EDS 

Sieve analysis 

The aggregate of the coloured intonaco consists of sand with a majority of 

quartz and gneiss, feldspars and light and dark micas. The particles are 

unworked, sharp-angled, with an uneven surface. This indicates a short 

transport or formation by in situ weathering. The sand is less than 4 mm in size, 

the fraction under 0.063 mm is up to 5 wt. %. The sand was probably treated by 

sieving through a sieve. There was no evidence that the mortar would 

deliberately contain organic admixtures. 

Binder to 
aggregate ratio  
Methods used: 

AD, OM 

The mortar is riche in binder. The mass ratio of the soluble component to the 
insoluble component in the coloured intonaco is 37.3 : 62.7. The gauging 
proportions calculated for the materials used to make the trial panels and the 
technological copy are summarised in Tabs. 2 and 3.  

Organic 

additives 

Methods used: 

OM, GC-MS, IR, 

TA 

Traces of the milk protein - casein were detected in the lime wash in sample 

OSLB 4 using nanoliquid chromatography. This finding was not confirmed in the 

other samples and its presence was not identified by IR, probably due to its 

concentrations being below the limit of detection. The same sample also 

contained calcium oxalate. It was detected by TA and IR only in this sample. Its 

presence was interpreted as a result of the action to biological growth, Fig. 4.  

* OM - optical microscopy; SEM-EDS – scanning electron microscopy - type of detector; TA - thermal analysis; XRD - x-ray 
powder diffraction; AD -  acid dissolution; GC-MS - liquid chromatography with mass spectrometer; IR - infrared 
spectroscopy; CI - cementation index.  
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Figure 3. The coloured intonaco layer is composed of fine-grained binder with occasional binder related 

particles and an aggregate - predominantly quartz and gneiss. The lime wash does not contain filler and 

appears as one about 0.2–0.4 mm thick single layer. Sample OSL 4, PPL. 

 

Table 2. Gauging proportions of lime and sand calculated from the results of the acid dissolution test.  
 

 
Soluble v. insoluble 

ratio 
Binder - lime 

putty 
Binder – hydrated lime 

powder  
Binder – lump  

quicklime  
 Content [wt.%] Vol. ratio Vol. ratio Vol. ratio 

Binder 37.3 1.0 1.0 1.0 
Sand 62.7 0.7 0.9 1.4 

 

Table 3. Properties of lime binder (Nedvědice quarry) and aggregate (Slavonice quarry) used to convert mass to 

volumetric proportions. The values are determined after sieving before gauging. 
  

 Bulk density [kg/m3] Dry matter [hm. %] 

Lime putty 1350 40 
Powder hydrate 740  
Lump quicklime 850  
Sand  1850  

 

 
Figure 4. TA analysis of a binder related particle from the coloured intonaco from the OSL 3 sample (A) and 

from the OSL 4 sample (B). Beside the carbonate decomposition band, there are two bands corresponding to 

the contamination of the OSL 3 sample by calcium oxalate. 

A B 
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;                                       

 

Figure 5. Surface of lime wash with contamination (A). A binder cluster in the coloured intonaco layer (B). Lime 

wash and coloured intonaco layer (C). The lime wash is well bonded with the background, no individual sub-

layers are visible in the lime wash coating. Matrix of coloured intonaco with small binder particles varying in 

composition (D). Sample OSL 4, SEM – BSE. The table present the EDS analysis of the binding matrix and the 

binder related particles. 

 
LW LW LW LW 

BRP 
I 

BRE 
I 

M 
I 

M 

 11 3 1 2 7 8 9 

CaO 96.1 97.3 84.2 53.3 97.0  15.0 

SiO2 1.1 0.7 7.2 43.4 1.6  50.7 

Al2O3 0.1 - 3.9 1.1 -  2.1 

MgO 1.6 1.1 1.8 0.9 1.4  30.1 

Na2O - - 0.4 0.5 -  - 

K2O - - 0.6 0.5 -  0.2 

P2O5 - 0.3 0.4 - -  0.5 

SO3 0.7 0.6 0.3 - -  1.0 

Cl 0.4 - 0.3 0.4 -  - 

FeO - - 1.1 - -  0.4 

Total 100 100 100 100 100  100 

CI 0.03 0.02 0.28 2.25 0.04  - 

LW – lime wash; M – binding matrix and small binder 
particles; BRP – binder related particle; I – coloured 
intonaco layer; CI – cementation index category: 0–0.3 
air lime; 0.3–0.5 feebly hydraulic lime; 0.5–0.7 
moderately hydraulic lime; 0.7–1.1 eminently hydraulic 
lime; > 1.1 natural / roman cement. 

A 

B 

C 

11

C 

7 

2 
3 1 

D 

8 

9 
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3 Design of a repair mortar for coloured intonaco layer as a material copy 

3.1 Lime  

The town of Slavonice is located in the Moldanubic area with magmatic and metamorphosed rocks, 

including crystalline limestone or marbles. Knowledge of the local geology suggests that crystalline 

limestone was very likely the raw material used for the lime production, which is in line with the 

findings of the material analysis. In the search for a suitable raw material, several historic limestone 

quarries in the area were explored [9]. The nearest possible sources could not be used for various 

reasons (abandoned quarries were mostly backfilled). The quarry in Municipal Quarry in Nedvědice is 

about 120 km away but is located in the same geological formation, and sufficient quantities of good 

quality stone can still be found there. This raw material fulfilled the basic material characteristics 

determined by the analysis of the binder and was the most readily available of the identified historic 

quarries. It is a crystalline limestone with calcium-silicate admixtures, clasts of which were present in 

the mortar binder and in the lime wash coating. The chemical composition of the samples taken on 

the spot indicated a raw material suitable for the production of air lime (cementation index < 0,3; 

CaCO3 content > 94 %), which was also confirmed by the XRD analysis of the raw material and the 

burnt quicklime samples, see  Tab. 4. 

 

Table 4. XRD quantitative phase analysis of the raw material (white marble) and three quicklime samples of white 

Nedvědice marble  burnt at 1050°C with residence times 3h, 5h and 8h.  

 NB Raw material NB_3h NB_5h NB_8h 

Calcite 94.7    
Lime   62.5 57 61.9 
Dolomite    0.3 
Portlandite  3.5 7.1 4.5 
Periclase    0.1 
K-feldspar 0.8  1.3 0.3 
Mica 1.4    
Clinopyroxene  1.5  0.9 
Diopside 3.0    
Amorphous n.d. 32 34 32 

 

3.2 Sand 

In the vicinity of Slavonice, there are eluvial deposits of gneiss massif. The sand is dominated by sharp-

angled quartz particles, gneiss, light and dark micas. Samples taken from extinct sand pits in several 

places near Slavonice corresponded in their mineralogical composition to the sand used in the 

Slavonice sgraffito. Apart from the regional affiliation, the selection of suitable sand took into account 

grain size distribution and mineralogical composition, as well as the proportion of fine and clay 

particles. The workability of mortar, its colour and the appearance of the sgraffito lines and surface 

finishes were also crucial in the evaluation. In terms of colour and plasticity, the mortar made with  

sand that had the lowest content of the finest fraction among the sands from the local pits was the 

241



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

most suitable. The granulometric curve of this sand also corresponded best to the original, both in the 

amount of fine fractions and in the majority of the 0.5-1 mm fraction. This sand from the now 

abandoned sandpit in Slavonice was chosen as the optimal one, Fig. 6. It contained a very small amount 

of organic particles and therefore did not need to be cleaned by washing, but only the size was reduced 

by sieving. The content of Cl-, NO2-, SO4
2- anions was check and was found to be low.  

3.3 Production and processing technologies 

The aim was to produce a mortar that replicated the original in as many details as possible. The 

selected raw material was burnt in a wood-fired flare lime kiln according to a procedure that reflected 

the traditional lime burning in the area [10]. By calcining the Nedvědice marble, we obtained quicklime 

in lumps, whose further processing had to be decided. The texture of the coloured intonaco layer 

contains white "lime particles", which are sometimes clearly visible on the scraped surfaces of the 

original sgraffito. This led to a suggestion that lime was dry slaked to powder before its use as a binder. 

This idea was supported by the fact, that the present lime based particles were limited in size to 4 mm 

and smaller as if the binder was sieved through the same sieve as the sand. After practical tests and 

taking into account the above-mentioned aspects, the lime intended for the preparation of the 

coloured intonaco was dry-slaked to powder. A traditional way was followed, when the quicklime is 

immersed in a basket for about 15 seconds to water and then it is left to slake on a heap [11]. After 

slaking, the grain size was then adjusted by sieving to obtain particles below 4 mm. For the lime wash, 

the quicklime was slaked in excess water in a wooden slaking vessel. The hydrated lime and the putty 

were prepared two weeks prior to use, ensuring that all binder particles had enough time to react with 

water. The intonaco mortar was prepared from the lime and sand in volumetric ratio 1 : 1.  

 

 
Figure 6. Comparison of the sand used in the coloured intonaco layer with the samples from Slavonice sandpit, 

two commercially available sands and other local sandpits. 
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The first practical tests took place outside the building itself. Once the technological procedure had 

been refined, further tests were carried out on site, which allowed the timing of the individual steps in 

accordance with the local conditions. The choice of sand was verified on site in relation to the original 

mortar appearance. Its colour and effect on the drawing pattern were assessed, and the tendency to 

crack at different thicknesses of coloured intonaco was noted and evaluated.  

 

The following practical conclusions regarding the application technique were drawn:   

• The choice of processing lime to a powdered hydrate proved as practical as there were fewer 

cracks compared to mortars made with putty and the mortars contained binder related particles 

similarly to the original. The local sand from the Slavonice sandpit was also confirmed as suitable 

in terms of the required colour and fineness of the drawing.   

• The mortar should be prepared at least four days in advance to ensure the completion of the 

slaking process. 

• It was confirmed that the analytically determined proportions of powdered hydrate to sand in a 

volume ratio of 1 : 1 were suitable for the coloured intonaco. The lime-rich mixture had good water 

retention and the desired thickness was achieved with a minimum of cracking.  

• The absorption capacity of the substrate significantly influenced the timing of the sgraffito 

application procedure. Adequate pre-wetting of the substrate allowed the speed of the process to 

be controlled. In parallel, the climatic conditions must be taken into account during the application 

process.   

• Due to the tendency to crack, it is better to apply the mortar in two layers. It seems that the first 

layer is preferable to be slightly thinner as it then adheres better to absorbent rough substrate. 

• Lime wash is prepared from lime putty diluted by water. The thinning of the paint corresponded 

to the degree of intonaco setting, masonry absorption capacity and weather conditions. It is 

desirable to apply it only after the primary drying cracks in the coloured layer have appeared and 

are sealed with a spatula. The drying cracks were evident in all tests and, if pushed back at the 

right time, they did not further appear on the lime washed surface.  

• It is preferable to apply the lime wash in several coats with minimum time intervals. The bottom 

coat must be set before the next layer is applied, the top coat should not smear it.  

• During the reconstruction of the sgraffito, it is desirable to apply the paint with a brush at the 

moment when the surface does not react to the fingerprint of the hand and therefore the paint 

does not mix with the coloured intonation. The first coat should be thinner, as with the coloured 

intonaco, so that it blends well with the substrate. A thicker coat can be applied in the next layer. 

The findings related to the sgraffito technique itself, as well as the restoration procedures, are not 

discussed here in details but can be found elsewhere [16, 17].   The restoration project was successfully 

completed. The new sgraffito parts were slightly retouched with pigments from the local sand to 

reduce the contrast between the old and new areas, Fig. 7.  
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5 Practical use and evaluation by experiments 

The designed mortar was tested on trial panels in order to assess its properties and practical suitability 

for application in the proposed restoration. The following parameters were considered: workability 

and plasticity, the speed of setting in relation to the quality of sgraffito drawing, and last but not least, 

the final appearance and its surface texture.   

In practical tests, it was necessary to maintain similar layer thicknesses as on the original for both the 

coloured intonaco and the lime wash. During the tests, the timing of the individual steps was assessed; 

e.g. sufficient setting of the coloured intonaco for the application of the lime wash, the optimum state 

of the lime wash paint for the sgraffito drawing and shading; the presence of shrinkage cracks. 

 

 

 

 

   
 

Figure 7. Replicated sgraffito. Lime wash applied in three coats (A). Binder related particles of various 

composition in the replicated coloured intonaco (B). A mineral relict with reaction rim and the surrounding 

binding matrix in the replicated coloured intonaco (C). Sample SGSLU, SEM – BSE. The table present the EDS 

analysis of the binding matrix and the binder related particles. 

 LW I 

  M BRP BRP MR RC M M 

 1 2 3 4 7 8 9 10 

CaO 97.6 62.9 98.4 98.4 - 69.2 94.0 95.4 

SiO2 1.8 31.0 1.6 1.1 100 30.8 5.7 3.8 

Al2O3 0.1 0.1  - -  0.3 0.4 

MgO 0.5 6.0  0.5 -   0.4 

Total 100 100 100 100 100 100 100 100 

LW – lime wash;  I – coloured intonaco;  M – bidning matrix 
and small binder particles; BRP – binder related particle; MR – 
mineral relict, RC – reaction rim. 

A 

1 

B C 

4 

3 

2 

10 

9 

7 

8 

244



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

The first practical tests took place outside the building itself. Once the technological procedure had 

been refined, further tests were carried out on site, which allowed the timing of the individual steps in 

accordance with the local conditions. The choice of sand was verified on site in relation to the original 

mortar appearance. Its colour and effect on the drawing pattern were assessed, and the tendency to 

crack at different thicknesses of coloured intonaco was noted and evaluated.  

 

The following practical conclusions regarding the application technique were drawn:   

• The choice of processing lime to a powdered hydrate proved as practical as there were fewer 

cracks compared to mortars made with putty and the mortars contained binder related particles 

similarly to the original. The local sand from the Slavonice sandpit was also confirmed as suitable 

in terms of the required colour and fineness of the drawing.   

• The mortar should be prepared at least four days in advance to ensure the completion of the 

slaking process. 

• It was confirmed that the analytically determined proportions of powdered hydrate to sand in a 

volume ratio of 1 : 1 were suitable for the coloured intonaco. The lime-rich mixture had good water 

retention and the desired thickness was achieved with a minimum of cracking.  

• The absorption capacity of the substrate significantly influenced the timing of the sgraffito 

application procedure. Adequate pre-wetting of the substrate allowed the speed of the process to 

be controlled. In parallel, the climatic conditions must be taken into account during the application 

process.   

• Due to the tendency to crack, it is better to apply the mortar in two layers. It seems that the first 

layer is preferable to be slightly thinner as it then adheres better to absorbent rough substrate. 

• Lime wash is prepared from lime putty diluted by water. The thinning of the paint corresponded 

to the degree of intonaco setting, masonry absorption capacity and weather conditions. It is 

desirable to apply it only after the primary drying cracks in the coloured layer have appeared and 

are sealed with a spatula. The drying cracks were evident in all tests and, if pushed back at the 

right time, they did not further appear on the lime washed surface.  

• It is preferable to apply the lime wash in several coats with minimum time intervals. The bottom 

coat must be set before the next layer is applied, the top coat should not smear it.  

• During the reconstruction of the sgraffito, it is desirable to apply the paint with a brush at the 

moment when the surface does not react to the fingerprint of the hand and therefore the paint 

does not mix with the coloured intonation. The first coat should be thinner, as with the coloured 

intonaco, so that it blends well with the substrate. A thicker coat can be applied in the next layer. 

The findings related to the sgraffito technique itself, as well as the restoration procedures, are not 

discussed here in details but can be found elsewhere [16, 17].   The restoration project was successfully 

completed. The new sgraffito parts were slightly retouched with pigments from the local sand to 

reduce the contrast between the old and new areas, Fig. 7.  
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Figure 7. The reconstructed sgraffito facade after two years. Slavonice, house No. 545. 

6 Concluding remarks  

The article presents the procedure used to create a technological copy of a Renaissance sgraffito. This 

procedure combined several sub-tasks related to the analysis of historic sgraffito and the  

interpretation of the analytical results for building conservation practice. This holistic approach, which 

links the quality of the material with the craftsmanship and final appearance of the sgraffito, proved 

to be an interesting way to deepen the understanding of these topics, which are often studied 

independently. 

In terms of technology, there are some points which should be assessed further in future. Dry slaked 

lime to powder hydrate was used as there were binder related particles found in the historic mortar. 

Slaking lime to putty did not provide so many binder related particles. The use of powder hydrate 

allowed for better workability adjustment of mortar. The water content of lime putty is typically 

around 50 % by weight or more, which makes the lime-rich mortar too thin and runny. Reducing water 

content in lime putty mortars is possible, for example by drying or mechanical squeezing, but in our 

case this seemed less practical.  

The dry slaked lime had a higher heterogeneity in particle size than the currently available standard 

commercial limes would have. This affected the workability of the mortar. The larger particle size of 

lime, up to 4 mm according to the original, also meant a higher proportion of binder in determining 

the binder to sand ratio. The gauging ratio, if calculated based on the dissolution of the mortar in acid, 

should ideally also be related to the size distribution of the binder particles. However, as this is not 

practically possible, a minimum knowledge of the raw materials used and the differences between 

lime production technologies in the past and today is necessary. The current EN 459-1 standard 

requires at least 85 % (wt.) particles to pass a 90 µm sieve. Historical technologies very probably 

produced coarser particles. Replicating the technological processes of the past could provide binders 

comparable to historical ones.   
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TA and SEM-EDS analyses of the binder indicated that a relatively pure lime was used to produce the 

original mortar. This resulted in a search for a calcitic marble with a high calcium carbonate content. A 

suitable source of raw material was found and the marble was burnt in a wood-fired kiln in a manner 

that would have been consistent with the 16th century in then Bohemia. However, it was found later, 

when the mechanical properties were assessed, that the mortar made from this lime had parameters 

comparable to natural hydraulic limes. The XRD of quicklime did not show presence of any typical 

hydraulic phases such as C2S [18], nor any quartz relicts, probably due to the fact, that the analysed 

samples were not fully representative of the whole batch. The SEM-EDS analysis of the replicated 

mortar revealed a number of calcium-silicate particles and quartz particles with reaction rims. It is 

possible that the localized calcium-silicate impurities in marbles reacted and were activated at high 

temperatures during calcination (900–1200°C) and subsequently caused the formation of hydraulic 

bonds in the mortar. This could have been the case also of the historical mortar, but the determination 

of hydrated hydraulic phases in historic mortars is quite a complex task, especially when they are 

exposed to moisture cycles and their carbonation is promoted over a long time [19, 20].  

Knowledge of the technological processes of lime production and mortar preparation cannot be 

obtained by studying samples alone. Here, an approach was chosen which consisted in combining the 

findings from historical samples based on laboratory analyses with possible technological processes, 

which were then verified by practical experiments. Such a procedure led to new insights in the field of 

the original Renaissance sgraffito techniques. Finally, it was thus possible to apply these materials in 

the reconstruction carried out to complete the missing parts of the Landsknecht figures. The historical 

sgraffito was conserved, the additions were realised as a technological copy. 
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Abstract: Earth mortars and gypsum mortars present ecological advantages compared to 

mortars made with other common binders. When applied as plasters, they are also referred as having 

advantages in improving comfort and indoor air quality. For earth plasters, this improvement is 

associated with the hygroscopic capacity of the clay minerals, which promotes high sorption and 

desorption capacity of water vapour. So, earth plasters can contribute to the regulation of the indoor 

relative humidity. Another important advantage of plasters could be their ability to capture carbon 

dioxide (CO2). In the present study, the sorption and desorption performance, and the capacity to 

capture CO2 by earth and gypsum plasters are evaluated. It is confirmed that the earth plaster has the 

greatest sorption and desorption capacity, but also higher CO2 capture capacity than gypsum plaster. 

This confirmation opens new perspectives for the use of functionalized plasters that guarantee greater 

control of air quality inside buildings. 

1 Introduction 

Currently, and with urban development, people spend a large part of their time indoors. The time 

spent inside buildings increased compared to what was already usual due to the global pandemic of 

COVID-19 and, consequently, the lockdown and teleworking. Therefore, indoor air quality inside the 

buildings is quite important since exposure to poor indoor air quality has direct effects on the heath of 

occupants as it may cause several health problems, depending on the exposure time and the 

concentration of pollutants [1,2].  

Plasters can significantly contribute to indoor air quality, as they cover a large part of the indoor surface 

of buildings, on walls and ceilings.   

Earth as a construction material is composed by different types and fractions of clay, silt, sand and 

gravel, and has several ecological advantages, as it is a natural material, non-toxic, reusable when not 

chemically stabilized, recyclable, with low carbon dioxide (CO2) emissions [3]. Earth mortars are 

produced with earth mixed with water; when the clay content is high, complementary sand is added. 

Earth plasters, produced with earth mortars, have several advantages, namely the fact that they 

improve comfort and indoor air quality due to the hygroscopic characteristics of clays, which allows 

these types of plasters to adsorb and release a high amount of water vapour [4–6]. Therefore these 

plasters contribute significantly to passively balancing indoor relative humidity (RH) and temperature 
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[7,8]. Earth plasters are frequently applied without any finishing, to profit from the natural colour they 

present.  

Gypsum plasters are composed by gypsum hemi-hydrate (produced with low temperatures of 120 – 

180 ᵒC) and sand but frequently they have additions such as air lime or retarders, as the gypsum 

produces speed hardening. Gypsum plasters are frequently complemented with a finishing coat. They 

are sometimes referred as having good hygroscopicity but it is low when compared to earth plasters 

[9]. 

In the specialized literature in this area of knowledge, it is often said that earth plasters contribute to 

clean polluted indoor air [10,11]. However, to the authors’ knowledge, this statement has not yet been 

scientifically proven [10,11]. According to Reeves et al. [12], the absorption of toxins may be related 

to the porosity of the earth. It is even said that the earth plasters can absorb and bind indoor air 

pollutants which are dissolved in water vapour [13]. A team of scientists has shown that CO2 can 

penetrate the inner layers of some clay minerals [14]. 

The quantification of CO2 capture can be carried out through thermogravimetric analysis (TGA), where 

the thermal decomposition of carbonates leads to a tangible weight loss that can be accurately 

recorded [15]. 

The present study intends to evaluate the sorption and desorption capacity, as well as the CO2 capture, 

through TGA analysis, of earth and gypsum plasters. 

2 Mortars and specimens 

Two mortars were tested: a pre-mixed earth-based (E) and a pre-mixed gypsum-based (G) plasters. 

The E mortar was produced by Embarro company and was composed by a clayey earth (with illite-

kaolinite composition) from Algarve region (South of Portugal), additional fine sand with 0 – 2 mm and 

plant fibres, although the proportion of each constituent was not known [3]. The G mortar was 

produced by Sival company, being the proportions of each constituent also not known. The mortars 

were prepared only by addition of water to the pre-mixed dry mixture. The water content of E and G 

mortars was 15% and 43%, respectively, and was determined by the percentage loss of mass of the 

fresh mortar samples, after oven drying [3]. Different types of flat specimens were prepared and 

applied: in metallic moulds measuring 200 mm x 500 mm with 15 mm of thickness [3,16] and on the 

back of ceramic tiles with 45 mm x 45 mm with 20 mm of thickness. After drying, the finishing coat 

was applied on the gypsum specimens with a maximum thickness of 2 mm. 

More details on mortar preparation, fresh state and mechanical characterizations, linear shrinkage and 

dry bulk density were presented elsewhere [3,16]. 

After more than one year of mortars production, the plaster specimens applied in the ceramic tiles 

were placed in sealed rectangular cells with 1.0 m x 0.5 m x 0.5 m, covering the sides and the bottom, 

simulating the area of walls and ceiling of a room. These specimens were exposed to 28 cycles of CO2 

injection, injecting an approximate value of 38,000 ± 6,600 ppm. After exposure to these CO2 injection 

cycles, which took approximately 8 months, the cells were opened, and samples were taken from the 

plasters for TGA analysis. 
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3 Methods 

3.1 Sorption and desorption 

The sorption capacity of each plaster was determined based on DIN 18947 [17], specific for unstabilised 

earth plasters: the specimens in the metallic moulds were placed in a climatic chamber at 23 ᵒC and 

50% RH until constant mass; then were exposed to 80% RH at 23 ᵒC; the water vapor gain (in g/m2) 

was determined by weighing after 1, 3, 6, 12 and 24 h. The weighing at 0.5 h was not performed as it 

was considered too initial and in order to minimized interference in the stabilization time of the 

climatic chamber during the weighing process [6].The desorption capacity of plasters (not defined by 

DIN 18947 [17]) was determined by a reverse process [3,6,16]: the RH inside the climatic chamber was 

decreased from 80% to 50%, evaluating the decrease of water vapor content (in g/m2) at the same 

defined periods of time for sorption (1, 3, 6, 12 and 24 h). 

3.2 Thermal analysis 

To analyse the impact of exposure to CO2 on the composition of the E and G plasters and their ability 

to capture CO2 present in the indoor air, simultaneous thermogravimetric analysis with differential 

thermal analysis (TGA/DTA) were carried out on samples taken from each plaster, before and after CO2 

exposure. XRD was also performed, but it was chosen to present only the TGA/DTA results because in 

this technique all the CO2 captured by the existing compounds is counted, regardless of whether they 

are crystalline or not. 

Samples for TGA/DTA were crushed and passed in a 106 µm sieve. TGA/DTA was performed in a 

SETERAM TGA92 apparatus, using argon atmosphere (3 L/h), with an heating rate of 10 ᵒC/min from 

room temperature to 1000 ᵒC [18]. 

4 Results 

4.1 Sorption and desorption 

The average curves of sorption and desorption of the E and G plasters and the limits of sorption classes 

defined by DIN 18947 [17] (WSI for sorption ≥ 32 g/m2; WSII for ≥ 47.5 g/m2; WSIII for ≥ 60 g/m2) are 

shown in Figure 1. These results were previously presented by Santos et al. [3,16] but in comparison 

with other plasters. 

Observing the curves, it is possible to conclude that the E plaster presents significantly higher sorption 

capacity in comparison with the G plaster, which adsorbs approximately 4.7 times more after 24 h. 

After 12 h the E plaster adsorbed about 78 g/m2 and can be classified in the WSIII class. On the other 

hand, after 12 h the G plaster adsorbed 21 g/m2, not being able to reach the limits defined by DIN 

18947 [17] standard (which is not specific for gypsum-based plasters). However, these same mortar 

after 1 h of testing achieved the limit of class WSII (adsorbing about 11 g/m2 for a limit of ≥ 10.0 g/m2) 

and after 3 h is in the limit of WSI class (adsorbing about 17 g/m2 for a limit of ≥ 13.5 g/m2). Therefore, 

it seems the gypsum plaster as an initial good sorption capacity but rapidly (after 3 – 6 h) that capacity 
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is saturated. In contrast, the earth plaster shows an increasing sorption behaviour over the 24 h of the 

test, and it is not even saturated after all that period.  

 

 
Figure 1. Sorption and desorption of water vapour of plasters and sorption limits (WSI, WSII and WSIII) defined 

by DIN 18947 [17]. 

The high sorption capacity demonstrated by the earth plaster should be related to the high hygroscopic 

capacity of clays, in particular the illite clay present in this earth [3,6]. In addition to the type of clay, 

the presence of plant fibres can also explain the high sorption capacity of this mortar [19]. 

In desorption, both plasters present a good behaviour, as they desorbed almost all water vapour they 

had adsorbed. Nonetheless, after 24 h the E plaster shows some hysteresis, that is, it desorbed a little 

less water vapour than it had adsorbed. However, the desorption tendency of this plaster is still 

decreasing and is not stabilised after 24 h; so, if the test was carried out for a few more hours, likely 

the water vapour desorption would likely reach the initial value. 

Lima et al. [6] analysed the influence of the type of clay on the sorption and desorption capacity of 

plasters and concluded that a montmorillonite plaster presents the best behaviour, an illite plaster the 

intermediate behaviour and a kaolinite plaster the worst behaviour. These authors reveal that after 24 

h, the illitic plaster had a sorption of approximately 80 g/m2. In the present study, after 24 h the E 

plaster presents a sorption of approximately 100 g/m2. The high sorption capacity of the E plaster may 

probably be attributed to the presence of plant fibres, as mentioned above.   

In another study, Lima et al. [20] analysed the influence of the addition of 5, 10 and 20% of gypsum on 

the sorption capacity of earth plaster and concluded that the higher the percentage of gypsum 

addition, the lower sorption capacity of the earth-based plasters. After 24 h, the earth plaster without 

gypsum had a sorption of about 75 g/m2, while the earth plaster with 20% of gypsum presented a 

sorption of about 65 g/m2. Minke [10,11] analysed the sorption capacity of a gypsum plaster using 

specimens with 15 mm of thickness, at 21 ᵒC, raising the RH from 50 to 80% and obtained sorption of 

30 g/m2 and 40 g/m2, after 24 h and 48 h, respectively. The gypsum plaster analysed in the present 

study has a lower sorption capacity, which can be justified by having some unknown additions and so, 

a different composition, because it is an industrial pre-mixed mortar.  
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4.2 Thermal analysis 

The TGA/DTA graphs, as well as the derivative thermogravimetric curve (DTG), of the samples before 

and after CO2 exposure are presented in Figure 2. Observing in more detail the DTG graphs of the 

plasters (Figure 3) it is possible to conclude that the E plaster after CO2 exposure shows higher mass 

losses in the ranges of 25 – 200 ᵒC, 200 – 500 ᵒC and 500 – 900 ᵒC, compared to the E plaster before 

(without) CO2 exposure. Regarding the G plaster, no significant mass variations are detected before or 

after CO2 exposure. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 2. TGA/DTG/DTA graphs of the plasters: a) E plaster before CO2 exposure; b) E plaster after CO2 
exposure; c) G plaster before CO2 exposure; d) G plasters after CO2 exposure. 
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a) 

 
b) 

Figure 3. DTG graphs of the E (a) and G (b) plasters before and after CO2 exposure. 
 

Table 1 presents the mass losses obtained in the three temperature ranges where mass variations 

were detected (which correspond to the peaks in the DTG curves). The range 25 – 200 ᵒC corresponds 

to mass losses due to the loss of moisture and crystallization water (physical and chemical sorption); 

200 – 500 ᵒC is associated with the loss of water from hydrated compounds, such as clay minerals 

(chemical sorption); and 500 – 900 ᵒC is due to loss of CO2 caused by the decomposition of carbonates 

(sorption by carbonation). 

Table 1. Mass loss by TGA and variation of CO2 content for plasters after CO2 exposure. 

Plaster 
Mass loss [%] Variation of CO2 after 

carbonation [%] 
25 – 200 ᵒC 200 – 500 ᵒC 500 – 900 ᵒC 

E 
Before CO2 1.34 1.63 2.98 

51.3 
After CO2 1.64 1.88 4.51 

G 
Before CO2 13.21 0.71 13.05 

6.7 
After CO2 13.13 0.83 13.92 

The clay minerals present in general three main mass loss (Figure 2 and Table 1): at low temperature, 

in the interval of 25 – 200 ᵒC, there is a release of free or sorbed water; at a mid-range temperature, 

in the interval of 200 – 500 ᵒC, loss of bound water or dissociation of hydroxyls from the lattice occurs, 

inducing its amorphization; and at high temperature, in the interval of 500 – 900 ᵒC, there is a final 

breakdown of the residual clay lattice and recrystallization of new mineral and/or glass phases [6,21]. 

The gypsum plaster presents two mass losses: the first one in the interval of 25 – 200 ᵒC due to the 

decomposition of water of crystallization from gypsum, and the second one in the interval of 500 – 

900 ᵒC due to the decarbonation of carbonates (release of CO2). So, it is likely that the pre-mixed 

gypsum plaster is composed by a mix of gypsum and calcitic lime (frequently used as a retarder of 

hardening and to control gypsum expansion). It should be remembered that the plasters were tested 

for CO2 capture after more than one year, so the carbonation of that lime had already occurred. 
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Regarding the mass loss in the interval 500 – 900 ᵒC due to the CO2 release, the E plaster presents the 

higher variation after CO2 exposure, which means that it presents the best CO2 capture. 

5 Conclusions 

Indoor air quality is essential for the comfort and health of building occupants. The present study 

analysed the sorption and desorption capacity, as well as the CO2 capture capacity, of earth and 

gypsum pre-mixed plasters. The results obtained demonstrated that: 

− The earth plaster (E) shows higher sorption and desorption capacity than the gypsum plaster (G). 

Furthermore, after 24 h, the E plaster shows an increasing behaviour, with no tendency to stabilize, 

while the G plaster shows a stable behaviour after approximately 6 h. 

− The results of TGA, before (without) and after plasters exposure to CO2, shows that there is a higher 

mass loss variation in the E plaster compared to the G plaster, which may prove the greater CO2 

capture by the E plaster. 

− Since the literature mentions that clayey earth captures and binds indoor air pollutants dissolved 

in water vapour, the high sorption and desorption capacity of the E plaster may justify the ability 

of earth plasters to capture CO2 present in the indoor air. In this way, indoor air pollutants may 

dissolve in water vapour and, subsequently, be adsorbed by the earth plasters (with higher 

sorption capacity). The CO2 could become bound in the intercalated clay layers and difficult to be 

released again into the indoor air. These findings justify further studies to confirm the effect earth 

plasters may have on indoor air quality, namely contributing to control levels of CO2.  
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Abstract: It is increasingly necessary to rethink constructive solutions to minimize the 

construction industry’s environmental impact without compromising technical characteristics, 

including conservation. The replacement of natural sand by ceramic waste and clayish earth was 

analysed in the fresh state and mechanical strength of earth and air lime mortars. Seven different 

mortars with clayish earth and air lime as binders were produced and characterized: two earth mortars 

with added sand and with brick waste instead of sand; five air lime mortars with sand, with clayish 

earth, or with brick waste instead of sand. The replacement of sand by brick waste promotes a 

decrease in the mortars´ dry bulk density and mechanical strengths. For the air lime mortar, the 

replacement of sand by brick waste promotes an increase in dynamic modulus of elasticity, compared 

with the reference mortar with low flow. The air lime mortar with clayish earth presents lower flexural 

strength and dynamic modulus of elasticity. Many of the mortars with alternative added aggregate 

fulfil the requirements for plastering old and new buildings and based on old practices, can be a more 

sustainable possibility with natural pigmentation. However, training is needed for professionals using 

this type of mortars. 

1 Introduction 

Two of the main problems faced by the construction industry are the over-exploitation of available 

resources and negative environmental effects, with 10% of the global emission of carbon dioxide (CO2) 

due to the supply of construction materials, of which 85% concerns cement [1].  

In Portugal, the construction industry is responsible for the production of 25–40% of the waste 

produced and 24% of the natural resources extracted [2]. In European Union (EU), construction and 

demolition wastes (CDW) represents a third of the waste generated [3]. CDW contain a wide variety 

of materials such as concrete, bricks, tiles, porcelain, excavation earth, wood, glass, metals, and plastic, 

among others [2,3]. Excavation earth represents a high percentage of all the generated CDW. 

The use of environmentally friendly materials with low CO2 emissions and embodied energy are 

increasingly important to help reducing the environmental impact of the construction industry. On the 

other hand, the reuse and/or recycling of the materials, such as CDW, other wastes, and by-products 

of other industries, reduce the use of natural resources and the volume of waste sent to landfills. 

Consequently, that reduces the environmental impact associated with the construction industry. 

According to Farinha et al. [4], red or white ceramic, powder glass, CDW, several types of polymers and 
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stone powder, among other wastes, can be incorporated into mortars to achieve a good technical 

performance. 

Clay, gypsum and air lime are the oldest binders used in mortars [5–7]. Earth is a natural building 

material, generally non-toxic and reusable (provided it is not chemically stabilized). This material 

requires low energy for its extraction, transport and preparation, compared to cement and air lime, 

and consequently, presents low embodied energy and CO2 emissions [8]. High volumes are generated 

when excavation works occur (namely for metro lines construction) which, if not used, are transported 

to the landfill. 

Earth is composed by clay, silt, sand and coarser aggregates. For mortar production, the coarser 

aggregates are removed by sieving. Many excavation earths have a high clay content and, for this 

reason, it is common to add additional sand or other types of aggregates to reduce the clay content, 

control drying shrinkage and improve mortars´ strength.  

When air lime became available and particularly when resistance towards the water was required, 

most probably a volume of air lime was added to a higher volume of earth to produce lime-earth 

mortars [9]. With time, the earth was then replaced by natural sand for what we know now as air lime 

mortars. 

From the end of the 19th century, there was a gradual replacement of the use of these traditional 

binders by cement in the production of mortars [5]. However, air lime requires less energy for its 

production compared with cement since air lime is produced at a lower temperature (about 900 ᵒC 

compared to about 1500 ᵒC for cement production).  

The knowledge for the preparation and application of earth and air lime mortars, which guarantees 

good durability and performance, was passed on from generation to generation [10,11]. With the 

disuse of the earth and air lime as binders, this artisanal knowledge was discontinued and creates 

difficulties in its practical use. For this reason, professional training is very important for the good 

application of these mortars, namely in terms of water content, good workability, and adequate mixing 

of the constituents, among others. 

In a mortar, sand is usually the component in higher proportion. Natural sand is a non-renewable 

resource, and its extraction can have negative consequences for the environment. Therefore, it would 

be beneficial to replace the natural added sand by by-products or wastes in mortars. Different waste 

materials can be reused as artificial sand to increase mortars’ circularity [4]. 

A significant amount of waste for disposal is produced by the ceramic industry, which has negative 

impacts on the environment. The incorporation of thermally treated clays in mortars can be found in 

archaeological and historic buildings [12]. Ceramic wastes (fragments together with dust) were used 

in Roman air lime mortars to partially replace aggregates, and the hydraulic properties achieved by 

those mortars were recognized [12]. The use of ceramic waste may thus provide environmental, 

economic and technical benefits to mortars, especially when pozzolanic reactions are considered [12]. 

Mortars have many different applications, namely in screeds, as masonry bedding mortars, for pointing 

joints, renders and plasters. For plastering, high strength cementitious mortars are not required nor 

compatible, and earth and air lime mortars are more eco-efficient. 

However, the sustainability of those types of mortars can be further improved using ceramic waste 

and clayish earth as aggregates in natural sand replacement. These alternative mortars can be applied 
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in the conservation and rehabilitation of buildings, thus avoiding severe anomalies due to differences 

in the rigidity and permeability to water vapor namely between the plasters and the substrate. 

Furthermore, these alternative mortars may also be applied in new construction [13]. 

The present study aimed to develop and characterise highly ecological mortars, assessing the influence 

of the replacement of raw sand by brick waste or by clayish earth in earth and air lime mortars, to be 

applied as plasters or renders in the rehabilitation and conservation of old buildings, as well as in new 

constructions.  

2 Materials, mortars and methods 

2.1 Materials and mortars 

Seven different mortars with clayish earth and air lime, as binders, and natural sand, clayish earth and 

red brick waste, as aggregate, were produced and characterized (Table 1). 

Table 1. Seven different mortars produced and characterized. 

Mortars Description 

1E_0.5S Earth (E) mortar with sand (S) 

1E_0.5BW Earth (E) mortar with brick waste (BW) instead sand 

1CL_2S Air lime (CL) mortar with sand (S)  

1CL_2E Air lime (CL) mortar with clayish earth (E) instead sand 

1CL_3S_hf Air lime (CL) mortar with sand (S) and with high flow (hf) 

1CL_3S_lf Air lime (CL) mortar with sand (S) and with low flow (lf) 

1CL_3BW Air lime (CL) mortar with brick waste (BW) instead sand 

 

The natural earth (E) was composed by fractions of clay, silt and sand. The sand (S) was a river sand. 

The air lime (CL) was a CL90-S (EN 459-1 [14]) produced by Lusical – Lhoist Group. The red brick waste 

(BW) was obtained by milling broken hollow bricks and was mainly composed by fragments and some 

dust resulting from the milling process. The loose bulk density (LBD) of the materials is 1.33 kg/dm3 for 

E, 1.54 kg/dm3 for S, 0.37 kg/dm3 for CL and 1.13 kg/dm3 for BW. The mortars´ formulation is presented 

in Table 2. 

The volumetric and weight proportions of binder:aggregate of 1E_0.5S and 1E_0.5BW mortars cannot 

be exactly determined because the earth (E) is composed by different fractions of clay, silt and sand. 

Thus, it is considered that clay acts as binder and silt, sand (added or not) and brick waste, as aggregate. 

The mixing of mortars was carried out manually by students of a Conservation and Restoration 

Program during laboratory classes, trying to reproduce what some people without much experience 

can produce in situ. The mixing procedure was the following: all dry constituents of mortars (binder 

and aggregates) were manually homogenized after weighting for exact proportions; the mixing water 
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was added gradually to achieve good workability; manual mixing stopped when each mortar was 

considered workable for rendering/plastering. 

Table 2. Mortars´ compositions (in volume and weight) and fresh state characterization. 

Mortars Volumetric proportions Weight proportions Mixing water 1 

[%] 

Flow 

[mm] 
E CL S BW E CL S BW 

1E_0.5S 1 - 0.5 - 1 - 0.6 - 15 159 

1E_0.5BW 1 - - 0.5 1 - - 0.4 22 167 

1CL_2S - 1 2 - - 1 9.3 - 17 163 

1CL_2E 2 1 - - 7 1 - - 23 154 

1CL_3S_hf - 1 3 - - 1 12.4 - 19 185 

1CL_3S_lf - 1 3 - - 1 14.0 - 15 136 

1CL_3BW - 1 - 3 - 1 - 8.7 36 160 

Note: 1percentage added, considering the total mass of mortar’s dry constituents 

 

The mixing water of mortars is presented in Table 2. Two mortars (1CL_3S) were produced with the 

same composition of dry materials but different water contents, as they were produced by not highly 

skilled workers. 

For each mortar three prismatic specimens with 40 mm x 40 mm x 160 mm were produced in metallic 

moulds. They were filled in two layers mechanically compacted with 20 stokes each and manually 

levelled. The specimens were kept in the moulds in laboratory conditions (20±5 ᵒC and 65±15%) and 

demoulded after approximately 8 days. The hardened specimens were tested after 28 to 106 days. 

2.2 Methods 

In the fresh state, the mortars were characterized by flow table consistence, based on EN 1015-

3/A1/A2 [15] but using a flow table in accordance with the previous version of this standard. The wet 

bulk density was assessed according to EN 1015-6/A1 [16]. 

In the hardened state, an evaluation of colour and drying shrinkage was performed through 

photography and visual observation. Furthermore, the mortars were characterized by dry bulk density 

according to DIN 18947 [17] and based on EN 1015-10/A1 [18], by the ratio between the dry mass and 

the volume of each prismatic specimen with a digital calliper and a 0.001 g precision digital scale. 

Dynamic modulus of elasticity (Ed) was determined based on EN 14146 [19], using a Zeus Resonance 

Meter ZMR 001 equipment with its specific software. Flexural (FStr) and compressive (CStr) strengths 

were determined based on DIN 18947 [17] and EN 1015-11 [20] with load cells of 2kN and velocity of 

10 N/s or 0.2 mm/min for flexural strength, and with load cells of 2 kN and velocity of 50 N/s or 0.7 

mm/min for compressive strength, as two different  equipment were used: a ETI HM-S and a Zwick 

Rowell Z050, respectively. 

Three prismatic specimens of each mortar were characterized for each property in the hardened state. 

However, for the 1CL_2S mortar, only two specimens were used, since one specimen broke during 
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demoulding. For this reason, for this mortar, only the average results of the two specimens will be 

presented, without standard deviation. 

3 Results 

3.1 Fresh state characterization, colour and drying shrinkage 

The fresh state characterization of mortars is presented in Table 2 and Figure 1.  

 
Figure 1. Wet and dry bulk density of mortars. 

The use of brick waste or clayish earth instead of raw sand promotes the increase of the mixing water 

necessary for the good workability of the earth and air lime mortars. That is expected by the 

replacement of a more absorbent aggregate. 

The earth mortars present flow table consistence of 163±4 mm. The air lime mortars present flow table 

consistence of 160.5±24.5 mm for all mortars and 158.5±4.5 mm if the mortars with high and low flows 

are not included. The increase of mixing water necessary due to the replacement of sand by brick 

waste in the mortars (1E_0.5BW and 1CL_3BW) promoted a slight increase in the flow table 

consistence of these mortars comparing with 1E_0.5S and 1CL_3S_lf mortars. In contrast, the increase 

of mixing water promoted by the replacement of sand by clayish earth promoted a slight decrease in 

the flow of the 1CL_2E mortar. Clay has a significant water retention capacity [21]. The decrease in the 

flow table consistence of the mortar with added earth as aggregate, despite the increase in mixing 

water, could be explained by the retention of water by the clayish earth.  

It can be observed that the higher and lower flow table consistence shown by the 1CL_3S_hf and 

1CL_3S_lf mortars is directly associated with the higher and lower mixing water added by the unskilled 

workers. 
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Analysing the wet bulk density of mortars (Figure 1), the use of brick waste in the earth mortar 

(1E_0.5BW) promoted a decrease in wet bulk density compared with the reference mortar with raw 

sand (1E_0.5S). The same occurred with the use of clayish earth in air lime mortar (1CL_2E). This can 

be justified by the lower loose bulk density of the clayish earth (1.33 kg/dm3) and brick waste (1.13 

kg/dm3), compared with the sand (1.54 kg/dm3). In air lime mortar with a volumetric ratio of 1:3 

(1CL_3S_hf, 1CL_3S_lf and 1CL_3BW), this change in wet bulk density was not so significant. 

Figure 2 presents the different specimens of mortars, showing the different colours presented: the 

1CL_2S and 1CL_3S mortars show a white tone, while the 1E_0.5S mortar shows a reddish colour. 

Furthermore, the replacement of sand by clayish earth and brick waste also causes this change of 

colour in the air lime mortars, making it salmon. The replacement of sand by brick waste on the earth 

mortar did not cause a colour change. Natural pigmentation can be an advantage when the plastering 

mortars are applied unpainted. By visual observation of the dried mortars in the moulds, no significant 

linear shrinkage was observed.   

 
Figure 2. Different colours of the mortar specimens. 

3.2 Dry bulk density 

The dry bulk density of mortars is presented in Figure 1.  

The replacement of sand by the brick waste in earth and air lime mortars promoted a decrease in the 

dry bulk density of the 1E_0.5BW and 1CL_3BW mortars compared to their reference mortars 

(1E_0.5S, 1CL_3S_hf and 1CL_3S_lf). This can be justified by the lower loose bulk density of the brick 

waste (1.13 kg/dm3) compared to the sand (1.54 kg/dm3). On the other hand, the replacement of sand 

by clayish earth did not significantly influence of dry bulk density of the mortars. This can be due to 

the more similar loose bulk density of sand and clayish earth (1.33 kg/dm3). The dry bulk density of 

reference earth and air lime mortars is similar. The 1CL_3S_hf mortar presents a slightly lower dry bulk 

density compared with 1E_0.5S, 1CL_2S and 1CL_3S_lf mortars and this can be justified by the higher 

mixing water, which may have promoted a higher porosity of this mortar, and, consequently, lower 

dry bulk density. 

By comparing wet and dry bulk density of mortars (Figure 1), it is possible to conclude that they present 

a similar tendency for the earth mortars: the decrease in wet bulk density verified between the 1E_0.5S 

and 1E_0.5BW mortars is also verified in the dry bulk density. The same occurred when comparing the 

1CL_2S and 1CL_2E mortars. This tendency is not verified when comparing the 1CL_3S_hf, 1CL_3S_lf 

and 1CL_3BW mortars.   

3.3 Dynamic modulus of elasticity and flexural and compressive strength 

The dynamic modulus of elasticity (Ed) and flexural (FStr) and compressive (CStr) strength of mortars 

are presented in Figure 3. 
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Figure 3. Dynamic modulus of elasticity (Ed) and flexural (FStr) and compressive (CStr) strengths of mortars. 

In general, it can be observed that the earth mortars present mechanical properties in the same range 

of air lime mortars with 1:2 to 1:3 proportions of lime:aggregate and that the replacement of sand by 

earth and by brick waste may promote the decrease of mechanical properties. However, the effect 

may be lower than the one obtained by using a higher volume of mixing water.  

In a more detailed analysis, the high mixing water in air lime mortar (1CL_3S_hf) leads to a decrease in 

the mechanical performance of this mortar compared to 1CL_3S_lf mortar with lower mixing water. 

This shows the high influence proper mixing can have on air lime mortars, which can only be ensured 

by trained professionals. Therefore, specific training for professionals should always be considered, as 

it includes not only the mixing but also the application and the needed re-compaction after initial 

drying shrinkage [10]. 

The earth mortar with sand (1E_0.5S) has a higher dynamic modulus of elasticity compared with air 

lime mortars (1CL_2S, 1CL_3S_hf and 1CL_3S_lf). Air lime mortars with sand (1CL_2S and 1CL_3S_lf) 

present high flexural strength compared to earth mortar with sand (1E_0.5S), except the air lime 

mortar with high water content (1CL_3S_hf). On the other hand, the earth mortar with sand presents 

compressive strength similarly to the mortar with higher air lime content (1CL_2S) but higher 

compressive strength compared to mortars with lower air lime content (1CL_3S_hf and 1CL_3S_lf).  

In the earth mortars, the replacement of the sand by brick waste promotes a decrease of Ed, FStr and 

CStr. On the other hand, in the air lime mortars, this replacement also promotes a decrease of FStr and 

CStr (when comparing the 1CL_3S_lf and 1CL_3BW mortars). However, there was an increase of Ed. 

When comparing the 1CL_3S_hf mortar, with higher water content, with the mortar with lower water 

content (1CL_3S_lf), it is verified that 1CL_3S_hf mortar presents a lower Ed, FStr and CStr. The same 

happens when comparing the 1CL_3S_hf mortar with 1CL_3BW mortar, except in FStr, that is slightly 

higher for 1CL_3S_hf mortar. This can be justified by the high mixing water of the mortar, which may 
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have some influence on the increase in the porosity of the mortar since there is also a decrease in the 

dry bulk density. Therefore, it will be important to evaluate the mortars´ microstructure. 

The decrease in the dry bulk density of the 1E_0.5BW, 1CL_2E and 1CL_3BW mortars compared to 

their reference mortars (1E_0.5S, 1CL_2S and 1CL_3S_lf) may justify the decrease in the FStr and CStr 

of these mortars. The same for the 1CL_3S_hf mortar compared to reference mortar (1CL_3S_lf). 

The replacement of sand by clayish earth in air lime mortar (1CL_2E) promotes a decrease of Ed and 

FStr and maintains the CStr concerning its reference mortar (1CL_2S). Compared with air lime mortar 

with brick waste (1CL_3BW), the 1CL_2S mortar presents higher FStr and CStr compared to the air lime 

mortar with brick waste (1CL_3BW). On the other hand, the 1CL_2E mortar presents a lower Ed 

compared to the 1CL_3BW mortar. However, it is necessary to consider that the volumetric ratio of 

these mortars is different. 

It is important to remember that the mortars were mixed manually by not skilled workers (students), 

so this may influence on the correct mixing of the mortar components and, consequently, on the 

characteristics of the mortars. 

Santos et al. [22] analysed earth mortars with different compositions, with fine and coarse sand, phase 

change materials and natural fibres, mixing water of 17–25% and obtained dry bulk density of 1.18–

1.79 kg/dm3, Ed of 370–4331 N/mm2, FStr of 0.09–0.24 N/mm2 and CStr of 0.28–0.58 N/mm2. In the 

present study, the earth mortars present results in the same range of these authors, except for the 

1E_0.5S mortar which has a slightly higher CStr. Being earths composed by different types and contents 

of clay, silt and sand, in comparison to more standardized materials, a higher range of results may be 

expected. 

In another study, Santos et al. [23] analysed a pre-mixed earth mortar and another earth mortar with 

coarse and fine sand, with water content (determined by the difference of mass of wet and dry 

samples) of 10–15% and obtained dry bulk density of 1.77–1.82 kg/dm3, Ed of 3781–4267 N/mm2, FStr 

of 0.20–0.25 N/mm2 and CStr of 0.96–1.01 N/mm2. In the present study, all earth mortars present 

lower hardened characteristics, except the 1E_0.5S mortar that presents FStr in the same range. 

Faria [9] characterized air lime mortars with 1:2 and 1:3 volumetric proportions (lime:river sand) and 

obtained dry bulk density of 1.59–1.60 kg/dm3, Ed of 2902–3243 N/mm2, FStr of 0.30–0.33 N/mm2 and 

CStr of 0.66–0.70 N/mm2. In the present study, air lime mortars with the same 1:2 and 1:3 volumetric 

ratio with brick waste, earth or sand present higher dry bulk density and lower Ed, except the 1CL_3BW 

mortar that presents lower dry bulk density and higher Ed. For FStr, no mortar presents results in the 

same range obtained by Faria [9]. On the other hand, all air lime mortars present lower CStr, except 

the 1CL_2S and 1CL_2E mortars that present CStr in the same range obtained by Faria [9]. 

Matias et al. [24] analysed air lime mortars with 1:3 volumetric proportion, with replacement of 0, 20 

and 40% of sand by brick waste, and obtained FStr of 0.2–0.3 N/mm2 and CStr of 0.2–1.3 N/mm2. 

Compared to air lime mortar without brick waste: the FStr increased with the replacement of 20% sand 

by brick waste; however, the replacement of 40% promoted only a very slight increase; the CStr 

increased with the increasing replacement of sand by brick waste. In the present study, the air lime 

mortars with proportions 1:3, with and without replacement of sand by brick waste (1CL_3S_hf, 

1CL_3S_lf and 1CL_3BW), present FStr and CStr in the same range, except the 1CL_3BW mortar which 

presents slightly lower FStr. 
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General requirements, such as the dynamic modulus of elasticity and flexural and compressive 

strength, of rendering and plastering mortars to be applied in historic buildings were defined by Veiga 

et al. [25]: Ed of 2000–5000 N/mm2; FStr of 0.2–0.7 N/mm2; CStr of 0.4–2.5 N/mm2. All mortars 

analysed in the present study meet the defined limits, except the earth and air lime mortars with brick 

waste (1E_0.5BW and 1CL_3BW) which have a slightly lower FStr, and the 1CL_3S_hf mortar which has 

a CStr lower than the defined limits. The EN 998-1 [26] defines that plastering and rendering mortars 

must be classified by categories according to the range of compressive strengths after 28 days. All 

mortars analysed in the present study can be classified as CSI class, the lowest class with a CStr 

between 0.4 and 2.5 N/mm2, except the 1CL_3S_hf mortar with a CStr of 0.29 N/mm2. Nevertheless, 

the mortars present Ed, FStr and CStr results very close to the limits defined by Veiga et al. [25] and EN 

998-1 [26] for the application of these mortars as plasters (the recommended possibility for the 

unstabilised earth mortars) or renders. 

4 Conclusions 

The influence of the replacement of mortars’ natural sand, a non-renewable material, by clayish earth 

and brick waste was assessed, giving these residues a use instead of sending them to landfill. The 

characteristics of earth and air lime mortars in the fresh and hardened state were evaluated to assess 

the feasibility of these eco-efficient replacements for application as plasters and renders. 

Through this study, it is possible to obtain different conclusions: 

• A higher water content added to air lime mortar impairs their characteristics in the fresh and 

hardened state, presenting lower mechanical strengths than the air lime mortar with much less 

water content presenting workability. The result of an inaccurate mixing procedure is an example 

of what may occur in situ when mixing is carried out by inexperienced professionals. 

• The change in colour given to the air lime mortars by the replacement of natural sand by brick 

waste or clayish earth can be considered an advantage, providing natural pigmentation. 

• No significant linear drying shrinkage was observed in the earth mortar and the mortars with the 

replacement of natural sand by clayish earth or brick waste. However, further studies are 

recommended. 

• The total replacement of natural sand by brick waste or clayish earth in earth and air lime mortars 

generally promotes a decrease in the mechanical strength of the mortars. Nevertheless, most meet 

the limits defined for application as plaster in historic buildings as well as in new construction, thus 

allowing their applicability in different substrates. 

Due to their vulnerability in contact with water, earth mortars can only be applied indoors. But 

probably adequate protection of the most exposed areas (such as corners or close to the foundations) 

could be enough to guarantee its applicability with minimum durability, for example, as archaeological 

sacrificial plasters in sheltered sites. 

It is known that, for the conservation of historic built heritage, mortars must not exceed the mechanical 

properties of the substrate on which they will be applied, ensuring long-term compatibility between 
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the mortar and the substrate. That is easily achieved with earth and air lime mortars. However, without 

jeopardising the previous, mortar’s durability is also needed. In future works, it is intended to evaluate 

the durability and relate it with the microstructure of the analysed mortars. 
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Abstract: The need to develop products for the conservation of the architectural heritage, in 

particular binders for plasters, is increased nowadays and those products are required to be in line 

with green production system and materials in full compliance with current environmental 

sustainability criteria. It has already been established that Natural Hydraulic Lime (NHL) is a good 

material for restoration; it is compatible with ancient materials and respect the environmental 

requirements. The use of green technologies often involves the partial use of environmental low 

impact materials that do not always find practical use in restoration. The starting point of the research 

is the selection and study of NHL-based commercial plasters used for the conservation of historic 

masonries and their optimization through additives cement-free in order to create green products for 

applications in the conservative restoration of historical heritage. The six different types of 

formulations chosen for this work has been evaluated and analyzed from a physical and mechanical 

point of view, through dynamic elastic module, compression and flexion tests, porosity and density 

analysis. During the execution of the research, the focus was on the effect of microstructural features 

of porous material, investigated in laboratory with porosimetry test as they are fundamental 

parameters for studying compatibility with pre-existing materials and durability over time.  

1 Introduction 

The ONU 2030 Agenda proposes a global approach to the production system that could pay attention 

not only to the economic aspect of the manufacturing process but also to the social and environmental 

ones. The development of new products, obtained from sustainable raw material worked with green 

manufacturing process and with an accurate life cycle management is, nowadays, the only way to 

address the problems deriving from greenhouse gas emissions which, if not stopped, could make Earth 

unlivable in the future [1]. A lot of factors like air, water, pollutants, have a strong influence on the 

durability of construction materials in different ways [2-3]. To repair and protect the structural integrity 

and functionality of the masonry system, or the continuity of the finishing surfaces, a lot of different 

operations are performed to accomplish these tasks, like a partial re-building, substitution of 

construction elements, integration of deteriorated mortars joint and re-pointing [4-5]. 

A critical point is the interaction between original and new material, the compatibility of the 

intervention must always be guaranteed [6]. Restoration mortars should be as durable as possible 

without causing a damage in the original material, in a direct or indirect way. It is customary to say 

that compatibility between the pre-existing materials and those applied during restoration must be 

chemical, physical and mechanical. Therefore, it is necessary to evaluate characteristics such as surface 
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features, molecular composition, mechanical strength, elastic modulus, porosity and density, of both 

the ancient mortars and those formulated for the intervention must be as similar as possible [7-9]. 

Compatibility is not only a purely physical factor but also an aesthetic one; in fact, the final appearance 

must be as similar as possible to the pre-existing one but, at the same time, the characteristics of the 

historic mortars must be sufficiently distinguishable from the new ones to ensure that authenticity is 

respected [10]. The extensive use of cement-based mortars inferred a lot of conservation works, 

causing detrimental effects and irreversible damage in the original building materials due to their 

different physicochemical characteristics and potential in comparison to the pre-existing mortars [11]. 

Cement has also a high environmental impact. It has been estimated that its production and raw 

material extraction accounts around 7 to 8% of global CO2 emission and 12 to 15% of global industry 

energy consumption [12-13]. On the other hand, Natural Hydraulic Lime (NHL) seem to be an ideal 

material as conservation mortars and it guarantees the possibility of optimizing it with a wide range of 

additives. NHL can set underwater and gain strength by both hydratation and carbonatation reactions, 

it is faster and stronger than air-lime but have a greater permeability and reduced stiffness in 

comparison to cement based mortars. The current European standard accept the use of NHL 2, NHL 

3.5 and NHL 5 as lime binders, differentiated by the compressive strength developed after 28 days 

curing and to the Ca(OH)2 content [14-15]. 

The ideal way to obtain an adequate repair-mortar is the study of the ancient materials of the building 

case by case and formulate the optimal mixture to applicate [16]. There are a lot of historic buildings 

that need to be preserved, but the case-by-case approach results to be complex to implement because 

it requires a multidisciplinary analysis method. Various types of ready-mixed mortars have therefore 

been formulated and marketed for preservation purposes; their preparation then involves the addition 

of an amount of water, written in the product data sheets, to the mixture of binder, aggregate and any 

additives to be then applied. 

The microstructure of the mortars, via indirect techniques, using the Mercury Intrusion Porosimeter 

(MIP), will be explored in depth, because pore size distribution plays a key role in mechanical 

properties and compatibility with integration mortars [17]. 

In the present work will be characterized a selection of hardened commercial ready-mixed mortars 

used as a conservation plaster; the dynamic elastic module, compression and flexural test and the 

porosity and density analysis will be evaluated. All of them are totally cement-free, with a minimum 

content of soluble salts and based on NHL binders. Five mortars are NHL 5 based and one has NHL 3,5 

as binder. 

2 Materials and methods 

2.1 Products 

Six ready-mixed commercial NHL-based mortars samples, Tab. 1, specifically formulated for 

restoration were selected. Five of these mortars are all said to be based on Natural Hydraulic Lime 5 

and the last one with NHL 3.5. According to European Standards [18] the samples sets refer to 4 x 4 x 

16 prismatic specimens. 
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2.2 Analytical techniques  

2.2.1 Dynamic and static elastic module 

The dynamic elastic module has been determinated with non-destructive methods, with the 

Resonance Frequency methodology (DME-RF) according to the standard EN 14146 (2004) [19], with 

this method it is possible to calculate the longitudinal dynamic modulus of elasticity in MPa (EdL), 

determined from the longitudinal fundamental resonance frequency and the flexural dynamic 

modulus of elasticity in MPa (EdF), determined from the flexural fundamental resonance frequency. 

The Ultrasonic test is based on instantaneous excitation and the Direct Ultrasonic dynamic 

methodology, according to standard EN 12504-4 (2005) [20], performed with CONTROLS ultrasonic 

equipment using 50KHz probes. The static elastic module tests has been performed with a destructive 

methodology, according to ISO 6784:1982 [21].  

Table 1. List of the samples according to the type of substrate 

Sample Purpose NHL Specimens’ surface aspect 

M1 General indoor and 
outdoor 

5 
 

M2 General indoor and 
outdoor 

5 
 

M3 
Indoor and outdoor 

renovation and thermal 
insulation 

5 
 

M4 General indoor and 
outdoor 

5 
 

M5 Indoor and outdoor 
thermal insulation 

5 
 

M6 General indoor and 
outdoor 

3.5 
 

2.2.2 Mechanical test 

Flexural and compressive strength of mortars were studied by means of an INCOTECNIC-Matest 

hydraulic press, following the EN 1015-11 standard [22]. Compressive strength resistance has been 

studied on the two fragments of each specimen resulting of the previous flexural test. 
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2.2.3 Mercury intrusion porosimetry (MIP)  

MIP is based on the Washburn equation, which relates the contact angle (θ) formed by a non-wetting 

liquid (like Hg) and a surface of the material under study, with the surface tension (γ) of the liquid itself 

and the pressure (P) applied. In this way is possible to measure the equivalent pore radii (r) [23-24]: 

r = −2γcosθ/P (1) 
 

By the way MIP shows some limitations, like the alteration of the samples through the formation of 

cracks and ruptures caused by high pressure the impossibility to use again the sample after the 

analysis, because it is fully filled with mercury and the so-called “ink-bottle effect”. When large internal 

pores are only accessible by narrower pore throats and so the intruded volume that should 

determinate the pore size distribution, misrepresents the size of these large internal pores [25].  

Mortar porosity and pore size distribution were studied by means of Mercury Intrusion Porosimetry 

(MIP), using a Micromeritics AutoPore IV 9500 porosimeter (ability to measure pore diameters from 

0.003 to 360 µm). Prismatic sample pieces of approximately 1-1,5cm were oven-dried at 70 ± 5ºC for 

8 hours prior to the analysis.  

2.2.4 Density Analysis 

Density measurement of materials has been carried out using the bulk density data obtained by 

Mercury Intrusion Porosimeter (MIP) described in 2.2.3. Those results has been compared with the 

values of Volumic mass calculated following the formula described in UNI EN 12390-7:2002 [26] 

standard: 

𝐷 =
𝑚

𝑉
 (2) 

 

Where D is the volumic mass expressed in Kg/m3, m is the speciemen’s mass in Kg and V is the material 

volume in m3. To allow comparisation with the density values determinated by Mercury Intrusion 

Porosimeter, data were transformed into g/mL. 

3 Results 

This section contains the results obtained by the experimental tests described before. 

3.1 Mechanical tests 

3.1.1 Flexural and Compression  

From the observation of the results obtained by the compression and flexural tests (shown in Tab. 2), 

it is possible to see a lower strength in the mechanical tests for samples M3 and M5. The mortar M6, 

obtains a different result from what one would have expected since the values obtained from the tests 

show a higher compressive and flexural strength than M1. Excluding M6, since it is made with a 

different binder from the others, the sample with the highest resistance to mechanical testing turns 

out to be M2, while M5, consistent with what might be expected by observing the mass of the sample 
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recorded the lowest resistance to compression and, together with sample M3 are the least resistant 

to the flexural test. All the results have been compared to those found in literature [27,29]. 

Table 2. Mechanical tests: flexion and compression 

Material  Flexural strength (N/mm2) Compressive strenght (N/mm2) 

M1 0.27 1.55 

M2 0.22 1.91 

M3 0.32 1.24 

M4 0.91 1.83 

M5 0.32 0.65 

M6 1.72 4.94 

3.1.2 Elastic modulus 

The values obtained from the static and dynamic elastic modulus analysis, shown in Tab. 3, are 

consistent with those obtained from the compression and flexural tests. M6 also recorded the highest 

values in these tests, closely followed by M4. The mortars M5 and M3 recorded the two lowest static 

and dynamic elastic modulus. Apparently, another inconsistency can be observed by comparing M1 

and M2: the former has a higher value of the dynamic elastic modulus while the latter recorded a 

maximum in the static elastic modulus curve. The results of static elastic modules are shown in Figure 1. 

Table 3. Mechanical tests: elastic modulus 

Material Longitudinal dynamic modulus of 

elasticity - EdL (MPa) 

Flexural dynamic modulus of 

elasticity - EdF (MPa) 

Static elastic moduls 

(MPa) 

M1 2939 3188 1463.1 

M2 2498 3066 1713.1 

M3 603 902 1097.5 

M4 3403 3877 1841.3 

M5 917 995 673.7 

M6 6640.67 6299.67 4535.6 

 

273



6th Historic Mortars Conference 

21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

 
Figure 1. Stress-strain diagrams. 

3.1.3 Ultrasonic tests 

The ultrasonic tests shown in Tab. 4, once again, point out a higher propagation speed of the emitted 

wave in the case of sample M6. The lowest velocity was recorded with sample M3. 

Table 4. Ultrasonic test.  

Material Trasmitted velocity (m/s) 

M1 1509.57 

M2 1579.65 

M3 1185.85 

M4 1602.15 

M5 1620.26 

M6 2087.19 

3.2 Porosity 
Using the Mercury Intrusion Porosimeter, it was possible to estimate the total porosity and porous 

structure of the samples. Results about pores area and the percentage of material porosity are shown 

in Tab. 5. By studying the graphs comparing pore diameter with mercury intrusion and the logarithm 

of mercury intrusion, collected in figure 2, it is possible to divide the space represented by the axes 

into three zones: 

1. Between 0.01 m and 0.1 m (microporosity) 

2. Between 0.1 m and 10 m (mesoporosity) 

3. Between 10 m and 100 m (macroporosity) 
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From the analysis made using the mercury intrusion porosimeter, Tab. 5, the porosity of the samples 

is between 34 and 42%; the average diameter is between 0.1437 m and 4.8360m. The lowest value 

of porosity was recorded in sample M5, although the average pore diameter is 4.8360 m. The highest 

value was detected in sample M3. The porosity of sample M1 and M6 have a similar result: the change 

in the type of binder, therefore, does not seem to drastically influence the porosity of the material, 

although sample M6 is the one with the highest pore area value. In the opposite case, the samples 

with the lowest pore area are M5 followed by M3, both of which have the lowest percentage of 

micropores. 

 

 

 
M1  M2 

 

 

 
M3  M4 

 

 

 
M5  M6 

Figure 2: Distribution of porosity as a function of pore diameter 

Specifically, as can be seen in Figure 2, all samples except M3 and M5, had a maximum in the graph in 

the region corresponding to the mesopores and peaks in the region of the micropores. In contrast to 

these, samples M3 and M5 show more or less intense signals in the macropores region. The low 

porosity of sample M5 could in fact be caused by the majority of macroporosity characteristic of the 

sample. 
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Table 5. MIP analysis.  

Material Pores area (m2/g) Average pore diameter (µm) Porosity % 

M1 5.196 0.1692 35.6711 

M2 5.581 0.1559 36.6223 

M3 1.332 1.5926 42.3130 

M4 5.161 0.1798 37.3286 

M5 0.531 4.8360 34.7788 

M6 6.090 0.1437 35.1595 

3.3 Density 
By comparing the density values obtained from the two methods, in Table 6, results were almost 

comparable for all samples. For both methods, the lowest density value corresponds to sample M5, 

followed by M3. From the calculation of density, the highest result was obtained from M1, followed 

by M2. In contrast, MIP recorded a higher density value for M2 followed by M1. This result could be 

due to a possible higher presence of closed pores in sample M1 that cannot be determined by MIP. 

Table 6. Volumic mass of the speciemens and the bulk density obtained by Mercury Intrusion Porosimeter (MIP).  

Material Volumic mass (g/mL) Bulk density at 0.25 psia (g/mL) 

M1 1.65166 1.6227 

M2 1.61133 1.6382 

M3 0.81469 0.7976 

M4 1.60874 1.6087 

M5 0.49830 0.8299 

M6 1.61038 1.6065 

4 Discussion 

The analyses carried out allowed an in-depth study of the plaster samples and clarified the main 

characteristics. The results obtained were then compared with what is stated in the technical data 

sheets of the individual products. The mechanical compression, flexural, elastic modulus and ultrasonic 

tests gave consistent results, with the exception of some apparently non-compliant results listed 

above. In all cases, M3 and M5 recorded the lowest test resistance values and M6, against all odds, the 

highest values. When comparing the results obtained from the laboratory tests and the data sheets 

provided by the company, the results relating to the flexural tests, apart from in the case of M4, were 

not compliant but very different, while the range of values relating to the compression test was so 

wide that it is possible to state that the results are compliant according to standard labelling. Data 
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sheets allow companies to indicate a class of mortar with a very wide range and therefore do not give 

the restorer the possibility of being able to choose the compatible mortar. As in fact our results show, 

the data are compliant, but often the correct mortar cannot be chosen because apparently even 

though they have very different characteristics, they are standardized by the classification and the very 

wide range. Some mortars are very different but are classified with the same class. The microstructure 

of the samples was investigated using the mercury intrusion porosimeter, which provided data on the 

percentage of the porosity of the samples and the average diameter of the mercury-accessible pores 

and density of the sample. Comparing the porosity values with the densities and mass of the individual 

samples, one would have expected a higher porosity in the case of samples M3 and M5, as they were 

found to be the least dense samples with the highest presence of macropores. 

M5 did not confirm the initial assumptions as it seems to be the sample with the lowest porosity 

percentage, this could be caused by the excessive presence of inaccessible voids. In the case of all 

other samples, a higher percentage of mesopores followed by micropores was observed from the 

graphs. What was observed from the analyses, despite the instrumental disadvantage related to the 

impossibility of considering non-accessible, or closed pores, was confirmed in all cases by density 

and/or bulk density analyses. 

5 Conclusions 

Analyses has been carried out on a selection of ready-mixed NHL-based commercial plasters for 

conservation of historic masonries. This work focused on the evaluation of the physical and mechanical 

characteristics of the materials with testing their properties and investigate their microstructural 

characteristics in function of their porosity. 

The following conclusions were drawn from the discussion of the results obtained from the analyses: 

• Some analyses needs to be replied (such as bending, compression, static elastic modulus) and so, 

the three replicates provided by the standards are not enough. 

• The results obtained could be further investigated by carrying out microscopic analyses on cross-

section in order to observe the porosity of the samples and assess the possible presence of closed 

pores and confirm what the porosimeter showed.  

• Chemical analyses could also be carried out to study the mineralogical composition and the 

presence of any organic additives probably not included in the data sheet of the companies 

• Physical and mechanical analyses allowed the identification of different microstructural 

characteristics that may affect durability. It is therefore necessary to continue the research with 

tests on the durability of these materials and the variation of these characteristics over time, and 

to assess their compatibility as a function of physical and mechanical parameters. 

• The drop test for studying the water-repellent of the surface and Karsten's tube test to verify the 

presence of water-repellent on the surface should be evaluated in future. 

• The current classification method of compressive strength (CS I and CS II) covers too wide a range 

of values, preventing the restorer from being able to choose the most suitable product. 
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• Although all the samples analyzed are plaster mortars made with a hydraulic binder (declared by 

the Company), the mechanical and physical characteristics of the samples are very different, so 

the chemical characteristics of the binder seem to be the least influential as regards the evaluation 

of compatibility. 

• As a further study, it would be important to carry out further studies to understand why the mortar 

made with NHL3.5 has higher performances than an NHL 5. 
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Topic 5: Historic Portland cement-air lime mortars. 
Historic Portland cement mortars. 
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DA QUINTA DA AZEDA, SETÚBAL (PORTUGAL). A CASE STUDY FROM THE 
BEGINNING OF THE 20TH CENTURY  
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Abstract: The Mirante da Quinta da Azeda, in Setúbal (Portugal), is a peculiar observation tower 

built in the early 20th century, and one of the first examples in which reinforced concrete was applied 

in Portugal. It has an unusual architectural configuration, displaying elements of great slenderness. In 

the scope of the CemRestore research project - Mortars for the conservation of early 20th century 

buildings: compatibility and sustainability, several mortar and concrete samples were collected from 

this structure and were characterized using a combination of mineralogical, microstructural, physical, 

and mechanical techniques, including XRD, petrography, SEM-EDS, open porosity, capillarity 

coefficient, compressive strength, and ultrasonic pulse testing. In this paper, the main characterization 

results are presented and discussed. The results show that all structural and decorative samples are 

made with Portland cement, while one rendering mortar is lime-based. The sand is mostly siliceous 

whereas pebbles and crushed limestone can be found as coarse aggregates in concrete samples. This 

characterisation allows broadening the scientific knowledge about the materials of that period used in 

Portugal, also enabling the establishment of the requirements to be met by mortars and concrete to 

be used in the repair of this distinct structure. 

1 Introduction 

The built heritage of the early 20th century is characterised by a diversity of architectural styles ranging 

from Art Nouveau and Art Deco to Modernism. This was a time of transformation in construction 

practice, mainly fostered by changes in binders, from air lime to the wide use of Portland cement.  

Some scientific knowledge about historically emblematic concrete structures and buildings from the 

19th century onwards has been carried out and reveals that a diversity of materials was employed in 

their construction [1]-[8]. One of these new materials is natural cement, which was used on a massive 

scale in Europe for the economic and easy manufacture of decorative elements and renders; this 

hydraulic binder, produced from the calcination of marlstones, was of great help in buildings’ 

construction, particularly because of its properties (rapid setting and waterproof properties), until the 

development of artificial Portland cements [9]. In Portugal, few buildings from this period have been 

studied and the lack of specific details of mortars and concretes used makes it essential to know the 

characteristics of these materials, including the type of binder used.  
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The Mirante da Quinta da Azeda (Figure 1), located in the city of Setúbal (Portugal), is one of the first 

building structures from the early use of reinforced concrete in Portugal 0. It presents an unusual 

architectural configuration, displaying elements of great slenderness that testify the strong influence 

of the dominant iron architecture of its construction period, and it was erected above a water cistern. 

Its construction dates back to the early 20th century. However, Soares and Silva 0 refer to the existence 

of a late nineteenth-century residence, which presented a balcony, limited by concrete railings, from 

which the owners had access to the observation tower, at first-floor level through a walkway (Figure 

1b), which nowadays is laid on the ground, next to the tower, since the residence was demolished. The 

construction process and the construction phases of the observation tower are unknown up to now. 

Currently, the structure has safety issues that have led to its shoring, being the access restricted. Most 

of the anomalies observed are related to the corrosion of the rebars (Figure 2).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Images of Mirante da Quinta da Azeda in 2014. Credits by Bruna Pereira de Oliveira. (a) General view 

from the outside; (b) View of the first-floor level, walkway to the tower and the cistern wall below the 
observation tower at the ground floor. 

Within the scope of the CemRestore project, funded by the Portuguese Foundation for Science and 

Technology, which aims to study the mortars from the early 20th century in Portugal, to evaluate the 

changes that occurred in terms of the use of hydraulic materials and their production process, the 

present publication aims to provide information about the mortars and concrete materials used on 

this peculiar structure of the early 20th century. This study allowed a better understanding of the 

composition and the physical-mechanical properties of the materials applied in this period, in order to 

select the most suitable restoration products to be used in future repair works. 

  
(a) (b) 
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Figure 2. Images of Mirante da Quinta da Azeda in 2021, during the sampling campaign. (a) General view of the 
observation tower after the shoring; (b) Vertical cracking in a structural column; (c) Corrosion of reinforcement 

and delamination of concrete cover. 

2 Characterization of samples 

Several samples from the Mirante were collected to allow the compositional characterization. The 

selection of samples was made according to LNEC methodology Error! Reference source not 

found.Error! Reference source not found., and considering the importance of the different functions 

(structural or decorative use) and materials.  

The samples were collected from the tower structure (main building – 4 specimens), the cistern 

(located at the bottom of the tower – 2 specimens), and the walkway (4 specimens). Most of the 

samples were taken by hand, however, the samples from the slab of the walkway were taken using a 

core drilling machine. Table 1 shows the list of the collected samples, their locations, and their 

description. 

3 Experimental program 

With the main aim to characterize the mortars and concrete materials and to identify the differences 

among them, mineralogical, microstructural analysis, physical, and mechanical tests were performed. 

The characterization methodology comprises a wide range of techniques that complement each order, 

including XRD, optical microscopy by petrography, SEM-EDS, water absorption capillarity coefficient, 

open porosity, ultrasonic pulse velocity and compressive strength Error! Reference source not 

found.Error! Reference source not found.. 

3.1 Mineralogical and microstructural analysis 

To determine the binder and sand mineralogical composition, XRD analysis was performed with a 

Malvern Panalytical Aeris X-ray diffractometer with 40 kV and 15 mA, using Copper Kα radiation 

(λ=1.5406 Å). Diffractograms were recorded in the range 5-85 º2θ, at step size of 0.20°/s. 

   
(a) (b) (c) 
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Table 1. List of the collected samples, general description, and their location in the main structure 

samples specimen location general description Images (samples and collection site) 

M1 

M1-A 

Walkway 

railing 

Handrailing - grey mortar with 

roughened surface  

  

M1-B 
Balustrade - precast reinforced 

decorative element  

M3 

M3-A 

Walkway slab 

Slab coating- grey mortar covering 

the concrete slab 

  

M3-B 

Structural slab - reinforced 

concrete with crushed coarse 

limestone aggregates  

M4 M4 

Ceiling of the 

first level 

structure 

Whitish thin render with white 

lumps  

  

M5 M5 

Decorative 

element from 

a column 

Chapiter precast reinforced 

decorative element 

 
 

M6 M6 

Decorative 

element from 

a column 

Chapiter precast reinforced 

decorative element (similar to M5) 

  

M8 M8 

Column base 

(structural 

element) 

Reinforced concrete with coarse 

pebble aggregates 

  

M12 

M12-A 

Cistern’s 

structure  

Render - grey mortar covering the 

concrete support 

  

M12-B 
Reinforced concrete with crushed 

coarse limestone aggregates 
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Two types of fractions were analysed: the fraction corresponding to the samples as collected, 

designated as overall fraction, was obtained by grinding to pass through a 106 μm sieve and a fraction 

designated as fine fraction, which has a higher binder concentration, that was obtained by extracting 

the fines passing a 106 μm sieve directly from the bulk mortar. Semiquantitative XRD analysis was done 

by Rietveld phase analyses on the overall fraction.  

Moreover, microscopic studies were also carried out as a powerful tool for identifying the type of 

binder and complementing data on the chemical composition of the studied materials. Thin and 

polished sections of the samples were prepared with vacuum impregnation with an epoxy resin. These 

were observed on an Olympus BX60 polarizing microscope and under Scanning Electron Microscopy 

(SEM) Tescan Mira3 coupled with a Bruker energy dispersive X-ray spectrometer (EDS) XFlash 6|30, 

using an electron beam voltage of 20 kV.  

3.2 Physical and mechanical characterization 

In order to assess the physical-mechanical characterization of the samples and their functional capacity 

to support requirements for new compatible repair materials, some mechanical and water behaviour 

tests were performed. Since the samples collected in situ are of non-standardized dimensions and are 

irregular, the laboratory characterization requires some special test methods, developed and validated 

in previous scientific works 00.  

The capillary absorption by contact test consists of periodic weighing of samples until the total 

saturation. The absorbed water is determined through the difference between the weights measured 

periodically and the initial weight and the capillarity coefficient is determined as the slope of the initial 

straight part of the absorption curve in the function of the square root of time 00. In general, to 

perform this test, the samples are put in a basket with wet geotextile gauze and weighed together, 

however since the samples, in general, present high cohesion, this procedure was only used on the M4 

sample (Figure 3a). 

For the compressive strength test a direct compression test was carried out, giving compressive 

strength values (Sccm) by the division of the compressive force that produces rupture of the sample 

by the 40 mm x 40 mm area of force application 00, since the samples have the regular shape and 

dimensions (approx. 40 mm x 40 mm or a little more) necessary to use the standardised equipment, 

non “shaping mortar” is used in this case study (Figure 3b). An electromechanical testing machine ETI 

HM-S was used, with a load cell of 200 kN.  

Additionally, ultrasonic pulse testing was used, based on EN 12504-4 0, to evaluate the compactness 

and stiffness of the samples 0. This technique was performed with an Ultrasonic Tester Steinkamp BP-

7 model and is based on measuring the speed of propagation of longitudinal ultrasonic waves, in 

microseconds, through specimens, using the transducers positioned, in this study case, on the same 

surface (indirect transmission), using a minimum distance of 10 mm between them and successively 

increasing the distance by displacing one of the transducers (Figure 3c). The ultrasonic impulse velocity 

is determined as the slope of the distance/timeline obtained with the measurements. 

The pore structure was evaluated through the total open porosity by immersion and hydrostatic 

weighing, based on EN 1936 0. 
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Figure 3. Physical and mechanical tests performed at the samples. (a) water absorption by contact; 
(b) compressive strength; (c) ultrasonic test. 

4 Results and discussion 

The results are presented and discussed considering the typology of the samples. The samples were 

grouped into the three main sets of construction materials, i.e., rendering mortars (M1-A, M3-A, M4 

and M12-A), precast decorative concrete elements (M1-B, M5 and M6), and structural concrete (M3-

B, M8 and M12-B).  

4.1 Mineralogical analysis and semi-quantification of crystalline compounds  

Table 2 shows the semiquantitative results obtained by Rietveld analysis for the overall fraction. The 

main compounds are related to the aggregates, which are mainly quartz and k-felspar (microcline), 

comprising most of the siliceous sand in all groups of samples analysed. Decorative and structural 

concrete show a relevant presence of calcite, (between 18.7 % and 37.8 %) presumably due to the 

contribution of carbonate aggregates, whilst the rendering mortars, with the exception of M12-A, 

show a lower presence of this carbonate phase (between 7.9 % and 10.7 %). The lowest value is shown 

in M4 mortar, simultaneously showing the highest presence of sand by means of siliceous phases 

identified.  

Regarding the binder (fine fraction), figure 4 shows the occurrence of C3S, C2S, C4AF, AFt, and CS phases, 

which indicates the use of Portland cement as the binder in all the mortars and concretes studied, 

except for M4 rendering mortar, which exhibits brucite in the fine fraction suggesting the use of 

dolomitic air lime as binder.  

In respect to other crystalline compounds, it should be pointed out the presence of salts (gypsum and 

syngenite) in M4 mortar. This occurrence may be due to some contamination coming from the 

concrete support materials. Calcium-carbonate polymorph vaterite is found in all decorative concrete 

elements and in structural concrete sample M8. Besides this secondary carbonate can be found in 

shells as a biomineral or upon carbonation of CSH 0, since these elements are environmentally exposed 

it can be related to a dissolution/chemical precipitation cycle of the pre-existing carbonates (or the 

carbonated paste) due to water action. 

 

 

   
(a) (b) (c) 
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Table 2. Crystalline compounds identified by XRD and Rietveld semiquantitative analyses of the overall sample 

fractions (values in percentage) 

Crystalline compounds 
rendering mortars 

precast reinforced 
decorative element 

structural concrete 

M1-A M3-A M4 M12-A M1-B M5 M6 M3-B M8 M12-B 

Quartz (SiO2) 58.9 66.5 80.5 56.1 38.2 62.0 55.8 49.7 58.4 69.3 

Microcline (KAlSi3O8) 14.9 10.9 6.6 12.3 14.6 9.9 7.1 12.2 8.3 9.8 

Calcite (CaCO3) 8.8 10.7 7.9 28.2 37.8 23.7 30.2 31.9 31.5 18.7 

Ettringite 

(Ca6Al2(SO4)3(OH)12.26(H2O)) 
2.1 2.2 - - 1.7 - - - - 0.6 

Muscovite 

(KAl2(Si3Al)10(OH,F)2) 
1.2 0.9 1.0 0.9 1.3 0.5 0.7 0.1 1.1 0.2 

Gypsum (CaSO4.2H2O) 1.4 1.4 2.1 - - 1.8 1.7 1.1 - 0.9 

Portlandite (Ca(OH)2) 4.2 3.3 - - 1.3 - - 0.4 - - 

Brucite (Mg(OH)2) 0.8 0.6 <1.0 - 0.7 - - - - - 

C3S - Alite (Ca3SiO5) 2.4 1.0 - 0.9 0.9 0.1 0.1 1.1 0.3 0.2 

C4AF - Brownmillerite 

(Ca2(Al,Fe3+ )2O5) 
1.6 1.1 - 0.5 1.3 0.6 1.0 <0.1 0.4 0.1 

C2S - Larnite (belite - 

Ca2SiO4) 
1.2 0.3 - 0.8 0.3 0.1 0.5 1.4 <0.3 <0.1 

Hydrocalumite 

(Ca2Al(OH)7·3H2O) 
0.3 0.1 - <0.3 0.9 0.4 0.4 <0.1 <0.3 0.2 

Vaterite (CaCO3) - - - - <0.3 0.9 2.5 - <0.3 - 

Dolomite (CaMg(CO3)2) - - - 0.3 - - - - - - 

Aragonite (CaCO3) - - - - - - - 2.0 - - 

Syngenite (K2Ca(SO4)2·H2O) - - 1.9 - - - - - - - 

(-) compound not detected 

 

  
(a) (b) 

Figure 4. Fine fraction diffractograms of: (a) rendering mortar samples, (b) decorative (red plots) and structural 
concrete (green plots) samples. Notation: Q – Quartz; C – Calcite; kf – Microcline; M – Muscovite; G – Gypsum; 

P – Portlandite; E – Ettringite; B – Brucite; Cp –Portland Clinker minerals (undifferentiated: 
Alite+Larnite+Brownmillerite); Hc – Hydrocalumite; V – Vaterite; S – Syngenite 
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4.2 Microstructural and chemical composition 

The petrographic assessment by optical microscopy showed a variety of aggregates which confirms 

the mineralogical analysis by XRD. Rendering mortars have, in general, a limited range of aggregate 

types. Siliceous sand mainly comprises quartz in mono or polycrystalline varieties (Figure 5a, b). 

Decorative precast elements feature coarser aggregates of limestone (M1-B) and carbonate shells (M5 

and M6) (Figure 5c, d). Rounded pebbles observed in hand specimens from structural concrete (sample 

M8) are of quartzite and limestone nature (Figure 5e), while coarse crushed aggregates in the other 

analysed concrete samples from the walkway slab and cistern structure (samples M3-B and M12-B) 

share the same lithological nature, both are limestones (Figure 5f). The absence of quartzite pebbles 

in these samples is a distinguishing feature and could be associated with a different construction 

period. 

 

  
(a) (b)  

  
(c)  (d)  

  
(e) (f) 

Figure 5. Main aggregates’ features from the three sets of analysed materials. Micrographs in crossed polarized 
light. Mono and polycrystalline quartz are the main sand aggregates in (a) sample M1-A and in (b) sample M4. 
Sample M1-B (c) shows a wide limestone grain (micritic texture with a ferrous cement) and in sample M5 (d) it 

can be seen an elongated bioclast carbonate shell in the bottom left. A quartzite round aggregate grain is 
shown in sample M8 (e - bottom) and crushed micritic limestone in sample M3-B (f - top). 
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Regarding the binders, the EDS analysis carried out in sample M4 binder, provide sufficient data to 

clarify its nature. The presence of Mg in the EDS spectra (Figure 6) proves that the binder is dolomitic 

air lime. Moreover, it was previously suggested by the presence of the brucite phase in XRD of the fine 

fraction and by the absence of clinker Portland compounds (Figure 4a). No traces of hydraulicity were 

found in this sample through microscopic analysis. 

Apart from sample M4, clinker remnants or residues are often found in all sets of samples (Figure 7), 

regardless of the carbonation grade of mortars and concretes’ matrix. Under the optical microscope, 

it can be seen the carbonation phenomenon affecting some of the studied materials, which is 

materialized by the chemical alteration of belite and alite caused by the calcium depletion in 

unhydrated clinker residues 00 (Figure 7c, d).  

Further microscopy studies (SEM-EDS) were performed to complement and support the petrographic 

ones. Figure 8 shows some clinker remnants images combined with the chemical data obtained on 

several unhydrated clinker residues for each set of materials thus validating the occurrence of the 

principal crystalline compounds of the clinker Portland cement. Remarkable is the frequent presence 

of the C3S phase (alite) in every sample (Figure 8d, e, f), which is consistent with the use of Portland 

cement as this phase clearly distinguishes Portland cement from other historical binders [23]. 

 

  
(a)   (b) 

 
 

(c)  (d) 
Figure 6. Backscattered images of M4 sample. (a) Aspect of binder texture and chemical composition of area A1 

by EDS (b), and unhydrated dolomitic lime lump (c) with correspondent EDS elemental composition of the area 

A2 (d). 
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(a)  (b)  

  
(c) (d)  

Figure 7. Micrographs in crossed polarized light showing clinker remnants  (arrows) inside a hydrated cement 
matrix in (a) sample M1-A and in (b) sample M12-B. Precast concrete element M5 (c) and structural concrete 

M8 (d) show alteration in belite and alite inside clinker residues (arrows), which corresponds to silica 
enrichment due to the carbonation phenomenon. 

 

   
(a) (b) (c) 

   

(d) (e) (f) 

Figure 8. Examples of unhydrated clinker residues from the different sets of mortars and concretes. (a) 
rendering mortar, (b) decorative precast and (c) structural concrete. (d, e, f) The respective set phase plots. 
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4.3 Physical and mechanical characterization  

The results of physical and mechanical properties are summarized in Table 3.  

 

Table 3. Results of physical and mechanical characterization 

Properties 
rendering mortars 

precast reinforced 
decorative 

element 
structural concrete 

M1-A M3-A M4 M12-A M1-B M6 M3-B M8 M12-B 

Bulk density (kg/m3) 2 096 2 000 1 833 2 224 2 043 2 184 2 212 2 177 2 186 

Open porosity (%) 12 15 22 6 15 10 12 10 11 

Dynamic modulus of 

elasticity by ultrasonic 

pulse test (MPa) 

27 714 20 483 5 806 28 998 22 210 10 381 18 033 - - 

Compressive strength 

(MPa) 
15 31 - 44 50 59 17 28 - 

Water capillarity 
coefficient by contact 

(kg/m2.min1/2) 

0.15 0.01 1.51 0.03 0.25 0.09 0.12 0.08 0.09 

(-) Tests not carried out  

 

As can be seen from Table 3, two distinct rendering mortars compositions were used: the mortar M4, 

which presents the highest capillarity coefficient, the highest open porosity, and the lowest bulk 

density and dynamic modulus of elasticity. These values are typical of air lime mortars and consistent 

with old lime mortars in a good state of conservation or with a low degree of degradation 0, despite 

of being contaminated by soluble salts.  

Unlike the mortar M12-A which shows a low capillarity coefficient and the lowest open porosity values, 

with the highest apparent density and dynamic modulus of elasticity values. Despite the lower rate of 

absorption observed in the M3-A sample, which can be related to the finishing of this render that could 

delay the water absorption (Figure 9), M1-A and M3-A showed similar behaviour and composition, as 

previously stated.  

Regarding the other samples (decorative precast and structural concrete), the bulk density is 

homogeneous between them (2043-2212 kg/m3), and all samples present low values for water 

absorption coefficient (< 0.25 kg/m2.min1/2), low open porosity values (< 15 %), high compressive 

strength values (> 17 MPa) and, in general, high values for the dynamic modulus of elasticity.  

Moreover, the structural ones showed the maximum values of total absorption (Figure 9) and relatively 

lower compressive strength values (by comparison), probably due to the presence of coarse 

aggregates, that could increase the water absorption (by the aggregates) and decrease the mechanical 

strengths, due to ITZ zones with larger volume. 
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Figure 9. Capillary water absorption curves. 

5 Conclusions 

Three sets of construction materials, i.e., rendering mortars, precast reinforced decorative concrete, 

and structural reinforced concrete from a singular architectonical observation tower in Setúbal, 

Portugal, built in the early 20th-century, were characterized. The results obtained for the analytical 

characterization led to the main following conclusions. 

 

Rendering mortars: 

• Mainly composed of siliceous aggregates (quartz and K-feldspar). Only the sample from the cistern 

shows a significant increase in calcite, probably associated with a contribution of biogenic and 

carbonate aggregates, which may suggest that this rendering mortar is not contemporary with the 

other ones. 

• Ordinary Portland cement was the binder used, except for the sample M4, which was formulated 

with dolomitic aerial lime. The results of the physical and mechanical tests corroborate this 

characteristic. 

• The sample M4 revealed a higher presence of soluble salts (gypsum and syngenite), most likely 

due to contamination from the upper concrete support materials. 

Precast reinforced decorative concrete: 

• Mainly composed of siliceous aggregates (quartz and K-feldspar). Calcite is the second crystalline 

compound identified which is associated with limestone aggregates in the sample M1-B and to the 

presence of carbonate shells in M5 and M6 samples which may be an indicator of a local source.  
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• Ordinary Portland cement is the identified binder in all samples. 

• The physical and mechanical results are in accordance with cement composite materials. 

Structural reinforced concrete: 

• Mainly composed of siliceous aggregates (quartz and K-feldspar). Calcite is the second crystalline 

compound identified which is associated with coarse limestone aggregates in M3-B and M12-B 

samples. The calcite content is generally close to that of the precast reinforced concrete decorative 

samples, however with a higher maximum dimension. 

• Aggregates from the observation tower structure is slightly different from the other structures’ 

concretes. The coarse aggregates are rounded pebbles mainly of quartzite and limestone nature; 

• Ordinary Portland cement is also the identified binder in all the concretes analysed. 

• The physical and mechanical results are in accordance with cement composite materials with low 

values of open porosity and water absorption and very high compressive strength values. 

Furthermore, despite the different uses and functionalities, the samples M5, M6 and M8 show similar 

compositions and physical performances - distinct from the samples M1, M3 and M12, so we can 

conclude that the Mirante probably had at least two different construction times or simply two sets of 

materials were applied by different people or contractors, in which Portland cement was used. 
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Abstract: Traditional stone aggregates used to prepare mortars are generally considered inert 

fillers that do not interact with a binder. The European Green Deal, on the other hand, encourages the 
use of secondary material as aggregate. This secondary material is rarely an inert part of lime-based 
composites. This study focuses on heavy metal contaminated aggregate, for which has already been 
confirmed to alter microstructure development and lower the early strength of cement composites. 
Its influence on the early age properties of hydraulic lime mortar was studied through microstructure 
development recorded using transmission ultrasound technique and tensile and compressive strength 
after 1, 3 and 7 days. Results are then compared to those of cement composites. The obtained results 
show that heavy metals delay microstructure development of hydraulic lime mixture during the first 
60 hours, but do not decrease the tensile and compressive strength of the mortar after 3 and 7 days, 
as is the case with cement mortar. 

1 Introduction 

Traditional stone aggregate is considered inert filler that does not interact with the early processes of 
forming the microstructure. However, when designing a mixture, aggregate needs to be carefully 
selected to withstand environmental conditions where abrasion and erosion can occur, especially in 
the case of renders. A designer can choose between naturally (gravel, sand) or mechanically formed 
stone aggregates. The latter is produced in quarries by mining and then crushing large rocks to chosen 
fractions. Therefore, its impact on the availability of natural resources and the environment is not 
neglectable. Metal mining also includes crushing before chemical decomposition and galvanising 
metal-rich rocks to extract metal [1]. As a result, a large amount of tailing (non-metal part of the rock) 
is left over. As a consequence of the European Green Deal, tailing is often used as a source of cement 
composite aggregates. 
Different studies have shown that in a highly alkaline medium metal-contaminated aggregate forms 
various hydroxide metal complexes. These hydroxide complexes can be formed by free metals leaching 
out during mixing or by galvanic processes between different cement constituents. The process known 
as chelation prevents calcium saturation and causes a delay in microstructure formation in cement 
composites [2]. Mines also use the galvanic processes where, for example, Fe3+ (originating from 
cement constituent Brownmillerite) ions oxidise Zn from sphalerite to form Zn2+ ions [3]. Metals can 
originate from the rock crystallisation process known as metamorphosis, where isomorphic 
substitution occurs [4]. Isomorphic substitution is a substitution of atoms inside the crystal unit cell. It 
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is only possible when the substitute has the same or smaller size and same charge as an atom that it 
substitutes. With advanced analytical methods and their coupling, it is possible to detect metals even 
in concentrations of order ppm or ppb. Most frequently used analytical methods for their detection 
are ICP -MS (inductively coupled plasma mass spectroscopy) as well as Raman spectroscopy, XRF (X-
Ray Fluorescence), XRD (X-Ray Diffraction) and SEM-EDS (Scanning Electron Microscope coupled with 
Energy Dispersive Spectroscopy) and TEM (Transmission Electron Microscope) [5].  
Isomorphic substitutions are present in all rocks, but in such low quantities that the development of 
cement or lime binder microstructure is not influenced. Ordinary dolomite aggregates may, for 
example, contain eight metal isomorphs listed in Table 1.  

Table 1. Heavy metals found in traces in dolomite aggregate [1] 

Element Quantity Element Quantity 
As 1 ppm Ni 20 ppm 
Cr 11 ppm Pb 9 ppm 
Cu 4 ppm V 20 ppm 
Mo 3 ppm Zn 20 ppm 

 
To our knowledge, there are no relevant studies about the influence of heavy metals on the early age 
properties of hydraulic lime mortars used for restoration and repair of historic buildings. Therefore, 
this research aimed to study microstructure development using transmission ultrasound waves and to 
characterise the early mechanical properties of hydraulic lime mortar prepared using aggregates 
contaminated with heavy metals. 

2 Materials and Methods 

Two different aggregates were used in this study. Aggregate A is a reference aggregate that generally 
does not alter the early age microstructure development of mineral binder. Aggregate B is 
contaminated with heavy metals and, according to previous studies, alters the microstructure 
development of cement composites. With these two aggregates 1:2:9 (volume ratio cement: lime: 
aggregate) hydraulic lime mortars were prepared and tested in this study (HL_A and HL_B). The 
obtained results were compared to those of the cement mortars tested using the same testing 
protocols. The water-to-cement ratio of the cement mortars was 0.45, and aggregate occupied 60 % 
of the volume of mortars. 

2.1 Binder properties 
Hydraulic lime mixtures were prepared using CL70-S hydrated lime and cement CEM I. The lime: 
cement volume ratio was 2:1. The compositions of binders are presented in Table 2. 

Table 2. Binder compositions according to XRD analysis 

Binder SiO2 Al2O3 Fe2O3 CaO SO3 MgO Na2O K2O Cl- SO2 LOI 
CEM I[2] 19.33 5.62 2.70 62.06 3.23 2.07 0.35 0.75 0.009 / 3.7 
Lime [3] / 0.6 0.19 71.25 0.06 2.09 / / / 0.79 25.69 
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2.2 Aggregate properties 
Contaminated aggregate B was characterised according to standard EN 1097, where organic matter, 
sieve analysis and density were determined. The XRD analysis of aggregates A and B was performed 
using Cu K⍺1	radiation. Diffractograms were refined using the Rietveld method. 

2.3 Ultrasound measurements 
The microstructure formation was studied by measuring transmission times of ultrasound P-waves 
using the Proceq Pundit PL-200 instrument and 54 kHz transducers. Measurements were performed 
on mortar cast into the 10 cm x 10 cm x 10 cm mould. The interval between subsequent measurements 
was set to 5 minutes. The setting time was estimated at a pulse velocity of around 500 m/s, according 
to [4]. 

2.4 Tensile and compressive strength 

2.4.1 Tensile strength 
Tensile test was performed on three samples after 1, 3 and 7 days, using the MTS Exceed Series 43 
universal testing machine with force capacity between 5 N and 10 kN. The load was applied at a 
constant rate of the crosshead displacement equal to 0.06 mm/s.  

2.4.2  Compressive strength 
Compressive test was performed on six samples after 1, 3 and 7 days. The testing machine and the 
loading rate were the same as for the tensile test. 

3 Results and discussion 

3.1 Aggregate properties 
Aggregate A has a density of 2850 kg/m3 and, according to XRD, consists of the mineral dolomite (99.5 
%) and the mineral calcite (0.5 %) (Figure 1). Aggregate B is without organic matter (Figure 2), and its 
density is 2730 kg/m3. Aggregate B consists predominantly of the mineral dolomite (61.2 %) and the 
mineral calcite (35.6 %). It also contains lead (1.3 %), sphalerite (1 %) and flint (0.8 %). Aggregate A is 
produced in the quarry, while aggregate B is produced with tailing crushing. The density of aggregate 
A is higher than that of aggregate B, because of the mineral dolomite which occurs in higher 
concentrations (Figure 2). Sieve analysis gave similar grain size distributions of aggregates A and B. 
However, aggregate A appears to contain slightly more particles below 0.063 mm (Figure 3). 
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Figure 1. Organic matter test with 3 % NaOH 
 

 
Figure 2. X-Ray diffraction analysis of aggregate A and aggregate B. 
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4 Conclusions 

Heavy metals originating from aggregate slightly improve the workability of hydraulic lime mortar. This 
could be due to the chelation reaction, which forms calcium hydroxiplumbate and calcium 
hydroxizincate, and provides higher water content for the fresh mortar flow. The chelation reaction 
appears to be instantaneous. 
Aggregates contaminated with heavy metals delay microstructure formation in hydraulic lime mortar 
and thus prolong the initial setting time. However, this delay is not as pronounced as in the cement 
mortars. Calcium ions originating from hydrated lime dissolution could be responsible for the observed 
behaviour.  
Early tensile and compressive strengths at the age of mortar of 3 and 7 days are higher in the case of 
contaminated aggregate B than for reference aggregate A. Therefore, the use of aggregate B in the 
hydraulic hydrated lime-cement mortars could be beneficial.  
The results of this study show promising properties of hydraulic lime mortar prepared from aggregates 
contaminated with heavy metals for renders and plasters due to increased workability, initial setting 
time and early age tensile and compressive strengths. However, the state of heavy metals during the 
degradation of such mortars is not yet known. 
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303



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

   

 

GAJI, A GYPSUM-EARTH PLASTER IN THE WALL PAINTING TECHNOLOGY 
OF THE CHURCH OF ST. DEMETRIOS OF THESSALONIKI, DAVID GAREJI, 
KAKHETI, GEORGIA 
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Abstract: Gaji is the Georgian name both for a gypsum-and-clay-containing soft rock found in 
eastern Georgia, and for the plaster traditionally derived from it. Gypsum-earth plasters have a long 
history of use across Caucasia, central Asia, and the Middle East. Gaji has been used in the preparation 
of mortars, plasters and decorative finishes, and as a support for Georgian religious and secular wall 
paintings together spanning the 9th – 20th centuries. Little research has been conducted into its 
properties, however, and within the context of wall painting conservation neither its influence on 
condition nor its implications for treatment have been adequately explored. Using the Church of St. 
Demetrios of Thessaloniki, rediscovered in 2015, at the monastic complex of David Gareji as an 
example, this paper explores the use of gaji plaster technology and the conservation challenges it 
presents.  

1 Introduction 

Global wall painting technologies exhibit enormous diversity in their materials and technology of 

execution [1]. One widely used classification can be made based upon the apparent binder of the 

plaster layer; most commonly lime, gypsum, earth, or cement [2]. However, the label of a “gypsum 

plaster” may belie crucial differences between superficially similar plasters, whether this be in terms 

of composition, material characteristics, or production technology. To complicate matters further, 

some plasters may have multiple binders or exhibit ambiguity over whether particular components are 

an aggregate or a binder [3,4]. 

Such complex plasters are not uncommon. Many will contain calcium carbonate, calcium sulfate 

(hydrates), as well as clay minerals within the same material, for example in the Neolithic plasters of 

Çatalhöyük [3] and the plasters used in the New Kingdom of Ancient Egypt. The latter were commonly 

derived from calcitic earth deposits at the foot of the Theban Mountains, containing clay and gypsum 

components [4]. With evidence that both clay and gypsum may contribute binding properties to these 

plasters, it is also apparent that the function and composition of these plaster components was 

controlled in a sophisticated manner to modify properties [4,5]. Alongside important implications for 

understanding the production technology of the plasters, and of the paintings as a whole, these 
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different scenarios have direct implications for investigating their deterioration and planning their 

effective conservation [6]. 

Gypsum-earth plasters have a long history of use across Caucasia, central Asia, and the Middle East; 

compositions may vary depending on the geology of the source quarry and the function of the plaster. 

For example, in Transcaucasia the earth is typically clay-rich, while in the Central Asia, it is loess, leading 

to different material characteristics associated with local soils [7]. Examples of the gypsum-earth 

material called ‘ganch’ in Uzbekistan attest to the use of different grades of material for plasters 

serving different functions within sophisticated decorative schemes [8,9]. Other local names for 

gypsum and gypsum-earth plasters include ‘ganch’ in Russian, Kazakh, Kyrgyz, and Uzbek, and ‘gaaj’ in 

Tajik [10]. According to Soviet literature, in the Middle East and Caucasia this material is also variously 

known as ‘gaja’, ‘gachi’, ‘arzak’, ‘gaji’, ‘white earth’, ‘gypsum earth’ and ‘clay-gypsum’ [7]. 1 

Gaji is the Georgian name both for a gypsum-and-clay-containing soft rock found widely in Georgia, 

and for the plaster traditionally derived from it. In Georgia, gaji has been used in the preparation of 

mortars, plasters and decorative finishes, and as a support for religious and secular wall paintings 

spanning the 9th – 20th centuries. Little research has been conducted into its properties, however, and 

within the context of wall painting conservation neither its influence on condition nor its implications 

for treatment have been adequately explored. These properties should form the basis of the overall 

conservation approach; whether in preventive, passive, or remedial interventions it is essential to have 

an adequate understanding of the technology, characteristics, and condition of the plaster. Without 

this understanding it is often impossible to accurately identify the causes and activation mechanisms 

of deterioration [11].  

The need to address these omissions came into focus in 2015, when the Church of St. Demetrios of 

Thessaloniki was discovered at Dodorka in the monastic complex of David Gareji. Condition and 

technical examination of the paintings identified a gaji plaster support in a critical state of delamination 

and decohesion. In response, a research project was launched to investigate the composition and 

properties of both the original plasters and currently produced gaji as a basis for creating compatible 

grouts and repairs. Qualitative and semi-quantitative data were obtained on porosity and geological 

components using X-ray diffraction, petrographic techniques, and chemical analyses. Using the Church 

of St. Demetrios of Thessaloniki as an example [12], this paper explores the use of gaji plaster 

technology, and the conservation challenges it presents. 

2 Use of gypsum-earth plasters in Georgia 

In Georgia the term gaji is used both for a naturally occurring gypsum-and-clay-containing soft rock, as 

well as the material for plasters, mortars and/or other architectural-decorative finishes. Modern gaji 

quarries are spread in various regions of Georgia, including Samegrelo-Zemo Svaneti, Kvemo Kartli and 

Kakheti (Gardabani, Kumisi, Badiauri, Magaro-melaani, Marneuli), as well as Tbilisi (Dampalo, Orkhevi, 

Grmagele, Soganlugi), although the use of this material is mainly confined to eastern Georgia, 

 
1  It should be noted here that "gaza", as mentioned in documentation of the St. Petersburg Cement Plant as a component of 

Portland cement [7], does not refer to a gypsum-clay material, but rather to a loose clay limestone. 
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particularly Tbilisi and Kakheti. Historic quarry sites are often found near these modern quarries and, 

in the absence of archival evidence, these provide the best available evidence for historic sources 

[7,13]. The raw gaji material varies between quarries with some key distinguishing differences 

including their colour. Depending on the quarries and locations within the stratigraphy, gaji is found in 

various shades of white, grey, brown, and yellow. The colour of gaji is mainly determined by the 

composition and ratio of clay types, calcium sulfate hydrates, and the nature of impurities.  

In eastern Georgia, gaji continues to be used as a plaster material both for religious/ecclesiastic 

structures and in secular residential buildings. The use of gaji as a wall painting support dates from at 

least the medieval period. The earliest known wall paintings with gaji-based plaster date from the 9th 

century and can be found in the medieval David Gareji Monastery complex, Kakheti, Georgia [14,15]. 

The David Gareji Monastery complex is located on the semi-arid slopes of Mount Gareja, on the edge 

of the Lori plateau and partly extends across the border into Azebaijan. It is only 70 km away from 

Tbilisi, the capital city of Georgia.  The Gareji semi-desert territory covers around 1000 km2 and 

includes twenty-one known extant monastery complexes and at least 5000 individual rock-cut cells 

and sanctuaries. In the first half of the 6th century, the Monastery (later called Lavra) was founded by 

David Garejeli, one of the 13 Assyrian Fathers [16, 17]. In Gareji additional monasteries named Dodorka 

(the horn of Dodo) and Natlismtsemeli (the Baptist) were founded by David Garejeli’s disciples Dodo 

and Luciane, respectively. In a period of activity in the 10th – 12th centuries, the Monastery complex 

was further extended and Bertubani, Chichkhituri, and Udabno monasteries, among others, were 

founded. The Gareji complex has astonishing wall paintings not only here, but in Qolagiri, Tetriudabno, 

Sabereebi, and Tsamebuli Monasteries [15–17].2  

Technical investigations of wall painting technology in the David Gareji monastery complex are scant. 

However, some research does identify gaji as a plaster support for wall paintings. According to the 

investigations and observations of Georgian restorers at the end of the 20th century, the 9th century 

and later wall paintings of the Gareji Monastery complex are executed on gaji plaster (described by 

the authors as comprising a loam soil with a high proportion of gypsum) [14]. According to laboratory 

analyses undertaken in the 1990s, the 10th – 11th  and 12th – 13th – century wall paintings in the churches 

of Udabno, Bertubani, and Natlismtsemeli monasteries are executed on clay-gypsum plaster, which 

the author refers to as ‘gazha’ [18]. A recently discovered 12th – 13th – century painted church at 

Dodorka monastery, discussed below, is also based on gaji plaster.  

The large-scale use of gaji as a building material in the urban development of Tbilisi is evident in 

buildings of the 18th – 19th centuries. From this period onwards, gaji was the main plastering material 

for the interiors of both civil and industrial buildings. Gaji has been found in historical buildings of 

Kldisubani, Bethlehem district, Ortachala and other parts of Tbilisi [19]. Gaji as a decorative wall-

painting support and as an interior plaster material was used in 19th – 20th centuries buildings located 

on Lermontovi Str N1 and N3, Abo Tbileli Str N6, and Rustaveli Str N37 among others [20, 21]. The 

interiors of the historic building of Tbilisi State Academy of Arts at Griboedovi Str N22 have gaji-based 

plasters, mouldings, and decorative wall paintings (Figure 1) [22]. The gaji-based wall paintings were 

mostly executed in common areas of the historic residential buildings, such as entrances and stairwells. 

 
2 Three monasteries are located in present day Azerbaijan – Udabno and Chichkhituri in part and Bertubani in its entirety. 
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The paintings were also found in the rooms of the flats, mostly on the ceilings and on some areas of 

the walls. In Tbilisi, the Church of Transfiguration at the Palace Complex of Queen Darejani is another 

example of gaji-based wall paintings from early 20th century [23] (Figure 2). 

Gaji is still widely produced and used in Georgia. However, current production methods and materials 

may not closely match historic production. Today, gaji is typically produced using gas-fired furnaces, 

while historic firing processes likely used kilns fuelled with wood [24].3 Soviet era material 

specifications stipulated that unburnt, natural gaji must contain at least 38% gypsum [7]. 

Unfortunately, in present-day gaji production plants, laboratory analyses of composition are not 

routinely performed and other technical data are not commonly reported. These differences may also 

result in significant divergence in the properties of modern and traditionally produced gaji.  

The continuing use of gaji in Georgia can be explained by its excellent working properties. It provides 

a smooth, even finish, and due to its plasticity and hardening rate can readily be moulded to produce 

relief decorative elements. Its fine-grained texture also makes it an appropriate painting support. 

However, gaji plasters are susceptible to environmental deterioration which may manifest in 

delamination, deformation, decohesion, cracking, and loss. In order to preserve this important aspect 

of Georgian technology and culture, understanding of the nature and performance of gaji materials is 

urgently required. 

 

Figure 1. (Left) Decorative stucco and wall paintings 
undertaken on gaji support in a building, today housing 
part of the Tbilisi State Academy of Arts, that was 
originally built as a residential palace by an Armenian 
trader [22].  
 
Figure 2. (Below) The Church of Transfiguration at the 
Palace Complex of the Queen Darejani. Gaji-based wall 
painting on the west wall. 

 
 
 
 
 
 
 
 

 
 
 

 
3 Personal communication with master craftsmen who, before gas-fired factory production became the norm, used to process 

gaji using traditional methods. 
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3 The church of St. Demetrios of Thessaloniki  

The Church of St. Demetrios of Thessaloniki, belonging to the Dodorka monastery complex at David 

Gareji, became one of the first case studies to focus on investigating gaji plaster technology and its 

conservation challenges. A collaborative research project was established between Tbilisi State 

Academy of Arts, Faculty of Restoration, Art History and Theory; The Technical University of Georgia; 

the Conservation Centre of Fine Arts Ltd. (co-funder); Geoengineering Ltd.; the Materials Research 

Laboratory, History of Art Department, University College London; and UK-based wall painting 

conservators Rickerby & Shekede (Conservation supervision of the project). The project was funded by 

the International Education Center Alumni Association in November 2019. Unfortunately, the project 

was curtailed due to the Covid-19 pandemic, therefore only the initial stages of the project have so far 

been undertaken.  

The Dodorka Monastery, which was founded by Dodo – one of the disciples of David Garejeli – 

preserves several unique painted churches containing wall paintings dating to as early as the 9th  – 10th 

century [25] (Figure 3). 

 

 

Figure 3. 9 – 10th century wall paintings in the conch of the small church in Dodorka Monastery Complex [25]. 

The cultural, artistic, and historical significance of the monastery was enhanced by the chance 

discovery in 2015 of the rock-cut church of St. Demetrios of Thessaloniki while monks were removing 

debris. Palaeographical evidence provided by graffiti on the interior suggests that the church had 

become inaccessible, possibly due to landslide, at some point in the 18th century. The construction 

date of the church is unknown, but the astonishing wall paintings can be dated stylistically to the 12th 

or 13th century. These depict scenes of St Demetrios of Thessaloniki, a unique iconographical scheme 

for Georgian medieval wall paintings [26]. The church’s eponymous patron saint is depicted among 

other warriors on the north wall, distinguished by his larger size and golden halo. The scenes from the 

“Martyrdom” of St Demetrios are depicted in chronological order starting from the south-west of wall 

and continuing clockwise [26] (Figure 4).  
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Figure 4. Church of St. Demetrios Thessaloniki north wall: scenes from the Life of St Demetrios. 

On discovery, the interior was found to be filled with earth to a height of 1.5m above the floor. The 

paintings were found to be extensively covered with plant roots, and the plaster was delaminating and 

powdering. In 2015 E. Privalova’s Technical Research Centre for Paintings ‘Betania’ undertook 

emergency interventions including the removal of plant roots and temporary edge stabilisation of 

detached plaster using gypsum plaster and bamboo sticks [27].  

Four years later the Conservation Center of Fine Arts Ltd. together with international consultants (Lisa 

Shekede and Stephen Rickerby) undertook a further conservation programme including environmental 

monitoring, detailed condition assessment, graphic documentation, research into the physical history, 

and remedial interventions [28] (Figure 5).  

 

 

Figure 5. Graphic documentation of the condition phenomena of the vault 

The church is a single-nave, hybrid structure of approximately 3 m × 5.5 m × 4 m). The northern part 

of the structure is hewn from the tuff-sandstone cliff-face, the vault is constructed from brick, and the 

south side of the church is built with irregularly shaped cut stone masonry. The only entrance is the 

south door, which is framed with brick. All three materials serve as primary supports for the wall 

paintings. The topography of the interior walls is uneven and fully covered with plaster, which forms 

the secondary support for the paintings.  

At least two gaji plaster layers are present, distinguishable by subtle differences in colour, texture, and 

particle characteristics. The upper layer is smooth in texture, pale yellow-white in colour, up to 0.5 cm 

309



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

   

 

thick, and contains fine inorganic aggregates along with smaller charcoal inclusions. The lower plaster 

layer is up to 8 cm thick and darker in colour. Aggregates are more plentiful, and more irregular in 

shape and colour than in the upper layer; charcoal inclusions range from 1 to 7 mm (Figure 6).  

 
 
 
 
 
 
 
 
 

Figure 6. (a) Black charcoal inclusion of upper plaster, North wall of the Church of St Demetrios Thessaloniki 
and (b) from the same church, a fallen fragment of plaster with various sizes of charcoal inclusions. 

 
 

Adhesion failure between the plaster and primary supports was identified as one of the most 

prominent deterioration phenomena, in association with stress cracking, through the entire fabric. 

These conditions had facilitated, and been further exacerbated by, networks of plant roots spreading 

both behind areas of delaminating plaster and across the surface of the paintings, additionally causing 

mechanical damage to the paint layer. Microbiological staining and insect infestation were also visually 

evident. Failure of cohesion both of the plaster and the rock support was identified as a further major 

problem. It was considered possible that environmental conditions may be a contributory factor in this 

form of deterioration, so environmental monitoring was carried out as part of the programme.  

The climate of Gareji varies, depending on altitude, from sub-tropical to temperate [29], the David 

Gareji monastery complex being located in an area classified as Cfa (humid subtropical) in the Köppen-

Geiger climate classification. Environmental monitoring, undertaken between September 2019 and 

September 2020 recorded external temperatures as low as -5oC and as high as 36oC, with RH varying 

between 17% and almost 100% (Figure 7).4 The church is thermally well buffered against the exterior 

(range: 9°C to 24°C), with interior environmental change manifest mainly as a gentle, incremental 

increase over the course of the summer. However internal RH fluctuations are greater and more rapid, 

and in the summer months RH often oscillates at the activation boundaries of many common salts and 

hygroscopic clays within the painting support (annual range 44% to 83%) [30].5 Internal conditions are 

also generally favourable for microbiological activity [31]. The interior generally displays high relative 

humidity levels; elevation of interior absolute humidity values above those of the exterior suggest that 

there may also be additional source of moisture. 

 

 
4 Environmental monitoring (RH and AT) was undertaken using U12 Hobo internal sensors and UX23 Pro V exterior sensors. 
5 There were no visual signs of salt efflorescence or crystallisation within the painting stratigraphy. Preliminary salt (anion) 

analysis was performed using MQuant ion test strips on stone, stone masonry, brick, and plaster samples. Chloride was below 

the level of detection in all cases; sulfate was found in plasters and mortar consistent with containing calcium sulfate; nitrate 

was found at moderate concentrations in some plaster samples and in one stone masonry sample. 

(a) (b) 
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Figure 7. Environmental data from the Church of St Demetrios. The graph presents internal and external 

temperature, relative humidity, and absolute humidity values recorded (AH calculated from concurrent T and 

RH values) between September 2019 and September 2020. 

4 Analytical programme 

For the current study, analysis of the historic gaji plasters at St Demetrios was undertaken for the 

purposes of understanding their original technology, composition, and deterioration problems with 

the ultimate aim of identifying or developing suitable materials for their conservation. Findings were 

to be assessed within the context of previous historic plaster studies, specifically those of the medieval 

David Gareji churches of Bertubani, Udabno, and Natlis-Mtsemeli [18].  

10 plaster samples were collected from the Church of St Demetrios of Thessaloniki. These comprise: 4 

samples (S02, S03, S04, S05) from the lower register/dado level, where the paint layer was lost; 5 

plaster samples (S06, S1/2015, S2/2015, S5/2015, S6/2015) of unpainted fallen fragments from the 

dado level which were stored in the niches6; and painted fragment S07 with full stratigraphy (at least 

two plaster layers along with paint layers) fallen from the upper register of the church, from St 

Demetrios figure on the North wall. In addition, two samples of modern processed gaji powder (i.e. 

unhydrated, not yet made into a plaster) were obtained for analysis to assess their compatibility with 

historic gaji plasters, and to establish its potential for use as a conservation material (Sample C1 – 

Didostati Ltd and C2 – Ginu Ltd)7.   

 

 
6 S/2015 samples derive from the clearing of the church in 2015. The interior of the church of St Demetrios Thessaloniki was 

found filled with earth to a height of 1.5 m above the floor. Unfortunately while removing the soil, some original plaster 

fragments fell from the dado level, which were then stored by church authorities in the niches of the church.  
7 Raw gaji samples C1 – Didostati Ltd and C2 – Ginu Ltd were collected from production plants. The plants and quarries are 

located very close to each other (ca. 10 km) in Garadabni municipality near villages Axal Samgori and Gamarjveba, Georgia. 
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Granulometric analysis was conducted for historic gaji plasters (except S05 and S078) to determine 

particle size distribution. Petrographic thin-sections9 were prepared to establish qualitative and semi-

quantitative geological content of all historic samples except S02 and S0410; To allow comparison in 

thin-section with historic plaster, modern processed gaji (C1 and C2 samples) in powder form was 

mixed with water to make solid plaster samples. Chemical analyses (moisture content, water of 

crystallisation, acid insoluble residue (AIR), loss on ignition (LOI), CaO, SO3)11 and X-ray 

diffraction (XRD)12 were undertaken on historic plaster of S07 (for XRD - two readings: upper and lower 

layers) and commercial processed gaji samples C1 and C2 in powdered, unhydrated form.  

Petrographic analysis established that the historic gaji plaster is polymictic (containing different types 

of minerals), clastic sedimentary rock composed of gypsum, bassanite, clay minerals, calcite, and other 

silica components such as plagioclase, quartz, and pyroxene). All samples consist predominantly of 

gypsum (calcium sulfate dihydrate) and clay minerals. Additionally, the samples were found to contain 

a large quantity of charcoal inclusions of varying size (mainly >2 mm) (Figures 8 and 9)13. 

Granulometric analysis (S03, S04, S06, S1/2015, S2/2015, S5/2015, S6/2015) established that historic 

gaji samples have an aleuropelitic (silty-clayey) structure.14 The ratio between very fine and coarse 

sizes varies from 1:1 to 1:2. Particle size distributions differ between samples of upper and lower 

plaster layers. The matrix of the upper layer of gaji plaster (S5/2015) consists of silt-sized particles (up 

to 0.1 mm) while that of the lower layer is coarser-grained (up to 0.5 mm) (S6/2015). 

 
 

8 Granulometric analysis was not undertaken on painted sample S07 to protect the painting surviving on the fragment nor on 

sample S05, due to potential interference of primary support (natural rock) within the sample.  
9 Historic gaji plaster samples, as well as commercial gaji samples (C1 and C2) prepared as plasters by mixing with water, were 

hot-mounted (150–200°C) in adhesive (colophony resin and/or epoxy resins) and then made into thin-sections using a 

grinding and polishing machine. Thin-sections were examined under a polarizing microscope ‘Optika B-383POL’ (Italy); This 

method was adopted due to resource constrains, though we note that the high temperatures involved in preparation of thin 

sections may influence the hydration state of calcium sulfates within the samples; alternatives methods will be pursued in 

future.  
10 The decohesive nature of these sample prevented their preparation as thin-sections with the methods available.  
11 Chemical analysis was conducted according to USSR standard: 1. Moisture content GOST 22688-77, gravimetric analysis; 

2. Crystalisation water GOST 23789-79, gravimetric analysis; 3. AIR GOST 23789-79, gravimetric analysis. 4. LOI GOST 5382-

91 P.7, gravimetric analysis, 5. CaO GOST 5382-91 P.10, volumetric analysis, 6. SO3  GOST 5382-91 P.9.3, gravimetric analysis. 

The historic sample S07 was ground and analysed, while the commercial processed (unhydrated) gaji samples were already 

in powder form.  The data of the given chemical analysis was used to calculate the percentage composition of gypsum, 

bassanite, clay content, calcite, and feldspar of the samples.  
12 For XRD analysis, the historical plaster sample was ground to a powder and the modern gaji sample was analysed in raw 

powder form. Analysis was performed using diffractometer Дрон-4.0, НПП “Бу-ревестник” with copper anode and nickel 

filter, U -35kv, I- 20mA, scan rate 2 degree/min. λ = 1.54178 Å.  
13 It is currently unclear whether the charcoal was a deliberate addition to the plaster or present as a consequence of the 

firing process, due to the accidental inclusion of natural vegetation during quarrying of the raw materials, or derived from 

fuel used for firing the gaji oven. In February 2020, members of the research project interviewed  the director of ‘Ostatis Saxli’ 

Ltd. (Gaji producer). According to the source, the historic firing process of gaji obtained from the quarried rock involved the 

construction of ‘ovens’ from the raw material. The structure contained holes into which wood fuel was placed. After the gaji 

was fully burnt it was crushed together with any remaining fuel or charcoal and then sieved. 
14 For samples S05 and S07, the aleuro-pelitic structure was evident through petrographic analysis as granulometric analysis 

was not undertaken (see footnote 8).  
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(a) (b) 
Figure 8. Charcoal inclusions from the plaster sample S6/2015. (a) Image under binocular microscope; (b) Image 
of the thin-section under polarized light microscope (40× magnification), charcoal indicated by red arrow. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 9. Thin-section of lower layer of historic gaji plaster S07 under a) plane polarizers and (b) crossed polars 
(40× magnification) showing the aleuropelitic structure. There are gypsum crystals concentrated in the area 

indicated by red arrow. The cementitious material is clay-carbonate pelitic mass. 
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(a) (b) 

  

(d) (e) 
Figure 10. Thin-section of plaster made from commercial gaji under (a) plane polarizers and (b) crossed polars 

(40× magnification), in which rhombic and fibrous dehydrated gypsum crystals (red arrow) can be observed 
within a cementitious clay-carbonate pelitic matrix; (c) elsewhere in the sample, possibly showing gypsum 

transforming into hemihydrate; (d) detail of a high interfacial anhydrite aggregate. 
 

Like the historic plaster samples, the commercially produced modern gaji was found to be  polymictic, 
with an aleuropelitic structure (Figure 10).15 Furthermore, comparison between thin sections taken 
from the historic plasters and plasters prepared from commercial gaji established that both contain: 

• Gypsum, formed as lens-shaped and rhombic mono-crystals, as well as mosaic distributions; 

• Feldspars, mostly plagioclases, characterized by secondary alterations; 

• Small quantities of unaltered quartz; 

• Few inclusions of pyroxenes and amphiboles; 

• Lithoclastic materials (highly altered volcanic rock shards); 

 
15 The plasters made from commercial gaji powder contained unexpectedly high proportions of bassanite. The reason for this 

remains unclear and will be investigated in future work. This plaster was prepared one month before the thin-section 

preparation and so we expect the bassanite to have largely transformed into gypsum. However, it is possible that some of 

this gypsum (only in the modern plaster and not the historic plaster) was transformed due the high temperatures used in the 

thin section preparation (see footnote 9). We note that other possible sources of bassanite include “over-burned” bassanite 

that hydrates very slowly. 
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• Carbonate materials, of which the majority are pleomorphic and organic limestone fragments, 

rarely calcite shards.  

 

Results of petrographic analysis are consistent with XRD undertaken on upper and lower layers of 

historic plaster from S07. Both layers contain gypsum (CaSO4·2H2O) with traces of quartz and feldspar. 

Chemical analysis of S07 has also revealed a composition of 55% gypsum, 34% clay minerals, 8% 

feldspar and up to 1% of calcite. The two samples of commercial processed gaji in unhydrated form 

have almost identical composition. The XRD of samples C1 and C2 showed a high proportion of 

bassanite, trace of quartz and feldspar, and C1 additionally had trace of gypsum. This is consistent with 

chemical analysis which showed 65–67% bassanite, 0–2% gypsum, 14–19 % clay minerals, and 14–17% 

calcite. If prepared as plasters this would theoretically become 70–71% gypsum and 13–17% clay 

content on the assumptions of complete conversion (hydration) of bassanite (Table 1).  

 

Table 1. Chemical analysis results from an historic gaji plaster and two samples of contemporary commercially 
produced gaji in powder form. For commercial gaji samples these analyses were carried out on the processed 
gaji (i.e. not hydrated).  Presumed gypsum content in commercial gaji is reported here (noted as calculated) 
assuming complete conversion of bassanite to gypsum on addition of water together with original data. 
 

Mineral content (%) 
Gypsum 

(CaSO₄·2H₂O) 
Bassanite 

(CaSO₄·0.5H₂O) 
Clay 

minerals 
Calcite 
(CaCO₃) 

Feldspars 

S07 – Church of St. Demetrios 
Thessaloniki gaji 

55 – 34 <1 8 

C1 – commercial gaji, Didostati 
Ltd (unhydrated powder) 

2 65 14 17 – 

C1 plaster (calculated) 72 – 13 15 – 

C2 – commercial gaji, Ginu Ltd 
(unhydrated powder) 

– 67 19 14 – 

C2 plaster (calculated)  70 – 17 12 – 

 
These findings show that all gaji materials share some broad characteristics, but there were significant 

differences in the ratios of these materials:  

Both layers of historic gaji plaster are composed primarily of gypsum with some bassanite and 

anhydrite. The two commercially produced samples of gaji, when prepared as plasters, can be 

expected to contain more calcium sulfate and calcium carbonate and significantly less clay minerals as 

compared with the historic samples. Feldspar was found only in the historic gaji plaster. 

5 Discussion and suggestions for further study 

Comparison of the current findings with previous analytical studies carried out on medieval plasters 

from David Gareji churches (Bertubani, Udabno, and Natlis-Mtsemeli) note all examined sites as having 

two gaji plaster layers, the upper layer containing finer, fewer aggregates than the lower [18]. The 

plasters are described as being “gypsum-clay plasters” with a pelitic structure, containing 10–30% 

aggregate (mainly quartz) and 70–90% binder (principally gypsum and a few percent of natural calcite, 
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though we note that the latter is likely better considered an aggregate). The author also notes that 

microscopic observations showed carbon (presumably charcoal) and “grog” with quartz and 

plagioclase grains16.  

 

Based on the Bertubani, Natlis-mtsemeli, Udabno, and St Demetrios plaster analysis the following 

characteristis are common: 

• pelitic structure;  

• mainly a mixture of gypsum and clay-minerals; 

• gypsum is the principal component by mass; 

• contain small amounts of calcite; 

• contain small amounts of fine (0.1–0.3 mm) quartz and plagioclase grains; 

• contain charcoal particles (in Bertubani, Udabno, and Natlis-Mtsemeli described as carbon). 

 
Although there are clear similarities between these gaji plasters, firm conclusions cannot yet be drawn 

regarding sourcing, content, and processing due both to differences in approach and analytical 

methodology, and the small sample set. Other identified problems are those concerning comparison 

of historic gaji plasters with modern raw materials, particularly regarding significant variations in 

composition ratios and calcium sulfate hydration states. It remains unclear to what extent these are 

due to differences in source materials, production practices, and natural aging processes. Research 

into the contribution of the clay component as a binder, and as a contributor to deterioration 

mechanisms also remains unexplored.  

Further studies are required to extend the analytical record by collecting data from other historic sites 

using an approach which facilitates more direct data comparison. The current research highlighted 

problems in distinguishing original source materials from the effects of processing and the use of 

additives in historic gaji plaster production. This can be partly resolved through the identification of 

specific historic gaji sources, for example through fieldwork, geological and historical research, and 

partly through further research into historic gaji production methods including firing temperatures, 

and perhaps the collection of evidence of recent non-industrial practices. This may also help in the 

characterisation of, and differentiation between, intentional additives and accidental inclusions. 

As the main purpose behind this research is the development of compatible conservation materials for 

gaji plasters, further testing, analysis, and adaptation of currently available gaji materials is a priority. 

Such development will rely on laboratory and field tests with broad scope, including of the physical-

mechanical properties of repair and original plasters. 

 

 

 
16 Reference 18 identifies an organic binder in the plasters; this possibility has not been investigated at St Demetrios church. 

Organic additives to plasters are historically common and are worthy of future investigation. 
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6 Conclusion 

The enduring and important role of gypsum-earth plasters in the development and adornment of 

Georgia’s magnificent built heritage is indisputable. Nevertheless, the complexity of this technology 

remains largely unacknowledged. Despite its use as a support for some of Georgia’s most important 

and most ancient paintings, scant attention has been paid to the particular vulnerabilities of aged 

historic gaji plasters. Furthermore, insufficient specialist attention has been paid to understanding of 

the plaster technology to facilitate effective conservation. The consequences are significant, since in 

the absence of knowledge in this area of technology, not just in Georgia but wherever gypsum-clay 

plaster technologies are found, conservators tend to address problems specific to gaji using methods 

and materials intended for quite different technologies, and which may be actively harmful. The 

current study had gone some way to addressing these issues, not least by illustrating, through the case 

study, some of the conservation issues associated with these plasters and the pressing need for both 

short-term stabilisation and long-term strategies for their conservation. It has also, crucially, 

highlighted some of the significant difficulties which stand in the way of identifying historic gaji sources 

and the extent to which raw gaji material was adapted for use as a plaster and why. The complex 

behaviours of gypsum and clay minerals are also acknowledged as an important future area of 

research, and the need for further testing of modern gaji materials for potential use as a conservation 

material is also demonstrated. 

The small advances in understanding that have been achieved during the course of this study are 

significant, but the scope of research yet to be done is both huge and vital. It is to be hoped that in 

focusing on the integral role of gaji plasters in the creation of Georgia’s ancient wall painting heritage 

and on their susceptibilities, this paper will stimulate renewed interest in the study and preservation 

of this fascinating technology. 
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Abstract: The development of reinforced concrete through the 20th century has resulted in a 

wealth of culturally significant concrete structures around the world.  However, as a relatively modern 

material durability issues were not fully understood at the time of construction, and many of these 

structures require ongoing interventions as a result. 

While there is now a general acceptance of the importance of concrete heritage from this era, there 

few widely accepted guidelines on the approach to its preservation and conservation. In particular, 

despite many studies and published guidance on concrete repair and the performance of concrete 

repairs, there are few on the long-term performance of patch repairs designed to match the aesthetic 

of the original while simultaneously keeping loss of the original fabric to a minimum. 

As a response to this challenge, three institutions, the Getty Conservation Institute (GCI), Historic 

England (HE) and Laboratoire de Recherche des Monuments Historiques (LRMH) are collaborating on 

the research project, ‘The Performance Evaluation of Patch Repairs on Historic Concrete Structures 

(PEPS)’, which aims to produce practical guidance that will help those repairing historic concrete.  This 

paper provides an overview of the assessment methodology that has been developed as part of this 

international collaboration. 

1 Introduction 

Within the field of conservation, concrete heritage is becoming an area of growing concern as the 

number of culturally significant concrete structures which require ongoing repair and maintenance 

continues to increase.  The development of reinforced concrete through the late-19th and 20th 

centuries provided a new material that revolutionized the construction industry and provided a means 

of achieving new architectural and structural feats.  The arrival of this material came at a time of 

unprecedented technological, social, and economic change, with huge-scale rebuilding following two 

world wars, rapid population growth, mass migration and the expanse and development of urban 

societies [1].  This new material was quickly and widely adopted in numerous different architectural 

styles and functions and provided not only a new tool for artistic expression but also for social reform 
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through the creation of new spaces to live and work.  As a result, there is now a diverse wealth of 

culturally significant 20th-century concrete structures around the world that present new and unique 

conservation challenges.   

In the past, concrete durability issues were not as well understood [2]. In many early publications and 

promotional materials, it was widely believed that this new material would be permanent and 

maintenance-free.  Unfortunately, this is not the case and a combination of factors, such as corrosion 

of reinforcement, high water/cement ratios (w/c), the use of reactive aggregates and unsuitable mix 

designs, have resulted in concrete deterioration at many of these structures requiring ongoing 

interventions.  While there is now a general acceptance of the importance of concrete heritage from 

the 20th century [3], there are few widely accepted guidelines on the approach to its preservation and 

conservation [4, 5, 6, 7].  While it is understood that the fundamentals of best practices and 

performance criteria in concrete repair also apply to heritage concrete, the many studies and published 

guidance [8, 9, 10, 11, 12, 13, 14] on the performance criteria of concrete repairs are not always 

familiar to the conservation field and, in some cases, promote irreversible changes to the structure 

that are in conflict with traditional conservation principles such as minimal intervention and 

retreatability.   

There are few studies on the long-term performance of patch repairs designed to preserve the 

aesthetic significance of the original fabric.  As a result, there has been a history of repairs carried out 

without application of good concrete repair fundamentals and had an unacceptable impact on the 

aesthetic significance of the concrete structure. As a result,  these poor quality repairs have short life 

cycles and, ultimately, cause physical damage to the heritage structure. 

 

  
Figure 1. Example of a repair which has failed to weather and has a negative impact on the historic aesthetic of 

a culturally significant concrete structure. 
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2 Project Background 

An international experts’ meeting focused on conserving concrete heritage took place at the GCI, Los 

Angeles, in 2014 [15], during which the materials and techniques used to carry out patch repairs on 

culturally significant concrete structures were determined to be key issues that require further 

investigation.  More specifically, the experts agreed that, within the field of concrete conservation, 

there was a need for both an improved understanding of the patch repair process, and for better 

information on repair materials and their long-term performance.   

While conservation work often aims for ‘like-for-like’ repairs [4], which replicate the original material 

in both composition and aesthetics, this is not always feasible [15].  For example, when compared to 

polymer-modified and proprietary repair materials, some like-for-like repairs may not have mechanical 

properties which are as desirable, may have more issues bonding to the original substrate, and may 

not provide the same level of durability or protection to the steel reinforcement.  Additionally, while 

conservation work aims to integrate the principles of minimal intervention and retreatability, this can 

be at odds with contemporary concrete repair guidance [9] which may recommend sacrificing more of 

the original fabric in exchange for increased performance of the repair. 

There needs to be additional guidance  for the conservation community on selection of repair materials 

and the approach to patch repair work on culturally significant concrete heritage.  As a response to 

this specific challenge, three institutions, the GCI, Historic England (HE) and the Laboratoire de 

Recherche des Monuments Historiques (LRMH) commenced work on an international collaborative 

research project, ‘Performance Evaluation of Patch Repairs on Historic Concrete Structures’ (PEPS).  

The project team is also joined by expert consultants from Rowan Technologies (England) and Wiss, 

Janney, Elstner Associates, Inc. (USA). Begun in 2018, the PEPS project aims to produce practical 

guidance to help those repairing historic concrete through the process of the selection of appropriate 

repair approaches, procedures, and materials.  The scope of work includes the assessment of case 

studies in the USA, England, and France within a variety of climatic and environmental conditions, 

typologies, and repair approaches.   

3 Phase I: Project Development 

The first phase of the research began in 2018, and had 3 key outcomes: 

3.1 The Development of the Research Proposal 
After reviewing the existing needs of the field, it was determined that the project should specifically 

aim to produce better understanding on: 

• Current repair methods and practices; 

• Performance of patch repairs typically undertaken on historic concrete; 

• Efficacy and durability of patch repair materials currently used in historic concrete; 

• Efficacy of current repair techniques. 
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Additionally, it was agreed that, in the long-term, the project could service the concrete conservation 

community through the development and dissemination of: 

• Guidance on selection of appropriate repair materials; 

• Practical guidance on repair methods; 

• A methodology for recording, monitoring, and evaluating repairs to historic reinforced concrete. 

3.2 The Development of the Assessment Methodology. 
While there is clear guidance on carrying out assessments of concrete structures [16, 17, 18], there 

were no pre-existing protocols that detailed the scope of work required of the PEPS research.  As such, 

a new assessment methodology had to be designed specifically for the project.  This methodology, 

developed by an interdisciplinary team of professionals working in the field of concrete conservation, 

includes a variety of traditional and non-traditional, non-destructive, mechanical, and chemical and 

electrochemical characterization and diagnostic techniques.  In addition to the specification of 

individual evaluation protocols, a shared way of recording results and reporting observations also had 

to be developed to ensure data was collected consistently and could be unified for further analysis. 

 

The methodology was developed with aim of answering the following questions: 

• What materials and protection systems were used in the repair and adjacent substrate? 

• How was the repair area prepared and how has this impacted the repair bond?  

• How is the repair performing technically?  

• How is the repair performing aesthetically? 

3.3 The Selection of Case Studies. 
Up to ten case studies were identified in each country (USA, England, and France) where patch repairs 

had been applied to culturally significant concrete structures and both the aesthetic and technical 

performance had been a consideration in the repair strategy.  It was concluded that the case studies 

selected should include repairs in a wide range of conditions and environments and using different 

materials and techniques – reflecting the diversity of approaches and contexts for repair that currently 

exist.  Specific criteria for selection included: 

• Concrete buildings or structures, where the surface is exposed or untreated; 

• Repairs performed with the goal of conserving historic and aesthetic values; 

• Access to documentation, and professionals who worked on the repair (architects, engineers, 

tradesmen, and craftsmen); 

• Easy access to the site and patches to be evaluated; 

• Consent must be given from site owners/managers for access to site and data; 

• Case studies should have diverse ages of parent concrete and ages of repair; 

• Include repairs made with various levels of craftsmanship; 

• Include repairs that used different materials (concrete, mortar, like-for-like, proprietary, etc.) and 

placement techniques (hand trowelled, poured);  
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• Case studies can present combined use of patch repairs and other protection or treatment 

techniques; 

• Complementary techniques applied should not obscure patches, such as coatings; 

• Case studies should represent a good range of environmental conditions (coastal, urban, etc) and 

aspects. 

4 Phase II: Preliminary Assessment 

4.1 Establish Case History 
During the preliminary assessment, all of the selected case studies were evaluated.  To date, twenty 

have been completed – ten from England, six from the USA, and four from France.  Before conducting 

site visits, desk studies were undertaken on each site to establish each site’s case history and provide 

data on how the repair strategies were developed and executed, and support the interpretation of 

current conditions observed on site.  The desk study included a review of existing building 

specifications and repair documentation, complemented by interviews with owners, asset managers 

and other relevant individuals who could validate the history of the repairs.  

4.2 Initial Site Visits 

4.2.1 Preliminary Investigations 

During the first site visits, approximately 10 patches were assessed per case study using only non-

destructive tests (NDT) and documentation.  The selection of patch repairs to include in the study was 

done following an initial walk through the site to identify, whenever possible, patches representing 

different degrees of deterioration, exposure, and vintages. The field assessment was then completed 

using the following techniques: 

• Visual and tactile observations; 

• Sounding to determine delamination, poor consolidation, or voids; 

• Photographic documentation using scale, colour checker, and crack gauge; 

• Water spray to test repellence and possibility of hydrophobic treatments; 

• Rebound hammer and scratch test to determine differences in surface hardness between repairs 

and adjacent substrate; 

• Covermeter survey of patch and adjacent substrate to identify reinforcement location and depth 

of cover. 

4.2.2 Determination of Patch Performance 

Upon completion of the Phase II site visits, each patch was assigned a designation (good, fair, poor, 

very poor) based on its aesthetic and technical performance.  However, there are no widely accepted 

criteria for judging both the aesthetic and technical performance, so an agreed criteria had to be 

developed.  The criteria are described in detail in Table 1, and examples of patches with different 

performances are shown in Figure 2. 
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Table 1. Criteria for judging the aesthetic and technical performance of patch repairs 

Aesthetic  Technical  

Good Good 

Great care and effort paid off. Expert has trouble 
finding it, layperson can’t find it.  

No deterioration immediately observed, minor 
shrinkage cracks observed on close inspection.  

Colour  Match  Bonding  Sound  

Texture  Match  Cracks  Minor shrinkage cracks  

Profile  Match  Efflorescence  No sign  

Weathering  Match  Corrosion signs  No sign  

Fair Fair 

Good attempt but could be improved. Expert takes 
time to find it, layperson can’t find it  

Showing minor signs of deterioration, little to no risk 
to safety or to the structure.  

Colour  Match  Bonding  Minor area of detachment  

Texture  Match, but could be better  Cracks  Minor hairline cracks  

Profile  Match, but could be better  Efflorescence  Minor deposits  

Weathering  No match  Corrosion signs  No sign  

Poor Poor 

There was an effort but ultimately failed. Expert can 
immediately point it out, layperson notices it. 

Showing clear signs of deterioration that will evolve to 
failure.  

Colour  No match, but not terrible  Bonding  Detachment detected  

Texture  No match, but not terrible  Cracks  Large cracks  

Profile  No match  Efflorescence  Significant deposits  

Weathering  No match  Corrosion signs  Minor signs of corrosion  

Very Poor Very Poor 

Little to no effort. Layperson can immediately point it 
out.  

Advanced deterioration is observed. Spalling has 
occurred or is imminent. 

Colour  No match  Bonding  Spalled or significantly detached  

Texture  No match  Cracks  Many large cracks  

Profile  No match  Efflorescence  Significant deposits  

Weathering  No match  Corrosion signs  Reinforcement corroding  
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Figure 2. Examples of a technically and aesthetically good patch (top left), an aesthetically good but technically 

poor patch (top right), technically good but aesthetically very poor patches (bottom left), and a patch that is 
aesthetically poor and technically very poor (bottom right). 

5 Phase III: Detailed Diagnostic 

Following a review of the results of Phase II, 5 English, 3 American, and 4 French case studies were 

selected for further assessment in Phase III.  The aim of this phase is to carry out a more detailed 

investigation to detect underlying deterioration which may not have been identified during Phase II 

and to identify material characteristics that could help explain the performance of the repairs.  Phase 

III testing is being performed on 5 patches chosen from the group assessed previously in Phase II and 

their adjacent areas to detect any significant differences in behaviour between the repair and concrete 

substrate.  During these site visits, a detailed procedure including both NDT and invasive testing is 

being conducted, and samples are being removed for laboratory analyses.  Laboratory analyses were 

carried out internally at the labs of LRMH and the GCI, with some additional testing carried out by 

external laboratories in the USA and France. 

5.1 Detailed Site Investigation 
Detailed site investigation focused on adding more measurements to preliminary investigations and 

introducing additional evaluation techniques on key aspects of aesthetic and technical performance.  

Evaluation of historic concrete structures can be challenging due to a lack of reliable information about 

the materials and techniques used.  Furthermore, removing material from culturally significant 
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structures for testing in the laboratory can be a challenge due to legal, ethical and financial restrictions 

on the removal of material, and as the amount of material that can be removed is often minimal, this 

can result in laboratory samples which are not representative of the material as a whole [19].  As such, 

it was determined that the testing methodology should utilise non-destructive means where possible 

to maximise the amount of data obtained without causing unnecessary damage to the structure.  

However, it was also recognised that it was critical to include some invasive techniques to properly 

assess the technical performance of patch repairs, and so sites were selected where this would be 

possible. 

Table 2. Overview of field tests carried out. 

Non-Destructive Field Testing Standard Invasive Field Testing Standard 

Surface observations & documentation  Opening inspection  

Sounding  Bond strength of repair (pull-off)  [20] 

Colorimetry  [21] Half-cell potential  [22, 23] 

Water absorption (sponge test)  [24] Linear polarization resistance  [25] 

Surface hardness (rebound hammer)  [26] Sample removal  

Surface hardness (Mohs' hardness)    

Cover depth & position of reinforcement  [27]   

Electrical resistivity  [28]    

 

While the site testing included NDT techniques and tools which are standard for concrete 

investigations, such as sounding, rebound hammer, covermeter and electrical resistivity (Wenner 

probe), it also included additional tests which are commonly applied to cultural heritage.  

Colourimetric measurements were taken on-site using a Konica Minolta CR-410 colourimeters with 

D65 CIE standard illuminant, 2° CIE standard colourimetric observer angle, and measurement area of 

ø 50 mm, with the results recorded in CIELAB.  The number of measurements taken per site was 

dependent on the size of the patch and the variability of the material.  However, a minimum of 6 

representative areas were measured per patch, with a further minimum of 6 measurements taken on 

the original concrete adjacent to each patch.  This allowed a more objective determination of 

differences in colour between the patch repairs and the original concrete. Surface observations were 

also recorded using Dino-Lite field microscopes (20-220x), which aided in determining the causes of 

colour variation. 

Initial water absorption was determined by the contact sponge method.  Contact sponge 

measurements were carried out on 5 patches per site, with 3 measurements per patch, and a further 

3 measurements taken on the original concrete adjacent to each of the 5 patches.  While the amount 

of water and contact time of the sponge must be determined on a case-by-case basis depending on 

the material, a time of 90 seconds with 4 ml of water was typically found to be suitable in this study.  

This provides a much quicker alternative to traditional water absorption techniques, such as the 

Karsten/RILEM tube. 
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Necessary invasive procedures included traditional electrochemical techniques, half-cell potential and 

linear polarization resistance, which were carried out on-site to assess the probability of reinforcement 

corrosion – one of the key causes of repair failure due to the expansion of corroding steel, which 

induces tensile stress in concrete, in turn causing cracking and spalling of the concrete cover.  In 

addition to these, pull-off tests were conducted to assess the bond strength of the repair materials, 

and inspection openings allowed visual observations of the steel to determine its condition and 

whether any protective coatings had been applied. 

5.2 Sample Removal 
Samples for laboratory testing were removed from the original concrete substrate and five patch 

repairs per site. Typically, Ø 50 mm cores were taken using a water-cooled diamond core rig.  However, 

in some cases, the geometry of the patch and location of reinforcement meant it was not possible to 

take cores and, in these instances, the samples were removed with an angle grinder.  An overview of 

the samples to be removed, and the purpose for doing so is shown in Table 3. 

Table 3. Overview of samples to be removed. 

Area Objective Sample No. 

Good Patch 1 

Interface characterization (thin section) Core/Fragment 1 

Bond strength (in situ pull-off test) Core 3 

External laboratory testing Core 1 

Internal laboratory testing Core 2 

Good Patch 2 
Bond strength (in situ pull-off test) Cores 3 

Internal laboratory testing Cores 2 

Fair Patch 

Interface characterization (thin section) Core/Fragment 1 

Bond strength (in situ pull-off test) Core 3 

External laboratory testing Core 1 

Internal laboratory testing Core 2 

Poor Patch 1 

Interface characterization (thin section) Core/Fragment 1 

External laboratory testing Core 1 

Internal laboratory testing Core 2 

Poor Patch 2 Internal laboratory testing Core 2 

Original concrete 
Internal laboratory testing Core 2 

External laboratory testing Core 1 
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5.3 Laboratory Testing 
Analyses of the samples removed from the sites were carried out by the authors in the laboratories of 

both LRMH and the GCI, with petrographic examinations of thin sections performed by specialists at 

WJE, and some additional specialist analyses subcontracted to external laboratories in France. 

Analyses of historic concrete in the laboratory are complicated due to the limited amount of material 

that is often available and both the chemical and physical alterations which occur over time [19].  As a 

result, several of the test procedures had to be slightly modified to account for this, and an optimized 

system had to be developed to maximize the amount of data obtained from a minimal number and 

volume of samples.  In most cases, the modification of the test procedure was limited to using samples 

that were below the size requirements or older than the age limit specified. In all tests where the 

relevant standard required the samples to be dried, this was done at no higher than 45°C to prevent 

any further chemical or physical degradation or the test would be considered destructive.  Where 

temperatures above this were absolutely necessary, these tests were performed last, and the sample 

was not used in any further testing. 

 

Additional complications arose from the fact that two fundamentally different types of patch repair 

were encountered on the sites studied – ‘form-and-pour concrete’ and ‘hand-applied mortars’ – which 

resulted in significant differences in the depth of repairs and size of aggregates used.  As such, two 

slightly different processes for analysing samples had to be adopted to accommodate these 

differences.   

 

An overview of the specific laboratory tests carried out and the relevant standards is given in Table 4. 

Table 4. Overview of laboratory tests being carried out. 

Internal Laboratory Testing Standard External Laboratory Testing Standard 

Carbonation depth [29] Elemental analysis  

Static contact angle  [30] Chloride content  [31] 

Ultrasonic pulse velocity (UPV) [32] Alkali content  

Capillary absorption  [33] Sulfate content  

Density and porosity accessible to water  [34] Determination of insoluble residue  

X-ray diffractometry (XRD)  Thermogravimetric analysis (TGA)  

Microscopy  Differential thermal analysis (DTA)  

   Determination of mix design  

6 Conclusion 

The PEPS project goal is to improve repair of heritage concrete by producing practical guidance to help 

those repairing historic concrete in the process of selecting appropriate repair approaches, 

procedures, and materials.  It is assumed this will be built on the basis of good concrete repair practice 

and craftsmanship. This will be informed by field and laboratory assessments of previous repairs that 

have been carried out on culturally significant concrete structures in England, France, and the USA.  
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This paper provides an overview of the project methodology and outlines the project background, 

development, and assessment phases currently underway, while final results and conclusions will be 

presented in future publications. 
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INFLUENCE OF THICKNESS OF COVERING AND BOUNDARY CONDITIONS 
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STRUCTURES.  
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Abstract: Repair and reinforcement of masonry walls by introducing stainless steel bars is a 

common well-stablished practice. The most common way to put it into practice is by inserting rebars 

in walls or by attaching renders to external wall surfaces. In all these cases, bars are covered by thin 

layers of hydraulic material. This way, when steel rebars are used in this context must comply with 

some limitations: (i) rebars are thinly covered and the set rebar-mortar is highly confined, since it is 

usually inserted in joints, drills or grooves; (ii) bars are embedded in mortars or grouts, never in 

concrete. These limitations strongly influence the bonding behaviour of the rebars, behaviour that is 

characterize by means of Finite Element analysis. Rebars are analysed in different situations: (i) 

embedded in prisms made of hydraulic material of different sections and (ii) different boundary 

conditions applied to these prisms. Results in terms of bonding behaviour are compared with the 

theoretical situation of the standard pull out test. This paper deals with the efficiency of the pull out 

test for this specific use of rebars as well as identify the different bonding behaviour that rebars present 

when perform under these particular circumstances. 

1 Introduction 

Repair of historic and historical masonries is currently one of the main concerns in the scientific 

community. Nowadays, countries that count on an important volume of heritage must deal with its 

repair and maintenance. This heritage usually constitutes a significant source of income due to 

tourism, what makes even more important preventing any possible structural damage. Masonries are 

also the construction technique used for contemporary buildings that are home for many people.  

Masonry consists of the construction of structures from individual units. Ancient masonries are 

generally composed by external layers infilled with rubble masonry, while more modern masonry 

structures are composed by bricks of blocks units bounded by mortars. Masonry usually presents low 

resistance values, even more when speaking of ancient masonries. Ancient masonries usually present 

an important volume of voids, due to the high porosity of units and to cracking. These circumstances 

make them especially sensitive to the effect of damp. Rising damp levels, usually high in historical 

buildings, are many times the responsible for diminishing the mechanical properties of masonries [1]. 

In conclusion, it is fundamental to develop techniques that efficiently restores the lost mechanical 

properties and prevent this losing when necessary.  

The introduction of reinforcing of bars is one of the most accepted reinforcing techniques when dealing 

with masonry walls. These bars can reinforce masonries in different ways: (i) longitudinally to the walls, 

inside joints or grooves; (ii) transversally to the walls, inside drills, tying both leaves of masonry; (iii) 
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superficially attached to the wall surface. All possibilities of laying of bars previously enumerated must 

comply with some requirements: (i) diameters of bars must be under 6 mm since they must be housed 

in reduced spaces; (ii) rebars are thinly covered by the same reason exposed in (i); (iii) bars are 

embedded in mortars or grouts, never in concrete. Recently, fibres have taken the place of steel bars 

when used with this purpose since they present the advantage of being needed lower sections than 

those of steel [2]. Their shape also constitutes another advantage. While steel bars present circular 

sections or almost circular sections, fibres are usually supplied as plates. Plates are more easy to 

introduce inside joints than bars in the reinforcing methodology known as bed joint structural 

repointing [3]. On the contrary, one of the main disadvantages that fibres exhibit is its cost, since, 

depending on the market, its cost can quintuplicate this of the stainless steel as well as the fact of the 

more specialized manpower that is needed than in the case of dealing with steel bars. The application 

of fibres in this context results especially interesting when dealing with heritage but results 

unaffordable in many other situations. Is, therefore, necessary not forget the use of steel to repair and 

reinforce those ancient buildings where the available budget is reduced. To this end, the scientific 

community must forge ahead with the analysis of the behaviour of steel bars to reinforce masonry 

structures, since it is one of the most used consolidation techniques nowadays. 

Although bars with diameters under 8 mm are widely used to repair masonry structures, their 

behaviour in terms of bonding is scarcely documented. This behaviour is demonstrated to be different 

of those bars with bigger diameters [4]. Also, the facts of being thinly covered and highly confined, 

characteristics almost always present when bars are used to reinforce masonries, highly influence in 

bonding behaviour and consequently, in the quality of the effectivity of the repair works. Currently, 

the most recognized standard test for bonding is pull-out test [5], [6]. This test is aimed to measure 

the force needed to extract a bar embedded in a 200-mm edge cube simply supported on its frontal 

face, but it does not consider any of the special characteristics listed before, being the conditions to 

develop this test completely different to those previously described for the bars reinforcing walls in 

terms of thickness of covering and confinement of the bars.  

This paper research the influence that boundary conditions and thickness of covering exerts over the 

bonding behaviour of 5-mm-diameter steel bars. The evaluation of the influence of these factors in the 

bonding behaviour of the bar once introduced in the hydraulic mortar is fundamental to correctly 

deem the effectivity of the repair works. Finally, the necessity of a new method to evaluate bonding 

for low diameter bars to be used under these circumstances is demonstrated. 

2 Materials and Methods 

This research is aimed to analyse how variations in boundary conditions and thickness of covering 

influence bonding behaviour of 5-mm diameter bars. This research is oriented to repair and reinforce 

masonry structures. Since rising damp is usually present in this kind of buildings, even more in historical 

masonries, the use of stainless steel is recommended to prevent any possible damage caused in bars 

by moisture. By this reason, the Spanish standard shape of bars for stainless steel bars has been 

adopted in this study. These bars are composed from the geometrical point of view by a central core 

where the ribs are attached. The transversal section of the central core is defined through the filleted 
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intersection of three arcs, thus resulting in bars with three sectors. The axes of all ribs are parallel and 

equidistantly disposed, regarding both the same and different sectors (Figure 1). 

 

 

Figure 1. Standard shape Spanish stainless-steel bars. 

Bond behaviour of bars have been analysed by Finite Elements. To this end, the software ANSYS R19.3 

has been used. The models that have been analysed are composed by a bar embedded in a prism made 

of hydraulic material. The dimensions of the prisms have ranged, varying this way the effective 

covering of the bars to carry out this parametric study. All these samples have been modelled in 3D 

(Figure 2).  

 

 

Figure 2. One of the 24 Finite Element samples developed for this research: (a) bar; (b) hydraulic prism. 

Stainless steel bars have been modelled using 3D Solid elements, specifically Solid 185. These are 

tetrahedral 8-node solid elements with three degrees of freedom at each node [7]. Steel has been 

defined as an isotropic elastic linear material where Young’s Modulus is 210 GPa and Poisson’s ratio is 

0.3. In all calculations steel bars are expected to be working under yield stress value, so the elastic 

linear behaviour is justified.  

Bars are embedded in prisms made of hydraulic material. Hydraulic mortars and grouts exhibit clearly 

a non-linear behaviour and different responses when are subjected to tensile and compressive 

stresses. This behaviour, defined as quasi-brittle, is reproduced in this research by means of the 

Microplane model [8], [9]. Microplane model is deployed in ANSYS R19.3 through MPlane material and 
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Solid 185 element, and requires defining six constant, named C0, C1, C2, C3, C4, C5 and C6. These 

constants directly correspond with the parameters k0, k1, k2, γ0
mic, αmic and βmic of the Microplane theory 

[10]–[12]. The constants k0, k1 and k2 are directly linked with the mechanical properties of materials: 

 

𝑘 =
𝑓𝑐

𝑓𝑡
 

(1) 

𝑘0 = 𝑘1 =
𝑘 − 1

2𝑘(1 + 2𝜐)
 

(2) 

𝑘2 =
3

𝑘(1 + 𝜐)2
 

(3) 

 

Where fc and ft are compressive and tensile resistance of the hydraulic material respectively and υ is 

Poisson’s ratio. The parameters γ0
mic, αmic and βmic are critical equivalent-strain energy density, 

maximum damage parameter and scale for rate of damage respectively, and respond to: 

 

𝜂𝑚𝑖𝑐 =  𝑘0𝑘𝐼1 +  √𝑘1
2𝐼1

2 + 𝑘2 𝐽2  
(3) 

𝑑𝑚𝑖𝑐 =  1 −  
𝛾0

𝑚𝑖𝑐

𝜂𝑚𝑖𝑐
 [1 − 𝛼𝑚𝑖𝑐 + 𝛼𝑚𝑖𝑐 𝑒𝑥𝑝(𝛽𝑚𝑖𝑐(𝛾0

𝑚𝑖𝑐 − 𝜂𝑚𝑖𝑐))] 
(4) 

 

Where I1 is the first invariant of the strain tensor, J2 is and the second invariant of the deviatoric part 

of the strain tensor and dmic ranges from 0 to 1, being 0 the undamaged material and 1 a totally 

damaged material. Their values have been fixed in 0.729, 0.729, 0.26, 6∙10-5, 0.75 and 100 

respectively. These values have been obtained with basis on previous experiences and laboratory tests 

[13]–[15]. Young’s Modulus has been set in 5600 MPa and Poisson’s ratio in 0.2. 

The contact between the bar and the prism of hydraulic material was defined by means of a Cohesive 

Zone Model (henceforth CZM). CZM is modelled in the software ANSYS R19.3 using elements 

CONTA174 and TARGE 170. The maximum bond tensile stress and bond shear stress where set in 1 

MPa and 0.1 MPa respectively. Previous tests have demonstrated that these values reflect correctly 

the bonding behaviour of a rebar embedded in mortars [16]. 

Altogether, 24 finite element models were developed for this research. The analyses consisted of the 

measurement of the force R needed to displace a fixed quantity of 5∙10-5 mm a 30-mm length bar from 

a prism of hydraulic material where it was initially embedded. The comparison of these values of the 

force R allows to evaluate the bonding behaviour of the bar. 

The parametric study has covered the variation of the thickness of effective covering and the type of 

boundary conditions. Effective coverings have ranged from 6 to 25 mm, taking the dimension A (Figure 

3) the values: 12 mm, 15 mm, 20 mm, 25 mm, 30 mm and 50 mm. Boundary conditions have consisted 

of the iterative fixation of (i) face number 1; (ii) faces number 2 and 3; (iii) faces number 2, 3 and 4; 

and (iv) faces, 2, 3, 4 and 5 of the prism (Figure 3). The different positions of fixation are respectively 

aimed to reproduce the bar performance when: (i) are tested by pull out; (ii) are placed inside repair 

rendering mortars; (iii) are place inside joints or grooves and (iv) transversally ties walls.  
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Figure 3. Diagram depicting the faces of the prisms to define boundary conditions. 

3 Results and discussion 

The results obtained by the tests described in section 2 are depicted in Figure 4. This chart represents 

the values of the Reaction Force R in Newtons that have been obtained to displace bars 5∙10-5 mm 

from its initial position inside the hydraulic medium that surrounds it. Two main conclusions can be 

drafted from this picture: (i) bonding behaviour of the bars is strongly influenced by the position of the 

face that is fixed and (ii) effective coverings has positive or negative influence in bonding depending 

on boundary conditions.  

 

 

Figure 4. Chart depicting the values of the force R (N) needed to extract a bar 5 ∙ 10-5 mm from its initial 
position into the prism. 

The widespread method to evaluate bonding, pull-out test, according to the current code [17] consists 

of the measurement of the force needed to extract a bar from a 200-mm-edge cube fixed in the frontal 

face (Figure 5). Figure 4 demonstrates that bonding behaviour of a bar embedded in a prism fixed in 
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the frontal face is completely different than those of the bar embedded in a prism where the lateral 

faces are fixed. Moreover, effective covering plays an important role in the bonding behaviour of the 

bar. When the frontal face is fixed, the higher the effective covering, the better bonding the bar 

presents, whereas the behaviour is the opposite when the fixations are placed in the lateral faces of 

the prisms. This aspect leads to the conclusion that pull-out test does not provide good results when 

the bar is under the particular conditions described in this research. 

 

 

Figure 5. Scheme of the pull-out test of a bar with diameter 5 mm, according to [17]. 

From the stress distribution point of view, the effect of the thickness of effective covering and 

boundary conditions is clearly noticeable. Figure 6 shows the stress distribution of bond shear stress 

in the interface of the bar and the hydraulic medium when the prism is a 50-mm-edge cube. Figure 6a 

strictly reproduces the boundary conditions of the pull out test: fixation of the face number 1 (Figure3). 

Figure 6b gives analogous information when faces 2, 3, 4 and 5 (Figure 3) are fixed. When the pull-out 

test is carried out, bond shear stresses gather around the end of the bar where the force is applied, 

that is, close to the face that has been fixed. On the contrary, when all lateral faces are fixed, bond 

shear stress distribution is more homogeneous, giving rise this way to maximum values of stresses 

lower than when only the face number 1 is fixed. This test confirms that pull out test does not 

reproduce correctly the bonding behaviour of bars when they are inserted into a wall. Figure 7 is aimed 

to identify the influence of thickness of covering in bond shear stress distribution even when four 

lateral faces of the prism are fixed. Figure 7a depicts bond shear stress distribution in the interface 

when the bar is embedded in a prism that measures 15 mm x 15 mm in plan while 7b reproduces 

similar information for a prism that measures 50 x 50 mm in plan. Boundary conditions consist of 
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fixation in four lateral faces (faces 1, 2, 3 and 4) for both calculations. Distribution of stresses is quite 

homogeneous in both cases, although, their value increases when covering decreases, provoking, this 

way, higher values of the final force R due to their higher capacity of transmitting loads.  

 

 

Figure 6. Distribution of bond shear stress (MPa) in the interface of bar and a prism of hydraulic material of 
dimensions 50 mm x 50 mm in plan when a longitudinal displacement of 5∙10-5 mm is applied to the bar and 

boundary conditions are fixations of: (a) face number 1; (b) faces number 2, 3, 4 and 5. 

 

 

Figure 7. Distribution of bond shear stress (MPa) in the interface of bar and a prism of hydraulic material when 
a longitudinal displacement of 5∙10-5 mm is applied to the bar, boundary conditions are fixations of faces 

number 2, 3, 4 and 5 and the measurements of the prism in plan are: (a) 15 mm x 15 mm; (b) 50 mm x50 mm. 

To summarize, it can be stated that the results of pull-out test cannot be directly extrapolated for the 

special situation analysed in this research. Different solutions have been proposed to evaluate bonding 

behaviour of bars used to reinforce masonry [18]–[20]. The pull-out test can be adapted to test 
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specimens that are working under these particular circumstances. In this research, the equipment has 

been adapted to test smaller specimens (Figure 8). To obtain reliable results comparable with those 

obtained by the numerical analyses, the test will be carried out over banded samples.  

 

 

Figure 8. Equipment developed for the pull out test of specimens. 

4 Conclusions 

This paper presents a research scoped to identify the influence of the thickness of coverings and 

boundary conditions on bonding. This research covers stainless steel bars with 5 mm diameter 

embedded in prisms of hydraulic materials with different dimensions. Also different boundary 

conditions have been taken into account in order to evaluate their influence in bonding. These 

situations are aimed to reproduce the standard conditions under which a bar will perform when used 

as a reinforcement of a wall since this is one of the most frequent techniques used to repair and 

reinforce masonry walls. To this end, a parametric study has been developed, in which thicknesses of 

effective covering have ranged from 6 to 15 mm and different faces of the prisms that surround the 
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bars have been fixed. This study has demonstrated the huge influence that both parameters exert on 

bonding, as well as the inaccuracy of the pull out test to evaluate bonding behaviour in these situations. 

Finally, some possible changes to the pull out test are drafted.  
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Abstract: Lime mortars had been traditionally used in building construction. However, the rise 

of cement at the beginning of the XX century provoked its obsolescence at the beginning of twenty 

century. The development of the Spanish Civil War (1936-1939) together with the later insolation of 

the country because of the new regimen defined the autarky period in which the recovery of traditional 

techniques was boosted. Indeed, during the 40-50’s, lime mortars revive with a definition of new 

styles. This period is of great interest because of the combination of tradition and novelty in 

Architecture.  

An example of this revival is the Obra Sindical del Hogar (OSH) pavilion, at Casa de Campo exhibition 

area in Madrid. This pavilion was part of the International Exhibition Site of the Country Fair widening 

at the end of 1948 in which novel architects such as Alejandro de la Sota, Miguel Fisac, Rafael Aburto 

or Francisco Asís Cabrero worked. In 2006, an Special Plan was approved for the recovery of those 

buildings as an emblematic case. Obra Sindical del Hogar pavilion is another singular example of this 

site. This building designed by Francisco Asís Cabrero and Felipe Pérez Enciso counted with a ceramic 

mural by Manuel Suárez Molezún and Amadeo Gabino artists is a striking feature. In spite of its 

modernity in the graphical representation of the scenes, it was based on the use of traditional 

techniques among others, the use of lime mortars and porous ceramic.  

As part of the restoration of this mural, a complete analysis of the original mortars and ceramic had 

been performed. The results showed a careful selection of the materials and the knowledge of the 

workforces. Porous ceramic calcined at low temperature as support of the glassy treatment and their 

compatibility with the aerial lime mortar defined its state of conservation in spite of the abandon 

suffered for more than 40 years. Air lime mortars showed a high compactness and a reduced porosity 

mainly because a careful selection of the aggregates and care in their execution and installation.  

1 Introduction 

The change of living models along the twenty century implied the loss of traditional craft and 

artisanship by the imposition of new materials and techniques. Against this trend, in the case of Spain, 

the Spanish Civil War (1936-1939) and the following isolation period imposed by the authoritarian 

regime provoked a considerable delay in about 30-40 years in relation to the neighbouring countries, 

in such a way that there are numerous examples of using traditional techniques and materials along 

40’s and 50´s.  

The Architects who worked in this time had been trained under the 1914’s study plan which impelled 

the use of new language while reinforcing the construction subjects, as answer to the social demands 
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[1]. Another significant fact is the emergence of young architects graduated between 1941 and 1946 

known as " the first post-war generation" [2] pioneers of modern ideas inspired by Italian and 

Scandinavian references like Miguel Fisac, Francisco de Asís Cabrero, Alejandro de la Sota or Rafael 

Aburto, who in Madrid and in the Feria del Campo introduced modern language into traditional 

building systems using materials taken from popular architecture such as limewashed white walls, 

exposed brick walls and ceramic tile roofs, to which were added baseboards and masonry walls made 

of natural stone: granite and "colmenar" stone, most of the time dry-laid or with lime and sand mortar.  

In this period, the importance of the use and knowledge of materials is clear with the implementation 

of the Building Materials Laboratory at the Technical School of Architecture, but also for the scientific 

character that many of the architects trained in this period achieved. As Zaballa mentioned 

“Architecture is the Belle Art of the Construction […] and the construction is the scientific, spatial and 

complete technique, the art of the construction is, in general, the Engineer, and the Belle Art of the 

construction is the Architecture” [3]. The latter showed the importance given to the combination 

among language which imprinted the character of the novel architects, which would be boosted in the 

following 1932’s study plan disrupted by the Civil War and recovered after this.  

In addition, the scarcity of the resources after the Civil War because of the autarchy economy of the 

authoritarian regime provoked the look towards the traditional materials and techniques that began 

to be abandoned in the previous stage. It must be highlighted the recovery of traditional techniques 

as part of the experimental character of the dwellings developed in the 40’s and 50’s as reflected in 

the paper published by Moya (1943): “the project tries to systematize the development with popular 

character to achieve an economic solution” [4]. Indeed, the use of traditional materials is collected by 

different documents in this time. Concerning this, the Basque-Navarre Official School of Architects 

(1949) published a paper in which collected the opinion of technicians and experts about the most 

suitable materials and constructive systems to improve the building of economic dwellings [5]. Most 

of the authors agreed the use of traditional materials because of their availability and their economy 

to solve the problem of dwellings [6]. In these cases, the document focused on the fact that the use of 

novel materials such as cement or iron, without an extended local production and dependent of 

transport, must be used only in the applications in which would be essential such as the slabs. Among 

the traditional materials, lime mortars are an essential part of the constructive systems since “there is 

plenty of stones apt to obtain lime and gypsum, and so on” [6]. However, it must highlight the 

statement: “the use of lime in renders and mortars is traditional in many Spanish regions, and in them, 

it is worked with such perfection that it worth it its study and dissemination to widen their use in the 

whole national scale in this type of economic buildings” [6]. 

However, this innovative training in which art and technique were linked was the germ towards a new 

architecture which expanded along the 40’s-50’s in the reconstruction of new areas as well as the new 

buildings. It can be clearly observed in public buildings and temporary exhibitions in which a new 

language is frequently defended but materialized with traditional materials and techniques. A clear 

example of this combination is found in the International Exhibition Site of the Country Fair. It was 

considered as an opportunity to show the new languages of the architecture as showed the different 

examples of innovation along the pavilions. 
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At the end of the 1940s, in the middle of the autarchy, construction began on the fairground designed 

by the architects Francisco de Asís Cabrero and Jaime Ruiz, which made use of the layout and some of 

the buildings of the farming exhibitions of the 1920s. The first “Feria del Campo”, which has now 

disappeared, was inaugurated in 1950 and consisted of a geometric layout of stands or "exhibition 

souk" covered with a traditional system of arches and brick vaults, which in the circular reception plaza 

and the machinery pavilion were adapted in plan to showy radial geometries. The buildings combined 

red brick with lime plaster, giving the ensemble a futuristic, modern feel. Due to the shortage of 

materials, steel and concrete were used only for the cantilever of the lookout tower and the laminated 

vaults of the pavilions built just before the inauguration.  

 
Figure 1. First National Countryside Fair, 1950. Cartographic Centre of the Ministry of the Air 

Together with the materialization of the Architecture, another highlighting point was the combination 

of arts and techniques, Architecture and Engineer based on the training which had been preserved up 

to now in the studies plan in Spain. Indeed, apart from the new languages in the spaces, the 

incorporation of arts and crafts was clear in those architects with clear examples such as the Sactuary 

of Aranzazu at Oñati, in which the architect Sáenz de Oiza worked together with Jorge Oteiza, Lucio 

Muñoz, Eduardo Chillida [7]. However, they are not the unique ones and different brilliant examples 

can be found along the Spanish geography in which art and technique were merged. However, it would 

not be possible without the experience and knowledge of crafts and artisans which demonstrated the 

domain of the know-how. Also at the first Feria Nacional del Campo, the atrium of the circular plaza 

(Figure 1) was decorated on the lime plaster with mural paintings by the young artists Carlos Pascual 

de Lara, Antonio Lago and Antonio Rodríguez Valdivieso [8]. 
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This incorporation of the arts in the daily life is even found in domestic architecture. This is the case of 

the rebuilding the regions devastated by the Civil War. Settlements developed in 40’s-50’s connected 

theories of the city garden with the hygienic theories of Le Corbusier but materialized with traditional 

techniques and materials. A combination of learning from tradition and from the modernity in which 

little details and elements which remind us the advanced towards a new architecture were introduced. 

As aforementioned, decorative elements integrated in the architecture spaces were part of the 

innovation during this period. Among all, ceramic must be highlighted because of its widespread 

tradition from the medieval times along the Peninsula.  

Ceramic pieces were a perfect support to combine tradition and innovation following the words of 

Rafael Domenech: “the tradition is not a jump back but a continuum: I am a link in the traditional chain 

of my family, but I can not be my grandfather” [9]. Indeed, the authors recover a traditional technique 

devaluated by the excessive use pre-civil war [10] and put it to the service of the new style. In words 

of Alejandro de la Sota, it is a process of “assimilation of the known or creation of the unknown […] 

the past, the constant, is translated into the future, the creative” [11]. This dichotomy was clearly 

reflected in the exhibition areas such as the Casa de Campo. This area born with the idea of exhibiting 

the advances in the livestock and agriculture along Spain but also the uses and customs of the different 

regions in such a way that the area converted into a rural, folklore and gastronomy tour.  

2 Casa de Campo exhibition area 

For the second Feria Internacional del Campo, inaugurated in 1953, the site was extended to 

incorporate a landscaped layout (Figure 2). Each Spanish region had a regionalist-style pavilion which 

in some cases was built by pioneers of modern architecture, adapting popular techniques and 

materials such as lime plaster to modern aesthetics. Relevant examples, unfortunately disappeared, 

are the Jaén pavilion by José Luis Romaní in 1953, the Ciudad Real pavilion by Miguel Fisac in 1953 and 

the Pontevedra pavilion by Alejandro de la Sota in 1956 [8].  
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Figure 2. Casa de Campo exhibition area in 1956. Cartographic Centre of the Ministry of the Air 

At the International Fair, Franco's state institutions also had a representative pavilion [8, 12-14]. These 

are modern buildings, usually designed by the architects Francisco de Asís Cabrero and Jaime Ruiz, 

whose aesthetics of concrete slats and cantilevers bring to mind the vaults and cantilevers of the first 

Fair [8]. Forming part of a group of modern buildings, in 1956, was the pavilion of the Obra Sindical del 

Hogar to show the advantage in the design and promotion of dwellings in Spain. The building was 

designed by the architects Francisco Asís Cabrero and Felipe Pérez Enciso, with the idea of showing 

some of the elements of the popular architecture from the courtyard, ponds and lattices for solar 

protections integrated with a novel language with pure lines, in which the decorative elements were 

introduced as part of the architecture. However, in which the incorporation of the decorative elements 

is part of the architecture reading.  

In this case, a ceramic wall placed at the entrance will show the visitor the different alternatives in the 

dwellings (Figure 3). It covered from the popular and vernacular solutions to the incorporation of new 

languages coming from Mies van de Rohe or Alvar Aalto, among others. In the design of this ceramic 

wall, the architects counted with two young artists: Amadeo Gabino and Manuel Suárez Molezún 

which introduce a new language [15].  
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Figure 3. The ceramic wall and the OSH exhibition pavilion in 1962 

In 2018, it was approved a project to recover the area as Associative and Cultural Campus which search 

the recovery of different pavilions as sede of neighbourhood associations by enhancing the XX century 

Architecture. One of the pavilion which is selected to recover it was the aforementioned Obra Sindical 

del Hogar (1956). In the context of the recovery project [16], a complete documental and experimental 

analysis was performed in order to evaluate the most suitable interventions [17]. On the documental 

study, of the most representative elements in the pavilion was the ceramic wall, designed by Amadeo 

Gabino and Manuel Suárez Molezún, both young artists and close to the aforementioned architects. 

Traces of both artists can be observed in the ceramic wall, on one side, the iconography of the dwelling 

mural at the OSH pavilion, based on the combination of coloured areas and forms drawn with a black 

line, is recognisable in Amadeo Gabino travel sketches made in the early 1950s [18]. On the contrary, 

the painting of Suarez Molezún, co-author of the mural, is dynamic and close to geometric abstraction, 

dominating the superimpositions of colours, a technique that can also be seen in the in the dwelling 

mural [16].  

3 Characterization of the ceramic wall 

As aforementioned, the recovery of the ceramic wall at the entrance was part of the restoration of the  

building (Figure 4 and 5). In spite of the abandon of the building, most of the ceramic wall was in perfect 

state of conservation.  According to the photogrammetric flights, the wall was installed in 1956 

attending to the pavilion opening. However, between 1974 and 1985, a canopy was installed over it 

which, although modified the original aesthetics, considerably allowing to preserve the wall until the 

renovation works. It, without doubt, allow a good preservation of the artistic work. 

The rupture and detachment of some pieces was mainly observed at the bottom part of the wall due 

to the rising damp because of the modification of the original height. And, at the top, due to the 

installation of the roof aforementioned. In this case, weld spatter were observed periodically at the 

top in the area in which the metallic structure were placed as well as remains of minium painting in 

the areas under it together with spots of cement in the surface were the main damages found. 
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Figure 4. Initial state of conservation of the ceramic wall. Photogrammetric composition by J. de Coca. 

The ceramic wall composed by 69 pieces in horizontal and 15 in vertical, so in total 1035 pieces of 

20x20cm of dimension. The latter is of great interest since attending to the commercial size of this 

type of glazing ceramic and showed the adequation of the artists to the available manufacture. In 

addition, visible traces of the firing procedure was observed in such a way that the wall was structured 

in vertical strips that showed differences in the white colour of the basement. Following the 

documental analysis, the pieces were manufactured in «Industrias cerámicas Julián Vilar Esteve» in 

Manises (Valencia), that there is no longer exists, it was placed in Valencia street, number 28.   

 

 
Figure 5. The ceramic wall and the exhibition pavilion after the restoration in 2020 

The pieces are traditional ceramic tiles «a la talaverana» a technique which consisted on painting the 

surface over a covering. The traditional technique consisted on the immersion of the porous ceramic 

support into a white enamel. After drying at ambient temperature, it became to harden enough to be 

scratched with the nail or other material. This surface is the support of the decoration which was 

performed by pigments dissolved into water and applied with brushes. The pigments could be natural 

oxides or silicates prepared in the laboratory. This technique was continued by the two artists, among 

others, due to their proximity in time and similarity in graphic technique, the murals on the terraces 
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of the flats on the Paseo de la Castellana in Madrid, partially preserved in the CA2M Centre [19] are 

particularly noteworthy. 

On the opposite to the use of a traditional support, the novelty of the ceramic wall lied in the 

decorative technique. The use of traditional materials integrated in the creative process which was 

stated and defended by other contemporary architects such as De la Sota [20]. It was similar to the 

watercolour in the use of free movements and semitransparent colours, in such a way that the light 

tones were firstly applied following by the dark and black colours which were used to outline the 

motifs. In addition, the artist used the «esgrafiado» technique to remove the colours of the surface or 

even achieve the ceramic support to enhance some areas or create reliefs.  In addition, the artists 

applied pointings or coloured squares (blue or green) over the black surfaces to light the background 

up. In the pieces, a shrinkage due to an excess of pigment was detected in some of the surfaces. Based 

on the literature [21], among the common pigments used in the ceramic tiles were cobalt (intense blue 

or violet), cobalt carbonate (light blue or violet blue), copper (green or turquoise), copper carbonate 

(light green or light turquoise), manganese (violet or brown), iron (reddish brown or beige), vanadium 

(yellow), chromium (reddish orange or opaque green), bichromate potassium (orange or green), 

antimonium (opaque yellow or opaque white) and nickel (brown) [16]. 

Finally, the decorated piece was boiled. Given the data of the ceramic wall, the combustible used 

would be wood or fuel which implied an abundance of carbon during the combustion. In addition, it 

was expected that the temperature of glazing would be low (lower than 1000ºC). The different shades 

of the same colour that had been identified could correspond to different batches or even the position 

inside the kiln. 

Lime mortars were used in the ceramic wall with two proposals, as joint mortar in the ceramic bricks 

used as support of the ceramic tile, as well as to guarantee the adherence of the latter. Before handling 

the restoration, a complete analysis and diagnosis was performed in order to analyze the type of 

damages, their placement and the state of the conservation of the ceramic wall together with the 

materials and techniques used, among others. The metholodogy proposed by RILEM Historic mortars 

group was applied [22]. Both the support and the materials used in the ceramic walls were analyzed 

and characterized in order to select the most suitable materials and techniques to use in the 

restoration.  

In all the cases, air lime mortars were used. Following the common practice during this period, it would 

be probable that the slaking took place in the construction site, while reducing the cost of the 

construction. This hypothesis could be corroborated by the high amount of lime lumps found in the 

composition and most of them visible at naked eyes. They suggested the procedure in the elaboration 

of the mortar that, in this case, would probably correspond to the dry slaking method [23]. During the 

post-civil war a common practice in the construction site was to establish “little” manufactures in 

which the products were assembled in-situ. Following this line, it could be estimated that calcined 

rocks, with a lower weight, arrived to the construction site where the process of production of the 

mortar would be finished. It allowed to reduce costs and enhance of efficiencies in times of shortage. 

About the production of the lime, there had not been due further inquiries but it is probable that the 

area that supply the air lime to the center of Madrid would be the Tajuña’s river, in which a great 
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amount of lime kilns were used up to 80’s-90’s [24] to provide lime to the manufactures in the southern 

of Madrid.  

Together with the lime, aggregates of sub-angular siliceous nature were used in the production of the 

mortars. Their composition as well as the predominant idea of using local products and local builders 

would justify their extraction from the proximity. According to the IGME, in the municipality of Madrid 

there were quarries for extraction of sand and gravel that although nowadays are abandoned they 

could be working in that period [25]. 

Both components were used in the common lime : aggregate ratio [26], the mortar showed a 1 :3, in 

volume. Furthermore, attending to the X-ray diffraction analysis (Figure 6), belite and clay were found 

which justified the addition of the latter to the aerial lime mortar to confer it hydraulic properties. The 

incorporation of ceramic dust into the lime mortars had been a common practice in the history as had 

been stated in different international and national researches [27-30]. Once again, a demonstration of 

the recovery and preservation of traditional techniques applied to the new architecture was shown, 

with an experimental character to extract the maximum potential of the technique with a modern 

language [4,20] 

 

 
Figure 6. X-ray diffraction of the lime mortars 

 

Its use is translated in the development of a compact matrix observed in the samples due not only to 

the addition of brick dust but also to the particle size distribution of the mortars with a higher amount 

of fine particles in the aggregates that guarantee a good penetration of the mortar into the ceramic 

porous structure. In addition, reaction rims were found in the interface between the ceramic and the 

lime mortar [28]. Regarding this, the use of low temperature ceramic in both the support and the 

basement of the ceramic tile would be essential to guarantee a suitable adherence and compatibility 

among the materials.  
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(a1) (b1) 

(a2) (b2) 
Figure 7. Microscopical observations and EDM analysis of the mortars. 

Then, microscopical observations (Figure 7) demonstrated a high quality and skills of the builders, 

especially in Figure7a1 in which the limit between the lime mortar area (at left) and ceramic tile (at 

right) is difficult to notice except for the vertical line provoked by the cutting process. In this regard, 

the know-how of the workers is clear in the selection of the components as well as the application and 

placement of the tiles.   

Together with the microscopical analysis of the mortars and ceramic tiles and bricks, a macroscopical 

analysis was developed to evaluate their performance. Regarding this, bulk density of the mortars was 

of 1746±77 kg/m3, an slightly over the literature [31], in contrast to the bulk density of the ceramic 

tiles of 1553±11 kg/m3 which is slightly smaller [31]. In line with this, open porosity showed similar 

values in the lime mortars of 26.4±1.7% which was considerably smaller than the ceramic samples 

(38±0.84%) which is over the 22-30% of the literature [31-33] or the 14.4±0.9% found in the ceramic 

bricks used as support. 

Dense structure of the mortar was also observed on the absorption coefficient of 13.8% which is 

smaller than the 19-35% in the literature [34]. It must highlight that, on the contrary,  ceramic tiles 

showed an absorption coefficient of 25% which is over the literature for similar pieces and uses [31-

33]. Concerning the sorption coefficient by capillarity (Figure 10), lime mortars showed 2.23 

kg/m².min, 0.98 kg/m².min and 0.68 kg/m².min at 2, 5 and 10 minutes, respectively, which were 

considerably lower than the values achieved with the ceramic tiles of 10.30 kg/m².min, 6.23kg/m².min 

y 4.31 kg/m².min, respectively. In both cases, 10-90 sorption coefficients were null following the trend 

of the historical materials [35] and the traditional practices of the construction works.  In any case, 

both of the results were according to the literature for both ceramic tiles [32,33] and lime mortars 

[35]. Desorption analysis which followed the procedure 0803/112/19460 LNEC [36], showed a similar 

procedure with a former fast evaporation followed by a decrease from 2-3 hours in advanced [36-37]. 
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Mechanical properties were not performed due to limited amount of pieces used in the 

characterization as well as the interest to recover the ceramic tiles.  

 

 

Figure 8. Sorption by capillarity of both ceramic tiles (in black) and lime mortars (in red). 

Then, microscopy and macroscopy analysis corroborated the delicate care shown along the whole 

process, from the selection of raw materials, their execution and installation of the compounds. It also 

enhances the full validity of the traditional techniques and craftsmen in a autarky period in which 

traditional artisans must search solutions of low cost with high ingenuity and the interest of perpetuity 

which had been predominant up to this moment. This understanding of the materials and constructive 

techniques and systems and the collaborative work between different trades is also found in other 

notable examples along the postwar period in which the innovation promotes by Architects, Engineers 

and Artists found a clear support on an skilled craftsmanship. This wall is only an example of this 

interesting period of the Spanish Architecture. 

4 Conclusions 

The Spanish postcivil war period, from 40’s till the end of the 50’s, can be considered a golden age of 

the Architecture in which tradition and innovation matched. The lack of materials and the autarky 

during this period forced the search of cheap solutions in which, however, a new language was 

incorporated. During this time the use of traditional materials, among them, it could be found the 

ceramic and air lime arisen.  

In this research, a complete characterization of the ceramic wall installed in the OSH pavilion placed in 

Casa de Campo was analyzed as part of the renovation of the building. According to the analysis of 

both ceramic tiles and lime mortars, a exquisite care on the selection of the raw materials together 

with the installation showed the know-how of the craftmenship which contrast with the innovative 

language introduced by architects, engineers and artists. A clear understanding of the materials and 

constructive techniques and systems and the collaborative work between different trades is also found 

in other notable examples along the postwar period. 
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This multidisciplinary work opens new fields of study in other contemporary ceramics made by the 

artist, such as those of the balconies of the houses in the Paseo de la Castellana that are partially 

preserved in the CA2M [19] center. These have been recently visited and a first observation it gives 

the impression that the traditional production techniques were perfected with the experience of the 

artist at OSH mural. We hope that future analyzes and characterization methodologies of the materials 

as used in this research will confirm our hypotheses. Finally, we would like to emphasize that the field 

of artistic achievements and their integration into architecture, such as the OSH mural, suggests the 

collaboration of researchers from different disciplines.  
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MEASURING WATER ABSORPTION IN REPLICAS OF MEDIEVAL PLASTER 
ASSESSING THEIR RELIABILITY AS MODELS FOR CONSERVATION TRIALS 

Mette Midtgaard 1,2 

(1) Environmental Archaeology and Materials Science, Department for Research, Collection & Conservation, 
National Museum of Denmark, Kongens Lyngby, Denmark 

(2) Royal Danish Academy. Architecture, Design, Conservation, Copenhagen, Denmark. 

Abstract: Using reconstructions or laboratory models in wall painting conservation research 
requires sufficient chemical and physical resemblance to the original object to make the tests on the 
models relevant. This study applies the contact sponge method comparing the water absorption rate 
of limewashed medieval wall painting plaster with replicated mortar samples of varying binder-to-
aggregate ratios produced by the hot-mix technique and with lime putty mortar. Different types of 
limewashes are also examined. Based on this comparison, the study evaluates the samples’ suitability 
as models for wall painting conservation research. Moreover, the study explores the validity of the 
contact sponge method for measuring highly porous mortars. 
The experiment demonstrates that the contact sponge method can be used for measuring the water 
absorption rate of highly porous mortar samples, and that the fastest water absorption rates are found 
in the mortar samples with the highest lime content. Moreover, the closer the sample’s binder-to-
aggregate ratio is to the historical plaster, the more similar the values are. The poorest correlations 
are found for lime putty mortar samples with a 1:3 ratio heretofore used in conservation trials. 
Furthermore, the absorption rate is significantly influenced by the type of limewash on the samples.  

1 Introduction 

Testing new materials and methods on like-for-like mortar samples prior to on-site implementation is 

considered a vital part of wall painting conservation practice. For laboratory tests to be relevant, it is 

important that replicas, often comprising smaller mortar samples, have a close resemblance to the 

replicated historical plaster, not only with regard to material composition, but also to physical 

characteristics, such as capillarity.  

Capillarity influences the water absorption rate of a plaster/mortar, a property that plays a significant 

role in conservation treatments such as cleaning or desalination on lime-based wall paintings. This is 

especially the case when conducting such operations by poulticing. In such cases, the water absorption 

rate not only has a determinant effect on the amount of liquid that penetrates the object but also on 

the performance of the poultice in terms of advection and drying rate. Thus, when performing 

laboratory cleaning or desalination tests, a close match of the water absorption rate of the laboratory 

models to the replicated historical mortar/plaster should be strived for. Such a cleaning experiment, 

where tests on laboratory models/mortar samples are conducted prior to on-site implementation, is 

illustrated in Figure 1. 
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Figure 1. (a) Cleaning tests conducted on artificially soiled mortar samples; (b) Cleaning tests conducted with 

poultice in situ on a medieval wall painting. 

However, the replication of historical mortar/plaster, such as the very lime-rich plaster constituting 

the support for numerous medieval wall paintings in Europe, is a challenging and complex procedure. 

Not only do the mixing proportions and materials used in the initial mortar mix play an important role 

in the final characteristics of the plaster, but the properties of the replicated plaster are also 

significantly affected by such factors as processing procedures, application methods and conditions 

during carbonation. An additional complication is encountered in the replication of Danish medieval 

wall paintings, as most of these paintings were painted on a limewashed plaster. Thus, a replication of 

the limewashed ground should also be included in sample production. 

Standard replicas are frequently made using the contemporarily recommended mortar mixture of one 

part slaked or hydrated lime to three parts aggregate (volumetric) [1,2]. Yet, historical mortar and 

plaster often has a much higher lime content, with a typical binder-to-aggregate (b:a) ratio in the range 

of 1:1 to 1:2 [3–5]. In the case of medieval wall paintings in Denmark, the lime content often exceeds 

the quantum of aggregates, with b:a ratios such as 2:1 [6,7]. The discrepancy of the high lime content 

in historical mortar versus standard mortar has been previously shown [6]. Similar micrographs, Figure 

2, show how a mortar composed with a 1:3 ratio (Figure 2a) has a completely different structure to 

that found in a medieval plaster (Figure 2b) or in a replicated lime-rich plaster (Figure 2c). 

 

Figure 2. Micrographs of impregnated thin sections: a) 1:3 lime putty plaster; b) Medieval plaster with an 
estimated b:a ratio of 2:1; c) Hot-mixed lime plaster with an b:a ratio of 1:1. 

Brown areas present the lime matrix, grey/white/green/beige areas are aggregates and yellow areas present 
air-voids/cracks. 

When the replicated historical mortar or plaster is limewashed, a similar issue arises. Since Gothic 

limewash usually has a significant thickness, as illustrated in Figure 3, it is inevitable that the limewash 
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will influence water absorption. Yet, again, in Denmark and probably also in other countries, limewash 

with very different characteristics to the original is commonly used in conservation experiments.  

At present, the limewash used in historical buildings usually consists of a thin mix of approximately 

one part lime putty to five parts of water/limewater (volumetric), applied in three to seven layers until 

the desired coverage is achieved [8–10]. This is done because the same thickness as found in historical 

limewash can only be achieved by multiple thin layers if extensive shrinkage and crazing is to be 

avoided. In Denmark, finely graded sand or powdered limestone is often added to one or two layers 

of the limewash to attain a better coverage. However, these thin layers of limewash, with or without 

added aggregate, create an entirely different structured limewash than the thick layered limewash 

found in medieval wall paintings.  

The thin-section micrographs shown in Figure 3 b-c depict the differences between a Gothic limewash 

dating from ca. 1450 and a new limewash produced for mortar samples used in conservation trials. 

 

 
Figure 3. Limewash indicated by red marker: (a) Stereomicrograph showing a sample of an original 

medieval plaster with several thick layers of limewash. Kongsted Church (ca. 1450); (b) Micrograph of 
impregnated thin section from Kongsted Church, showing at least three layers of limewash in plane 

polarised light; (c) Micrograph of impregnated thin section of limewashed 1:3 mortar sample in plane 
polarised light. Powdered limestone has been added to this limewash to attain greater thickness. 

 
But what are the consequences of using laboratory mortar samples with divergent composition to that 

found in historical mortar/plaster? Are the results attained on standard laboratory models still close 

enough to the results attained in situ, so that the laboratory tests give a valid indication of what to 

expect when new methods and materials are implemented on the historical mortar/plaster?  

This study aims to examine these questions by measuring the water absorption rate in mortar samples 

with three different compositions and comparing these results to measurements conducted in situ on 

a Danish Gothic wall painting.  

For the investigation, a standard 1:3 lime-putty mortar was compared to two mortars specifically 

designed to reproduce the plaster typically found in Danish Gothic wall paintings. These two mortars, 

with b:a ratios (volumetric) of 1:2 and 1:1, were mixed from quicklime and aggregate using the hot-

mix method. This was done partly because it is almost impossible to achieve sound mortars with such 

high binder content when using lime putty mortar [2,3,11,12], but mostly because more recent studies 

indicate that the vast majority of traditional lime mortars were hot-mixed [6,13–15]. A detailed 

description of the production of these samples and the data on the medieval plaster targeted for 

reproduction are published elsewhere [7].    
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To study the influence of the type of limewash on the water absorption rate, three limewashes mixed 

from different lime putties were included in the study. Two of the chosen lime putties are often used 

in conservation work and in historical buildings in Denmark, such as for limewashing the interior and 

exterior of medieval churches.   

A closer match to a Gothic limewash was strived for in the third composition. This was done by using 

a more than 67-year-old lime putty collected from a lime pit at Roskilde Cathedral. This lime putty has 

a dense and grainy structure with visible sand particles from the pit and sharp crystals, presumably 

calcite crystals. Due to its age and the presence of aggregates originating from the pit, the Roskilde 

lime putty creates a limewash that can be applied thickly, creating an opaque limewash with just a few 

strokes.  

The contact sponge method was used to examine the water absorption rate. This method was 

developed by Istituto per la Conservazione e la Valorizzazione dei Beni Culturali in Florence in 2004, 

originally for in situ measuring of the effectiveness of water-repellent treatment on stone and plaster 

but is also used for measuring water absorption of untreated material and for consolidation testing 

[16–19]. It is a simple and rapid method where the gravimetric changes of a wet sponge pressed 

against the sample record absorbed water. Compared to the capillary rise method, the contact sponge 

has the advantage that it is non-destructive and can be used in situ for multiple measurements. 

Moreover, comparative studies have proven this method more suited than Karsten tube for measuring 

the initial water absorption [16,20].  

The contact sponge method does, however, have limitations, as the restricted amount of water in the 

sponge can make the method unsuitable for longer measuring periods and might not work on highly 

porous material [20,21]. Since lime-rich mortars, as the ones tested in the present experiment, are 

highly porous [7,22], the study also examines the validity of using the contact sponge method for 

measuring binder-rich historical mortar. In addition, it aims at establishing the most suited measuring 

time for examining lime-rich mortars. The European Standard for contact sponge measurements 

(status: in draft for comments) EN 17655 [23] dictates that preliminary tests are undertaken at 

intervals of 30 sec to 3 min in order to determine contact time. However, the present study also 

included a series of measurements at longer contact times (up to 10 min), to achieve a longer time 

course of water absorption for the mortar samples. A contact time of 30 sec was chosen as the shortest 

contact time, as it was assessed that shorter contact times than this could result in a considerable time 

error when conducting in-situ measurements.  

2 Materials  

2.1 The choice of limewashed mortars 

The focus of this laboratory study was to evaluate water absorption rates of mortar replicas, whose 

properties closely resembled those of the mortar encountered in situ. Virtually all of the Danish wall 

paintings were created on limewashed plaster. Consequently, only limewashed mortar samples were 

studied in the present work.    

An overview of the different samples can be found in Table 1. 
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2.1.1 Medieval wall painting 

In situ measurements were conducted on a Gothic wall painting partially uncovered on the vault in 

Ørslev Church (Skælskør, Denmark) in 2014. The absence of any conservation treatments eliminated 

any possible errors in measurements caused by non-original materials or due to dirt on the surface. 

Also, no salt damage is found on this uncovered area.   

The ornamental painting, the uncovered area of which measures approximately 1 m2, is dated to ca. 

1300-1325. Due to the uniqueness of this untouched early Gothic wall painting, non-destructive 

measures were imperative, excluding sampling. However, it could be observed with the naked eye that 

a single, quite thin layer of limewash comprised the ground for the painting. The wall painting is 

illustrated in Figure 5. 

Table 1. Sample preparation. Slaking technique, ratio and limewash  

Sample name Slaking Technique/ 
Lime form 

Binder:aggregate (v/v) 
 

Lime used for limewash 
 

1:1 Roskilde Hot-mix 
CaO (powder) 

1:1 
 

Lime putty from Roskilde 
Cathedral, >67 years old 

1:2 Roskilde Hot-mix 
CaO (powder) 

1:2 
 

Lime putty from Roskilde 
Cathedral, >67 years old 

1:2 Rødvig Hot-mix 
CaO (powder) 

1:2 
 

Rødvig Lime putty,  
23 years 

1:3 Horsens Lime putty mix 
Ca(OH)2 (putty) 

1:3 
 

Horsens Lime putty, 
23 years 

2.1.2 Hot-mixed mortars 

A micronised Ca-rich quicklime (CL90-Q) from Lhoist was used for mortar 1:1 and 1:2. The aggregates, 

aiming for similarity to those found in Danish medieval wall paintings, comprised local pit sand from 

Roskilde (0-3 mm), consisting mainly of quartz and feldspar, and crushed limestone from Lhoist (0.1–

2 mm). The mortar was hot-mixed by initially mixing quicklime and sand and then adding water in a 

vertical axis mortar mixer. The water-to-binder ratio was approximately 2:1 (by weight). After mixing, 

the mortar was matured in closed plastic buckets for approximately one month.  

The mortar samples (7.5 x 15 x 1.5 cm) were prepared manually, applying a 0.7 cm layer of mortar to 

unglazed ceramic terracotta tiles (Sima Ceramiche) in a similar way as when plastering a wall. To ensure 

the same height in all samples, wooden frames were used in the production.  

All mortar samples were cured for more than two years before the testing commenced. 

Phenolphthalein staining was used to continuously examine the degree of carbonation. The extent of 

carbonation was verified by X-ray diffraction, showing full carbonation after nine months of curing as 

no portlandite crystals could be detected at this time. 

2.1.3 Lime putty mortar 

For this mortar, a previously produced batch of limewashed mortar test samples (12 × 12 × 1.5 cm) 

were used. These mortar samples were produced in 2012 for a wall painting conservation experiment, 
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studying microemulsions ability to remove aged acrylic coatings from wall paintings [24], which makes 

them suitable as examples of standard mortar samples used in conservation trials.    

The mortar samples were produced using 1 part slaked lime (Horsens), 2.5 parts silica sand (grain size 

0-0.3 mm) and 0.5 part fine gravel (0-2.2mm) (Grejsdalens Filterværk ApS). 

The same mortar application procedure as described in the hot-mixed mortar was used in the 

production of these samples: an approximately 0.7 cm layer of lime mortar was applied to unglazed 

terracotta tiles, using wooden frames to secure same overall height.  

2.2 Limewash 

Three different limewashes were used to limewash replicated specimens.  

2.2.1 Roskilde limewash 

For the replication of medieval limewash, a limewash was made from a more than 67-years-old lime 

putty collected at a lime pit at Roskilde Cathedral. Before mixing with water, the putty was sieved 

through a 5 mm mesh to remove lime lumps, larger sand particles and calcite crystals. The limewash 

was mixed with 1 part lime putty to 1 part water.  

This limewash was applied to five samples of the 1:1 mortar and five samples of the 1:2 mortar, with 

three layers applied on each sample.  

2.2.2 Rødvig limewash 

A limewash produced by a lime putty from Rødvig matured since 1995, was chosen as a standard 

conservation limewash. The lime putty is produced from lumps of Faxe quicklime that have been slaked 

with water and stored in underground pits since 1995, and is still commercially available [25]. The 

limewash was mixed using 1 part lime putty to 1 part water.  

This limewash was applied to five samples of the 1:2 mortar, with four layers applied on each sample.  

The Roskilde limewash and the Rødvig limewash were applied four months prior to the contact sponge 

measurements. The extent of carbonation was examined by phenolphthalein stain. After four months 

no staining occurred from the phenolphthalein spray indicating full carbonation.   

2.2.3 Horsens limewash  

On the 1:3 samples produced in 2014, a limewash made from Horsens lime putty (matured since 1995) 
had been applied. Powdered limestone had been added to the limewash to achieve a better coverage. 
The limewash comprised 1 part lime putty, 1 part powdered limestone and 1 part water. This lime 
putty is no longer available, thus, this limewash could not be tested on the more lime-rich mortar 
samples. Five 1:3 mortar samples were used, each containing two layers of limewash.   

3 Method 

3.1 Contact sponge  

The contact sponge measurements were performed following the European Standard EN 17655 

(status: in draft for comments) and the instructions in the CTS Contact sponge kit [23,26]. The CTS kit 

used for the measurements contains a sponge (Calypso natural make-up sponge from Spontex®) and 
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a polycarbonate contact-plate, wherein the sponge is placed. The sponge has a surface area of 23.76 

cm2, which correspond to the inner diameter of the base of the contact-plate. The thickness of the 

sponge exceeds the height of the contact-plate, thus, when pressing the sponge against an object, the 

sponge is in full contact with the object. For each measurement, the sponge was immersed in distilled 

water until full dilatation. The sponge was then wringed and patted dry with a blotting paper. After 

placing the sponge onto the contact-plate base, 6 ml of distilled water was added to the sponge with 

a syringe, and it was covered with the contact-plate lid to limit loss of water due to evaporation. The 

enclosed sponge was weighed on a balance with a precision of 0,0001 g and the initial weight (mi) was 

noted. The plate was then placed on a table and the contact plate lid removed. The surface of the 

sample was pressed down onto the moist sponge until the sample surface touched the borders of the 

contact-plate base, as it is illustrated in Figure 4. Placing the contact sponge beneath the sample 

instead of pressing it unto the sample was done to ensure that the water was only absorbed by 

capillary suction. After a predefined contact time, the mortar sample was lifted, and the lid was placed 

back unto the contact plate. The enclosed sponge was then weighed and the final weight (mf) for this 

contact time was noted. To continue at longer contact times, the sponge was replaced on the table 

and the mortar sample was pressed down in the same position as before, and a new measurement 

was conducted. Measurements were conducted for the following contact times: 30, 60, 90, 120, 150, 

300, 450 and 600 seconds.   

The measurements were performed in a laboratory environment of 20-22C and 65 5 % RH. The 

samples were not dried before testing but were instead stored at a relative humidity of 65 5 % RH to 

mimic the in-situ conditions in Danish churches in order to obtain comparative measurements 

between mortar samples and medieval plaster. 

 

 
Figure 4. Illustration of contact sponge test procedure: (a) Pressing a sample onto the contact sponge; (b-c) 1:1 

Roskilde sample and 1:3 Horsens sample after contact sponge measurements. 

 
At Ørslev Church, the measurements were conducted by pressing the sponge onto blank limewashed 

areas in the painting, taking care that the perimeter of the contact plate was in full contact with the 

test area. The test areas and contact sponge measurements in-situ are illustrated in Figure 5. 
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Figure 5. Contact sponge measurements in situ at Ørslev Church: (a) Uncovered wall painting. Magenta circles 

indicate tested areas; (b) Contact sponge pressed onto vault. 

The amount of water absorbed at different time intervals could be calculated by subtracting the mass 

at the specific time from the initial water content. The water absorption rate (Wa) at the different 

contact times was calculated by following Eq. (1):  

 

W𝑎 (𝑔/𝑚2 𝑠) =  
(𝑚𝑖 − 𝑚𝑓)

𝐴 ∙ 𝑡
 

(1) 

 

Where A is the surface area of the contact sponge (0.002376 m²), t equals the contact time, mi is the 

initial mass of the enclosed contact sponge and mf is the final mass of the enclosed sponge.  

4 Results and discussion 

4.1  Overview of results 

Each of the five samples of the 1:1 and 1:2 mortars was measured 5 times at the contact times t = 30 

s, 60 s, 90 s, 120 s and 150 s. This resulted in a total of 25 measurements for the individual types of 

mortar at each of the shorter contact times. For the longer contact times (t= 300 s, 450 s and 600 s), 

each mortar sample was measured 3-5 times resulting in an average of 18 measurements for each 

mortar at a specific contact time. In the case of the five 1:3 samples, 3-4 measurements were 

conducted for the first 30-150 sec, while 2-3 measurements were conducted at 300-600 sec.  

At Ørslev Church contact times > 150 sec were excluded to avoid any unnecessary impact on the 

original wall painting. Due to the limitations of areas with blank limewash in the wall painting fragment, 

only six measurements were conducted in situ.  

The water absorption rate (Wa) at the different contact times is presented in Table 2. In this table, the 

mean values and coefficient of variation for the measurements is noted, excluding one outlier in the 

1:3 mortar measurements. Table 2 shows the speed at which water is absorbed into the mortar 

samples. Thus, for example, the 1:2 Roskilde mortar at 60 sec contact time shows an average of 14.1 

g of water absorbed into 1 m2 per second, while the speed is 3.7 g/m2s for the 1:3 Horsens samples. 

363



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

Table 2. Mean values and coefficients of variation (in parentheses, %) of the water absorption rate (Wa) (g/m2s).  

Mortar 

Samples 

Contact time (s) / Coefficients of variation (%)    

30 60 90 120 150 300 450 600 

1:1 Roskilde 29.6  

(14.4) 

17.7  

(19.0) 

13.3  

(22.6) 

10.7  

(25.4) 

9.0  

(27.6)    

5.0  

(28.1) 

3.4  

(30.7) 

2.5  

(30.7) 

1:2 Roskilde 22.9  

(17.3) 

14.1  

(21.3) 

10.5  

(25.1) 

8.5  

(27.8) 

7.1  

(32.4) 

3.5  

(32.0) 

2.6  

(39.4) 

1.9  

(36.2) 

1:2 Rødvig 8.4  

(19.1) 

5.9  

(26.3) 

4.7  

(30.9) 

4.0  

(32.9) 

3.6  

(33.5) 

2.1  

(36.4) 

1.3  

(37.9) 

1.0  

(37.9) 

1:3 Horsens 5.2  

(26.8) 

3.7  

(21.5) 

3.0  

(20.1) 

2.7  

(27.3) 

2.3  

(16.9) 

1.5  

(18.3) 

1.2  

(19.1) 

1.0  

(20.0) 

Medieval 21.5  

(20.8) 

14.8  

(16.0) 

11.9  

(14.2) 

10.1  

(14.7) 

9.0  

(16.1) 

- - - 

 
In Figure 6, the time course is shown of water absorption (in g/m2) for the various mortars studied.  

 

 
Figure 6. Time course of water absorption for the mortar samples and the medieval mortar. The curves show 

mass of water absorbed per surface area at different contact times. Each point was obtained by multiplying the 
corresponding value from Table 2 by its time of measurement. Since this multiplication leaves the values of the 
variation coefficients (shown in Table 2) unchanged, these values were not represented in Figure 6 for the sake 

of clarity. 

4.2 Comparing the mortar samples and the medieval mortar 

The time course of water absorption in four types of artificial mortars tested in the laboratory, as well 

as in one type of medieval mortar studied in situ (Ørslev Church, Figure 5), is shown in Figure 6. As 

prolonging the measurement up to 600 sec was only practical in the laboratory, the longest in situ 

measurement was done at 150 sec. For all four mortar types, the curves obtained in the laboratory 
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display a levelling off with time. In the case of the 1:1 Roskilde and 1:2 Rødvig mortars, a plateau is 

reached at 300 sec, the same being likely true for 1:2 Roskilde mortar, which at this particular time 

point appears to show a measurement error. In the case of the 1:3 Horsens mortar, while no plateau 

is reached within 600 sec, the absorption rate slows appreciably past the 120 sec point, where 58% of 

the final 600 sec value is reached.    

In Figure 6, no levelling off of the water absorption time course was seen in the case of the in situ 

measurements. However, a tendency to slowing of the water absorption rate appears to be present 

over the time course up to 150 sec. This would be consistent with a plateau occurring at longer times, 

had longer time points been available.   

In the contact sponge method, it is important to ensure that enough water is available for the transfer 

from the sponge at all times [20]. However, it can be excluded that water amount was the limiting 

factor responsible for the curves levelling off in Figure 6. Had this been the case, one would expect the 

plateau to occur at earlier times for those mortars showing the highest rates of absorption. In contrast, 

despite a 5.6-fold difference between the highest (1:1 Roskilde) and lowest (1:3 Horsens) absorption 

rates (Table 2, 30 sec), it may be seen that in all cases, levelling off first becomes pronounced between 

120 and 150 sec. Therefore, the plateau phase of these time courses must reflect the physical 

properties of water movement into the mortar surfaces.   

In order to further verify this argument, the amounts of water (m) transferred from sponge to mortar 

were calculated for contact times 30 s, 150 s and 600 s. These data can be found in Table 3, together 

with the corresponding percentages of water used. For this calculation, the 6 g of water added to each 

sponge at the start of the experiment was taken as 100%, although the total initial water content 

exceeded that amount (see Method section). 

Table 3. Average values of absorbed water m (g) ± standard deviation at contact times 30 s ,150 s and 600 s 
and percentages of water absorbed from sponge to mortar. 

 
It is clear from Table 3 that enough water was available for transfer from the sponges at all times. For 

the mortar with highest absorbency (1:1 Roskilde), more than 40 % of the initial water content was 

remaining at 600 sec. 

The plateau-attaining nature of the water absorption time courses, as seen in Figure 6, implies that  

 

Mortar 

Samples 

Contact time (s) 

30 150 600 

m (g) % m (g) % m (g) % 

1:1 Roskilde 2.11 ± 0.30 35.2 3.17 ± 0.88 52.8 3.59 ± 1.10 59.0 

1:2 Roskilde 1.64 ± 0.28 27.3 2.55 ± 0.82 42.5 2.69 ± 0.97 44.8 

1:2 Rødvig 0.60 ± 0.11 10.0 1.27 ± 0.42 21.2 1.47 ± 0.56 24.5 

1:3 Horsens 0.37 ± 0.10 6.2 0.82 ± 0.14 13.7 1.33 ± 0.52 22.2 

Medieval 1.55 ± 0.35 25.8 3.03 ± 0.52 50.5 - - 
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the clearest discrimination between absorption rates of various mortars will be obtained at short 

measurement times. Indeed, the data in Table 2 show this to be the case. For instance, absorption 

rates of 1:1 Roskilde and 1:3 Horsens differed by factors 5.6, 4.4 and 3.9, as measured at 30, 90 and 

150 sec, respectively. In conclusion, these data argue for using short measurement times when 

characterising water absorption properties of mortars. 

Table 2 and Figure 6 show the same relation between water uptake and porosity as seen in other 

studies [20,21,27]. The absorption rate increases as the porosity of the mortar increases. Thus, the 

highest values are obtained by the mortar samples with the highest lime content. The type of limewash 

also exerts a significant effect on the absorption rate. The mortar samples with Roskilde limewash have 

the highest absorption rate, while the samples with Rødvig and Horsens limewash have significant 

lower values. Since pure limewash has a higher lime content and thus higher porosity than mortar, the 

high absorption rate found in the samples with Roskilde limewash agree well with the fact that the 

Roskilde limewash is thicker than the other two limewashes. This is observed by the full opacity of the 

Roskilde limewash, while the greyish mortar can be detected through the limewash in case of the 

samples with Rødvig and Horsens limewash, confirmed also by measurements of the thickness of 

limewash. While the Roskilde limewash has an average total thickness of approximately 0.3 mm, the 

four layers of Rødvig limewash has resulted in a limewash with an average total thickness of 

approximately 0.15 mm. The Horsens limewash on the 1:3 samples is difficult to measure because it 

has penetrated into the mortar as illustrated in Figure 3c. Hence, in some areas, it is almost non 

existing, while it has a thickness of up to 0.5 mm in areas where it has penetrated the mortar.   

Nevertheless, it is still surprising to see the degree to which limewash influences water absorption 

rate. When comparing the two 1:2 mortars, the difference induced by the limewash is significant, with 

the Roskilde limewashed mortar absorbing water at double the speed as the mortars with Rødvig 

limewash. Moreover, the differences between the mortars with different limewashes are greater than 

the mortar composition, as the 1:1 Roskilde and 1:2 Roskilde have quite close values, while the 1:2 

Rødvig samples, as mentioned above, have much lower values.  

Most important, however, is how the samples compare to the measurements conducted on the 

medieval wall painting. Figure 6 illustrates how both lime-rich samples with Roskilde limewash have 

comparable values to the medieval plaster. The 1:2 samples with Rødvig limewash and the 1:3 

standard mortar samples have, on the other hand, absorption rates that differ significantly from those 

of medieval plaster. As expected, the 1:3 samples have the lowest absorption rate values. Compared 

to the medieval plaster, these samples absorb water at a 4 times slower rate. This emphasises the huge 

differences between the capillarity and porosity of the standard lime putty mortar samples and the 

historical plaster or mortar, which they are supposed to imitate. 
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5 Conclusion 

When conducting wall painting conservation research, the creation of mortar-based laboratory models 

with the same characteristics as those found in historical wall painting plaster is essential.  

In the present study, the physical resemblance of replicated mortar samples of varying binder-to-

aggregate ratios to that of medieval wall painting plaster was examined by measuring the water 

absorption rate by the contact sponge method. Moreover, the study also aimed at examining the 

contact sponge method’s suitability for measuring the water absorption rate in highly porous 

plaster/mortar and to establish the most suited measuring time for this method.  

The study concludes that the contact sponge method is a valid, non-destructive and easy-to-use 

method to compare different mortar samples with each other and to evaluate the mortar samples’ 

suitability as test specimens for wall painting conservation trials. The study shows that despite the high 

porosity of the medieval plaster and the hot-mixed mortar, the contact sponge contains enough water 

for transfer, even at long contact times. However, the plateau-attaining nature of the water absorption 

time courses shows that the clearest discrimination between absorption rates of various mortars is 

obtained at short measurement times, thus, short contact times should be used when characterising 

water absorption properties of mortars.  

The contact sponge method has the advantage that it mainly measures the water absorption of the 

superficial layer of a sample, while a method as the frequently used Karsten tube measures the water 

absorption of the full thickness of a sample. The contact sponge method, thus, can be advantageous 

in a case like present study, where the aim is to measure the water absorption of a thin layer of plaster 

and limewash and not to measure the absorption of the full construction, including the brickwork 

beneath the plaster. This advantage is especially pertinent now that this study has shown that the thin 

layer of limewash has a significant influence on the water absorption behaviour of the test specimens. 

This influence is so great that it has a comparative impact as considerable as that of binder-to-

aggregate ratio in the mortar samples. 

The study clearly shows the significant influence of mortar and limewash composition on the water 

absorption rate in mortar samples. This conclusion is particularly emphasised when comparing the 1:3 

samples, a standard mortar that has been used as a laboratory model for conservation trials, with the 

1:1 mortar samples with Roskilde limewash, specifically designed to replicate the plaster found in 

Danish medieval wall paintings. Here it can be seen that in the first 30-150 seconds of contact time, 

the 1:1 plaster absorbs four to six times more water than the 1:3 plaster. Comparing the samples with 

the medieval plaster, a close match of the water absorption rate is found between the medieval plaster 

and the samples specifically designed to replicate this plaster (1:1; 1:2 Roskilde), while the water 

absorption rate values found in the 1:3 samples differ significantly from the medieval plaster. Thus, 

using 1:3 mortar samples for model-based conservation trials, such as cleaning or desalination tests, 

will most likely lead to results considerably divergent from those attained in situ on historical mortar 

or plaster.  

Hence, this study contributes to the ongoing discussion of the importance of using conservation 

models with same composition and properties as the objects they are replicating instead of using 

standard models. 
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THE SGRAFFITO IN KRIŽANKE - INTERDISCIPLINARY APPROACH TO THE 
CONSERVATION-RESTORATION OF COLOURED HISTORIC PLASTER 

Maja Gutman Levstik 1 and Anka Batič 1  

(1) Institute for the Protection of Cultural Heritage of Slovenia, Restoration Centre, Poljanska cesta 40, 1000 
Ljubljana 

Abstract: Križanke Outdoor Theatre is a theatre in Ljubljana, Slovenia, used for summer festivals. 

Between 1952 and 1956, architect Jože Plečnik converted this former monastery into one of the city's 

most important cultural venues. To the left of the entrance to the courtyard is a small triumphal arch 

decorated with sgraffito. The conservation and restoration of the triumphal arch was carried out in the 

summer of 2021. During the investigation of the historical documentation and the first steps of surface 

cleaning, it was found that there had been an intervention in the past. Microscopic analysis revealed 

that a lime-cement mortar with aggregates consisting mainly of round carbonate grains had been used 

for the triumphal arch. The original and the reconstructed sgraffito plaster consisted of pigmented lime 

binder. The black pigment in the grey plaster was identified as carbon black. Pigments such as iron 

oxide (hematite) and iron hydroxide (goethite) with some carbon black are present in the red coloured 

plaster of the original sgraffito. Only hematite was used for the reconstructed red coloured sgraffito 

plaster. The mineralogical-petrographic composition of the aggregates in the two (original and 

reconstructed) sgraffito plasters is similar and consists mainly of carbonate grains. On the surface of 

the original sgraffito plaster there was a gypsum layer as a weathering product. The goal of this 

research was to study and characterise the plasters used in sgraffito decoration. The information was 

crucial for processes such as the development of repair plasters for the damaged parts. 

1 Introduction 

The Križanke Outdoor Theatre is a theatre in Ljubljana, Slovenia, used for summer festivals, built in the 

courtyard of the former Monastery of the Holy Cross. Between 1952 and 1956, architect Jože Plečnik 

converted this former monastery into one of the city's main cultural venues. To the left of the entrance 

to the courtyard is a small triumphal arch flanked by two niches with statues by the Austrian sculptor 

Leopold Kastner, called Learning and Progress (Figure 1). The arch and the columns supporting it are 

decorated with sgraffito representing the current political symbols, the sickle and the hammer [1]. 

Sgraffito is an old decoration technique, involves of scratching a pattern into plaster before it sets, 

using a fine point metal tool, in order to reveal the colour and texture of the underlying plaster (Figure 

2). Once the top layer, usually white with a fine texture, is scraped off, the plaster layer underneath is 

revealed, usually a different colour and texture. The bottom layer consists of plaster coloured in 

contrasting colours to the ones on the surface. This is done by adding charcoal (for grey and black 

colours) or brick dust to make it reddish, or by using different types of sand to achieve a specific 

coloration [2]. The sgraffited motifs generally express nature, geometry or personal emblems [3]. 
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Sgraffito decorations on walls of buildings was in many Europen counties most popular during the 

Renaissance [4-6]. 

Although the triumphal arch is partially protected by a concrete roof ceiling, it was still exposed to 

decay and damage. The plaster was poorly preserved in some parts of the triumphal arch. The damage 

manifested itself mainly in the form of spalling, layering, falling off of the plaster and in some places in 

the form of dark coatings and growth of algae and other microorganisms on the plaster. 

  

(a) (b) 
Figure 1. Triumphal arch with marked sampling locations (a) from the front; (b) from the back. 

 

 
                  (a)                                                  (b)             (c) 

Figure 2. Making of sgraffito: (a) Application of mortars; (b) scratching of the first layer; (c) scratching of the 
second layer. 
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The Križanke complex was proclaimed a cultural monument of local importance in 1986 and a cultural 

monument of national importance in 2016. In 2019, a detailed program for the conservation-

restoration of the triumphal arch in Križanke was prepared, including all decorative techniques with 

sgraffito, decorative plaster, terazzo and concrete elements, as well as two statues. This paper deals 

only with conservation-restoration of sgraffito decorative plasters. 

The project began with a review of literature, archival documents, and photographic documentation 

of the sgraffito to better understand its history and technique. The state of conservation was assessed 

and a proposal for intervention was developed. For the proposed methodology, the conservators had 

to study the material structures of all the plasters used. The methodology of this project will later be 

used for other facades in Križanke with the same decorative techniques. 

In Slovenia, there are quite a few examples of sgraffito techniques from the modern period on exterior 

or interior buildings [7]. Rare examples of sgraffito from the Renaissance have been preserved [7]. 

Until now, there has been no published study of the technique and materials used for sgraffito in 

Slovenia. The study of the sgraffito in Križanke provides valuable information about the material used 

for the sgraffito from the 20th century and also for the implementation of appropriate conservation-

restoration interventions.  

2 Investigation of historic samples 

2.1 Materials 

A total of thirteen samples were collected from the triumphal arch (Table 1). The sampling location 

was initially chosen at the back of the triumphal arch (samples SLA 1-3) to minimise visual damage 

caused by sampling (Figure 1b). Later, during conservation and restoration work, additional samples 

were then taken from the front of the triumphal arch (samples SLA 4-7) (Figure 1a). The samples were 

taken with a chisel and a hammer. 

 

 

 

 

 

 

372



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

Table 1. Table of analysed samples.   

Sample  Originality Colour of  

mortar/plaster 

Location 

SLA 1 

a reconstructed white 

upper transverse part of the triumphal arch, left side 
b reconstructed light grey 

c original dark grey 

d original red 

SLA 2 

a original dirty white 

lower shorter transverse element, left side 
b original dark grey 

c original red 

d original white 

SLA 3  reconstructed bright red upper transverse part of the triumphal arch, left 

corner 

SLA 4  original dirty white ornament on the upper part of the right column 

SLA 5  reconstructed white ornament on the upper transverse part, right side  

SLA 6  reconstructed white profile above the arched part, under the roofing 

SLA 7  original dirty white lower decorative part, between the ornaments 

2.2 Methods 

In order to characterise the texture of the plasters and determine the content of certain constituents 

of the aggregate, the grain sizes, and type of the binder, we first examined the thin sections of the 

plasters using optical microscopy. The polished thin sections of the plaster and the polished cross 

sections of the coloured plaster samples were examined by optical microscopy using an Olympus BX-

60 equipped with a digital camera SC50 (Olympus). 

Raman microspectroscopy has been used to identify pigments in coloured plasters. Raman spectra 

were obtained from the polished cross-sections of the plaster samples using the confocal Raman 

spectrometer, Sentera II (Bruker). Measurements were performed with a 785 nm laser excitation line, 

and the Olympus 100 objective. The spectral resolution was about 4 cm−1.  

3 Conservation-restoration 

At the beginning of the conservation-restoration project, it was discovered the sgraffito had already 

been restored in the past. After reviewing archival photographs and documentation, it was concluded 

that the intervention took place in the late 1980s, when a large portion of the original sgraffito was 

removed and reconstructed (Figure 3) [8]. This led the conservators to adjust the methodology. Also, 

additional samples had to be taken because the execution technique was different from the original 

one. 
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Figure 3. The original sgraffito and decorative plaster of the arch (green areas), reconstructed parts in 1980s 
(blue areas). 

The condition of the sgraffito was poor. The worst situation was at the top of the arch on the 

crossbeam, where several parts of the plaster were missing due to water leakage. On the surface of 

the sgraffito were dark stains, biological growth, detachment of various layers of plaster, cracks - all 

due to inadequate protection of the concrete slabs on the top of the arch. The arch is located under a 

massive old linden tree, and at times there are a lot of leaves, branches and other residues on the tiles, 

which lead to excessive moisture and dirt.  

The conservation-restoration work included cleaning the surface of dirt and biological growth, local 

and complete consolidation of the plaster, injection of grout in the empty spaces between each 

separated plasters, infilling and reconstruction of the missing sgraffito areas. The reconstruction was 

carried out using the same technique as the original: three different coloured plasters were applied 

and then incised in the same motif. The problem was to adapt the same surface appearance as a 

sgraffito on the arch, as it had been exposed to environmental conditions for several years. When 

applying the plaster, the restorers sprayed the surface with water to get the roughened appearance. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 4. Reconstruction of sgraffito: (a) before conservation-restoration process; (b, c) application of mortars; 
(d) applying the motive; (e) scratching of the mortars; (f) final result of reconstruction. 
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4 Results and discussion 

4.1 Historic plasters and mortars 

Original plasters 

The aggregate of the base mortar is poorly sorted. The size of the aggregate ranges from 0.12 mm to 

30 mm, corresponding to the fraction of sand to gravel. Consists mainly of rounded lithic carbonate 

grains, followed by lithic grains of quartz sandstones, slate siltstones, cherts, claystones, and 

mudstones. Some angular or sub-angular quartz grains are present. The binder is lime-cement, 

compact, with visible relicts of cement clinker (Figure 5a) and lime lumps. Round pores are present.  

Two coloured layers of plaster and a final white layer were applied on cement-lime mortar. Both 

coloured layers and the final white layer have similar aggregate composition, but differ in the colour 

of the binder. The aggregate in the red and grey coloured plaster is medium sized sand with individual 

larger grains. The grains are mostly rounded and subrounded, some are sharp-edged and measure 

between 0.13 and 1.2 mm. The aggregate consists of well-rounded lithic grains of limestones, quartz 

sandstones, slate siltstones, cherts, claystones, mudstones, and siltstones. Some angular or subangular 

quartz grains are present. The shape of the grains indicates a fluvial origin, most probably the alluvial 

deposits of the Sava River, composed of light and dark grey limestone and dolomite, sandstone grains, 

quartz, schists, shales and magmatic pebbles [9]. The binder in red coloured plaster is lime with added 

pigments such as iron oxide (hematite) and iron hydroxide (goethite) and some carbon black. Many 

lime lumps are visible. In dark grey plaster, the lime binder was mixed with black, carbon-based 

pigment (Figure 5d). Rare goethite grains are also present here. Again, many lime lumps are visible.  

The white finishing layer also contains medium sized aggregates with individual larger grains. The 

grains are mostly rounded and subrounded, some are sharp-edged and slightly larger than those in 

coloured plasters. The size of the grains ranges from 0.25 to 1.9 mm. The mineral composition of the 

aggregates is similar to that of coloured plasters. The binder is lime. As can be seen in Figure 5b, 

gypsum has replaced the calcite binder on the top of the finished plaster. Gypsum is known to be the 

major weathering product of carbonate-based materials, formed by a chemical reaction between 

calcite and atmospheric sulphur dioxide. Its presence is probably related to the weathering of the outer 

layer of the sgraffito, which was exposed to environmental pollution. 

 
Reconstructed plasters  

The reconstructed red plaster layer (Figure 5f) is visually more vivid than the original red (Figure 5e). 

While the binder of the original red layer is lime with pigments such as iron oxide (hematite), iron 

hydroxide (goethite) and some carbon black (Figure 6), only lime with iron oxide (hematite) was used 

for the reconstructed red plaster. The size of the grains (ranges from 0.12 to 1.2 mm) and also the 

mineralogical-petrographic composition of the aggregates is similar to that of the original plaster and 

consists of lithic grains of limestones, quartz sandstones, slate siltstones, claystones, cherts, 

mudstones and siltstones. 

The reconstructed grey plaster layer is very similar to the red plaster in mineralogical-petrographic 

composition and size of aggregates. The binder is lime with the addition of carbon-based pigments.  
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The reconstructed white surface layer also contains medium sized aggregates with individual larger 

grains. The grains are mostly rounded and subrounded, and some are sharp-edged (Figure 5c). The size 

of the grains ranges from 0.10 to 1.5 mm and are smaller compared to the grains of the original plaster. 

The mineralogical-petrographic composition of agrgegates is similar to that of the original finish plaster 

and consists of lithic grains of limestones, quartz sandstones, slate siltstones, cherts, claystones, 

mudstones, and siltstones. The binder is lime, with visible lime lumps. Some black carbon-based 

particles were also present. They were probably added to the plaster to achieve a similar colour tone 

to the original plaster.  

Considering the similar mineralogical-petrographic composition of the aggregate in the original and 

the reconstructed plaster, we assume that the aggregate for both comes from the Sava River. It should 

be noted that the plaster for the reconstructed parts of the triumphal arch was prepared very carefully 

during the last restoration-conservation works and is very similar to the original plaster. 

 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

Figure 5. (a) Relict of cement clinker in base mortar marked by red arrow, sample SLA 2d. Optical microscope, 
transmitted light, crossed polars; (b) Gypsum on the top of the finish plaster, sample SLA 4. Optical microscope, 
transmitted light, parallel polars; (c) Predominant carbonate aggregate in reconstructed plaster, sample SLA 5. 

Optical microscope, transmitted light, crossed polars; (d) Dark grey coloured plaster, sample SLA 1c. Optical 
microscope, reflected light, parallel polars. (e) Red coloured plaster, sample SLA 1d. Optical microscope, 

reflected light, parallel polars. (f) Bright red coloured reconstructed plaster, sample SLA 3. Optical microscope, 
reflected light, parallel polars. 

 

 

(a) (b) (c) 
Figure 6. Raman spectrum of: (a) carbon black; (b) goethite; c) hematite. 

4.2 Plasters and mortars for reconstruction 

Additions to the reconstructed plaster in the 1980s 

The investigation confirmed that carbon-based particles were present in the newer plaster, which 

mimicked the original sgraffito with its black stones (black claystones, slate siltsonestones) from the 

riverbank. This affected the process of cleaning and consolidating the plaster, as the restorers planned 

to use ammonium carbonate for desulfination process [10] and later ammonium oxalate for 

consolidation [11]. Ammonia reacts with graphite and forms some kind a chemical reaction. It was not 

possible to use it for restoration because the graphite obtained brown, rusty appearance after 

treatment (Figure 7b). 
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(a) (b) 

Figure 7. (a) Newer plaster of sgraffito with graphite; (b) newer plaster of sgraffito with graphite after 
treatment with ammonium carbonate. 

Plaster for the reconstruction of sgraffito 

Prior to on-site work, restorers made 60 samples of different coloured plasters to match visual and 

structural characteristics with original and recent portions of the sgraffito. Depending on availability, 

the materials found through microscopic examination were matched. The pigments used were mostly 

the same as in the original. The sand was obtained from the river bank of the Sava (Gramoznica Stari 

grad, Krško) and carbonaceous sand from Calcit d.o.o. or from quarry in Verd, Vrhnika was used. As a 

binder, lime putty was an obvious choice, since it was the binder used in the original. The restorers 

discussed using a smaller amount of cement as well. It was found in the lower layer of the sgraffito 

and usually in the mortars of Jože Plečnikˈs works [12]. It was assumed that it would give some stability 

to the plaster in a very unstable environment. 

Four experimental mortar samples were prepared for the reconstruction, differing in aggregates and 

use of cement (Table 2). Various tests were carried out: Determination of the flexural and compressive 

strength of the hardened mortar after 28 and 90 days (Figure 8), determination of the consistency of 

the fresh mortar using a flow table (Figure 9), determination of the capillary porosity and the water 

absorption coefficient after 24 hours [13]. Due to the better results, the lime-cement plaster with 

aggregates from Stari Grad and Verd was discussed as the best plaster composition for the arch (V2). 

The restorers then prepared detailed instructions for the preparation of all layers, coloured plasters 

and decorative plasters on all surfaces. 
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Table 2. Table of composition of lime-cement plasters 

Sample Lime (g) Cement (g) Aggregate (g) 

11 

Aggregate (g)  

22 

Aggregate (g)  

33 

Water 

(g) 

Ratio 

binder/water 

V1 420 86 957 236  417 0,82 

V2 420 86 957 236  373 0,74 

V3 420 86 957  236 373 0,74 

V4 420    236 373 0,89 

1 Agregate from Stari Grad, Krško. 2 Agregate from Verd, Vrhnika. 3 Agregate from Calcit d.o.o. 
 

 
Figure 8. A table showing the flexural (red) and compressive strength (black) of the hardened mortar [13]. 

  

(a) (b) 

Figure 9. (a) Determination of the consistency of the fresh mortar using a flow table; (b) determination of 
flexural strength of the hardened mortar [13].  
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5 Conclusion 

The process of conservation-restoration of the sgraffito was carried out with great care, taking into 

account the results of various studies. Using almost the same materials as the original, the restorers 

respected the ethical requirements for the restoration of an object. At the same time, they were aware 

of the problems of changing atmospheric conditions, the placement of the arch under a tree and its 

exposure to excessive humidity, as well as the insufficient protection of the cement tile roof.  

The first intervention on the sgraffito was made 30 years after its creation and it was probably in a 

very poor condition to reconstruct almost all areas. In determining the methodology of the restoration 

process in 2021, the restorers consulted conservators and other professionals because of the obvious 

sensitivity of the materials to the environment. Consolidation was paramount because of the 

protection of the plaster, as there is no layer of paint. The use of cement was also discussed as the best 

option for the stability of the mortar.  

At the end of the conservation-restoration project, annual monitoring of the arch was proposed and 

also cleaning of dirt, leaves and other residues on the concrete slabs at least twice a year. 
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Topic 7: Preservation.  
Consolidation materials and techniques.  

Development of new products.  
Preventive conservation. 
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EXPERIMENTAL STUDY ON PROPERTIES OF HYDRAULIC MORTARS WITH MIXED IN 

CRYSTALLISATION INHIBITORS 

Ameya Kamat 1*, Barbara Lubelli 1 and Erik Schlangen 1 

(1) Delft University of Technology, Delft, The Netherlands  

Abstract: Sodium chloride (NaCl) is one of the most commonly occurring weathering agents, 

responsible for a progressive damage in mortar. Current solutions to mitigate salt damage in mortar, 

such as the use of mixed-in water repellent additives, have often exhibited low compatibility with the 

existing building fabric. In the last years, research has shown promising results in mitigating salt decay 

by making use of crystallisation inhibitors. Sodium ferrocyanide is one of the inhibitors that has proven 

to be particularly effective to reduce damage due to sodium chloride crystallisation.  

In this research the possibility of developing hydraulic mortars with mixed-in inhibitor (sodium 

ferrocyanide) for an improved resistance to sodium chloride crystallisation damage is investigated. As 

a first step, the interaction between the inhibitor and the hydraulic binder: natural hydraulic lime 

(NHL), was studied; the results are presented in this paper. Various concentrations of sodium 

ferrocyanide were tested (0%, 0.1% and 1% by binder weight). The effect of the inhibitor on several 

physical (hydration, water absorption, pore size distribution) and mechanical (compressive and flexural 

strength) properties was experimentally assessed, using several complementary methods and 

techniques. The results show that the addition of the sodium ferrocyanide does not affect the fresh 

and hardened properties of mortar. These results are promising and open new possibilities for the 

application of inhibitors to improve the durability of hydraulic mortars. 

1 Introduction 

Salt crystallisation is a common cause of decay in historic buildings.  Among damaging salts found in 

historic buildings, sodium chloride is one of the frequently occuring, due to its multiple sources [1]. 

Plasters and renders, as well as pointing mortars, particularly suffer from salt decay. Their high 

susceptibility is due to several reasons. First of all, they lie at the surface of construction, where most 

of the salts accumulate, and they are exposed to the environment (wind, sea salt spray, RH and T 

changes). Moreover, these materials have a bimodal  pore size distribution  with coarse and fine pores, 

which can lead to a development of high crystallisation pressure. Traditional air lime-based mortars 

have a limited mechanical strength, which can be easily overcome by the pressure developed due to 

salt crystallisation.  Salt damage in mortars manifests in the form of loss of surface cohesion 

(powdering, scaling, spalling etc.) or loss of adhesion between the mortar and the substrate or 

between the mortar and the paint layer on top.   

 Current solutions to improve the durability of mortars to salt crystallisation damage involve the use 

of cement as binder, to increase the mechanical strength, or the addition of water repellent additives 

in the mass, to reduce the ingress of salt solution in the mortar. However, these solutions have often 

a low compatibility with the existing, historic fabric, worsening the problem they were supposed to 

solve [2].  
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 In order to further improve the durability of mortars to salt decay the use of crystallisation inhibitors 

has been considered in the past years, as a novel approach to mitigate salt crystallisation damage. 

Crystallisation inhibitors are chemicals that tweak the process of crystallisation by delaying the 

nucleation and/or by altering the crystal habit [3]. Such crystallisation inhibitors are often salt specific, 

i.e. they are effective only for a specific salts.  

Alkali ferrocyanides (eg. Na4Fe(CN)6 ),  which are common anti-caking agents of NaCl, have shown to 

be particularly effective in inhibiting the growth of sodium chloride (NaCl) crystals [4]. Application of 

ferrocyanide (FeCN) solution in porous building materials has also shown to modify NaCl crystallisation 

in a way which can limit salt decay. A study with FeCN solution in NaCl contaminated bricks reported 

a delay in nucleation of the salt, enabling higher advection of salt ions to the evaporating surface [5]. 

Other researchers reported an increase in the amount of harmless efflorescence, confirming the above 

mentioned enhancing of salt transport to the surface [6]–[8]. FeCN modifies the crystal habit of the 

NaCl crystal, from cubic to dendritic; this habit change also contributes to enhanced salt transport via 

creeping (i.e. the self-amplifying transport mechanism by which salt solution is transported along 

growing crystallite tips)  [9]. The application of FeCN in lime mortar was observed to lead to a higher 

nucleation density and smaller crystals, possibly leading to a lower pore clogging . Thus, leading to a 

positive effect on salt transport and lowering of crystallisation pressures [10]. In early studies, FeCN 

was introduced along with NaCl to building materials via capillary suction. However, it was shown that 

FeCN was effective only during the nucleation stage and had negligible effect on dissolution of already 

present salt crystals [6]. Thus, addition of FeCN before NaCl ingress can be a solution to prevent salt 

damage. This has been first tested in hydrated lime-based mortars by adding FeCN directly during the 

mixing of the mortar [11],[12]. This application of inhibitor offers an advantage that the FeCN ions are 

already distributed in the mortar and can react to salt ingress at an early stage, preventing or 

effectively reducing salt crystallisation  damage. Granneman et al  report that the mortar with the FeCN 

inhibitor showed an increased resistance with respect to the reference mortar, after an accelerated 

crystallisation test, while not showing any change in other relevant physical and mechanical properties 

[12],[13]. On the other hand, Natural hydraulic lime-based mortars can offer a good compromise, 

having both sufficient durability and compatibility with the historic, valuable materials [14]. 

Mortars based on hydrated lime, although ideal from the point of compatibility with historic building 

fabric, have still a quite limited durability and require thus frequent maintenance, resulting in high 

costs. Owing to these issues, in the field of conservation of historic buildings, hydraulic binders such as 

natural hydraulic lime (NHL) are more often used, as they generally provide a better durability while 

keeping a good compatibility with the existing historic materials. This research investigates the 

possibility of mixing in FeCN inhibitor in NHL based mortars, and assess whether any interaction 

between the inhibitor and the hydraulic components of the binder occurs, possibly altering the 

propertied of the fresh and hardened mortar.  

Unlike air lime which gains its strength via carbonation, hydraulic mortars also involve the process of 

hydration i.e the exothermic reaction between binder and water. Thus, microstructure development 

and material behaviour of NHL and air lime are different and the possible effects of the inhibitor is still 

unknown. This needs to be carefully investigated as first step towards the development  of mortars 

with mixed-in crystallisation inhibitors.  
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In this paper, the interaction between alkali ferrocyanides and natural hydraulic lime mortars is 

investigated, by the use of a several complementary techniques and methods.  

2 Materials  

2.1 Binder, sand, inhibitor 

Natural hydraulic lime (NHL) with a strength class of 3.5 from Saint Astier was used as the binder. CEN 

standard sand, with a grain size distribution between 0.08-2 mm, was used as per EN 196-1 [15]. 

Analytical grade sodium ferrocyanide decahydrate (Na4Fe(CN)6.10H2O) was used as the crystallisation 

inhibitor. The inhibitor was purchased from Sigma Aldrich.  

2.2 Specimen type, preparation and storage 

Two different types of specimens were prepared: binder paste specimens and mortar specimens. 

2.2.1 Binder paste specimens 

Paste specimens were prepared by mixing NHL with distilled water. The water-binder (w/b) ratio was 

maintained at 1 by weight. Specimens with mixed-in inhibitor were prepared by first dissolving sodium 

ferrocyanide in distilled water. Specimens with different inhibitor concentrations were prepared : 

0.01%, 0.1% and 1% (weight of inhibitor with respect to the weight of the binder). Additionally, 

specimens without inhibitor were prepared as reference. 

2.2.2 Mortar specimens 

Mortar specimens were prepared according to EN 459-2 [16]. A binder to aggregate ratio (b/a) 1:3 by 

weight was used. FeCN was added in the amount of 0.1 % and 1% with respect to the binder weight. 

FeCN was first dissolved in water and added to the specimens during the mixing process to obtain a 

homogenous distribution of the inhibitor in the mortar. The w/b ratio was adjusted to 0.6 as per EN 

459-2. Reference specimens were prepared without inhibitor. 

Mortar specimens were cast as prisms or as slabs. The prismatic beams were cast in polystyrene mould 

of 160x40x40 mm and compacted using mechanical vibrating table as per EN 196-1 [15]. Each mortar 

slab was cast on a red clay brick to obtain properties comparable to that of the mortar when applied 

in the field [17],[18]. A paper towel was placed on top of the brick before casting the slab, in order to 

facilitate demoulding. The slabs had a dimension of 200 x 100 x 20 mm and were hand compacted.  

All specimens were covered in plastic for the first 24 hours. They were demoulded or detached from 

the brick substrate after 5 days. The specimens were then stored in a curing chamber with a relative 

humidity greater than 95% and a temperature of 20°C until tested, in order to minimise carbonation. 
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3 Test methods 

3.1 Characterisation of the early age properties 
Several measurements were carried out to assess the effect of the inhibitor on the properties of the 

fresh and hardened mortar. An overview of test methods and type of specimens is provided in Table 

1. 

Table 1. An overview of test methods and specimens 

Test method Measured Property Specimen type Size/ weight 
Inhibitor 

concentration1 
Replicates 

Isothermal 

calorimetry 
Heat of hydration Binder paste 5.5 g Ref, 0.01%, 0.1%, 2 

Vicat penetration 

test 
Setting time Binder paste - Ref, 1% 2 

Mechanical 

testing 

Compressive and 

flexural strength 
Mortar prisms 160x40x40 mm Ref, 0.1%, 1% 3 

MIP/ N2 
Pore size 

distribution 
Mortar slabs ~1 cm3 Ref, 0.1%, 1% 1 

Capillary 

absorption and 

drying 

Water absorption 

coefficient 
Mortar slabs 50x20x20 mm Ref, 0.1%, 1% 4 

1 percentage of binder weight 

3.1.1 Measurement of heat of hydration 

The development of microstructure and, in turn, the properties of hardened mortar depend on the 

hydration reaction (i.e. the exothermic reaction between water and the binder). Therefore, measuring 

the heat released during the hydration indirectly provides information on the early age hydration 

products and microstructure development. 

Heat evolution and rate of hydration was measured on binder paste specimen by the use of an 8 

channel thermometric isothermal calorimeter (TAM-Air). The test procedure is based on EN 196-11 

[19]. Each sample consisted 5.5 g of binder mixed with equal amount of water (w/b=1). The heat 

evolution was monitored continuously for 168 hours and the chamber was maintained at a constant 

temperature of 20 ±2 ⁰C. Quartz specimens with a known specific heat capacity were used as a 

reference to eliminate the background noise.  

3.1.2 Setting time 

The setting time, i.e. the time required for the binder to completely lose its plasticity and attain a 

certain resistance to pressure, was measured using an automated Vicat penetration test. The test was 

performed in accordance to EN 459-2 on paste specimens [16]. A comparison was made between 

specimens without inhibitor and specimens with 1% sodium ferrocyanide (as percentage of dry 

weight). 
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3.1.3 Workability 

Workability is the ease at which mortar can be placed/ compacted during construction; this property  

is important for an easy application of the mortar in practice. A flow table test, according to EN-1015-

3 [20], was performed on the fresh mortar to measure its workability. The freshly mixed mortar was 

placed on a standard flow table and jolted 15 times at a rate of 1 jolt/ second. The diameter of the 

resulting mortar was measured at right angles using a calliper.  

3.2 Characterisation of the properties of the hardened mortar 

3.2.1 Measurement of mechanical properties 

Mechanical properties provide insights into the load bearing capacities of mortars and thus give a 

(partial) indication of their expected durability.  Compression and flexural strength was measured as 

per EN 1015-11 on mortar prisms of 160x40x40 mm [21]. The test was performed at 28 days after 

casting. The loading rate was 0.1 kN/s and 5 N/s for compressive and flexural strength respectively.  

3.2.2 Determination of porosity and pore size distribution 

Open porosity and pore size distribution were measured using Mercury intrusion porosimetry (MIP). 

The test was performed on samples of about 1 cm3 collected from the mortar slabs after 28 days of 

curing. The specimens were dried to a constant weight in a freeze drier, before performing the test. 

The specimens were subjected to a maximum intrusion pressure of 210 MPa; pore throats between 

100 μm and 0.01 μm could be measured my MIP. The contact angle between the Mercury and the 

mortar samples was assumed to be 141⁰. 

Additionally, N2 adsorption measurements were performed to obtain information pertaining to pores 

smaller than 0.01 μm, that could not be assessed using MIP. The sample were prepared as for the MIP 

test but in this case smaller binder samples (2-4 mm particle size, separated by the use of a sieve) were 

used. The air in the testing chamber was first evacuated at a rate of 500 mmHg/min before performing 

N2 adsorption. No separate degassing procedure was performed.  

3.2.3 Capillary absorption and drying test 

The effect of FeCN on moisture transport properties of the mortar was assessed by performing 

capillary water absorption followed by a drying test.  

The water absorption by capillarity of mortar was measured using EN 1925 [22] as a guideline. The test 

was performed on 50x50x20 mm mortar specimens, obtained from larger mortar slabs. After the 28 

day curing period, the specimens were dried to a constant weight in an oven at 40⁰C. The sides of the 

samples were sealed using a paraffin film to have uni-directional absorption and drying. The water 

absorption was measured using a weighing scale with a precision 0.01 g at prescribed time intervals as 

per EN 1925. The water absorption coefficient (WAC) was obtained and used for comparison across 

different inhibitor concentrations. Following capillary saturation, specimens were dried at 40⁰C and a 

relative humidity of 15±5%. The weight of the specimens was measured at different time intervals to 

obtain the drying curves. 
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4 Results and discussions 

4.1 Effect of the inhibitor on early stage properties 

The results obtained from the Vicat penetration test, , presented in Figure 1, show that the penetration 

curve is unaffected by the addition of the inhibitor. The initial (~420 mins) and final set (~1200 mins) 

for both specimens with and without inhibitor are in a similar range.  

 
Figure 1. Comparison of Vicat penetration test results on specimens with and without inhibitor. 

The heat of evolution obtained from the isothermal calorimeter is presented in Figure 2. The results 

are normalised to the weight of the specimens. It can be seen that there is a negligible difference 

between reference specimens and specimens with the inhibitor. The cumulative heat of hydration 

obtained after 168 hours is 26±2 J/g, irrespective of the inhibitor concentration. From these results, it 

seems that the hydration kinetics are not significantly affected by the addition of the inhibitor.  

The workability of the fresh specimens was measured using the flow table test. The results,  presented 

in Table 2,  show that the flow decreases slightly with the addition of the inhibitor, but not necessarily 

in proportion to the amount of inhibitor. It should be noticed that there is a large scatter in the data. 

This is probably due to factors like mixing speed and mixing time, which are not easily controlled and 

may affect the flow. Considering the variation observed between replicates, the impact of the inhibitor 

on the flow is minor.  

 
Figure 2. (a) Heat flow rate (b) cumulative heat of hydration for different concentrations of inhibitor. 
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4.2 Effect of the inhibitor on properties of the hardened mortar 

The mechanical properties of the mortar containing different amounts of inhibitor are reported in 

Table 2. The strength of specimens with inhibitor show only minor deviation from reference samples.  

The pore size distribution and open porosity of the mortar was measured using MIP, for pores throats 

between 100 μm and 0.01 μm and N2 for pore throats smaller than 0.01 μm. The results are presented 

in Figure 3. It is possible to conclude that  the addition of the sodium ferrocyanide did not significantly 

affect the pore size distribution, in the range of both larger and smaller pores by the addition of FeCN. 

The mean diameter as obtained from MIP varies between 0.1 and 0.2 μm. The open porosity of mortar 

with and without inhibitor as obtained from MIP is also very similar ( Error! Reference source not 

found.). 

 

 
Figure 3. (a) Pore size distribution as measured by MIP (b) Pore size distribution as measured by N2 adsorption 

for pores smaller than 0.01 μm 

The water absorption curves of mortar specimens with different concentrations of inhibitor were 

measured and the results normalized to the dry weight of the specimens. This was done to take into 

account for the slight variation in the sample thickness of the specimen, due to hand compaction of 

the slabs. The intersection point of the two absorption stages, necessary for the determination of the 

water absorption coefficient (WAC), was obtained by performing a linear regression on the two stages. 

Error! Reference source not found. shows that the water absorption curves and the WAC (table 2) of 

mortar specimen with and without inhibitor are similar. The drying curves of specimens with and 

without the inhibitor, (Figure 4(b)) are similar. These results confirm that the moisture transport of the 

mortar is not significantly affected by the addition of the inhibitor in the studied concentrations.  
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Figure 4. (a) Capillary absorption (b) Drying behaviour of specimens with different inhibitor concentration. 

Table 2. Summary of mortar properties for different inhibitor concentrations 

Property Reference 0.1% Inhibitor1 1% Inhibitor1 

Flow table [mm] 143.2 ± 1.8 139 ± 3.7 136.5 ± 2.1 

Compressive strength [MPa] 3.22 ± 0.24 3.52 ± 0.06 3.75 ± 0.09 

Flexural strength [MPa] 1.30 ± 0.02 1.44 ± 0.13 1.44 ± 0.04 

WAC [g/m2s0.5] 137.11 123.46 131.97 

Open Porosity [%] 23.44 23.51 23.54 

1 percentage of binder weight 

5 Conclusions and outlook 

In this study, the effect of sodium ferrocyanide (an inhibitor for sodium chloride crystallisation) on 

various relevant properties of NHL-based mortar was studied. The results clearly show that the 

addition of sodium ferrocyanide, in concentrations  up to 1% of binder weight, do not significantly alter 

the properties of the mortar, both in its fresh and hardened state. Based on these results, it can be 

concluded that sodium ferrocyanide remains inert and does not participate in the microstructure 

development of these mortars.  This is a positive result and a significant first step in development of 

NHL-mortars additivated with crystallisation inhibitors, for application in conservation interventions as 

well as in new buildings located in areas at risk of high salt loads,  such as e.g. coastal areas. In the 

future, further research is planned to rule out possible chemical binding between the sodium 

ferrocyanide which could limit its effectiveness. Finally, the durability of the mortar with respect to 

salt damage will be investigated by means of accelerated salt crystallisation tests in laboratory and 

application in the field on case studies.  
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Abstract: It is well known that the most effective method to improve the internal tensile 

strength of lime-based mortar and minimize plastic shrinkage is the incorporation of fibres as 

reinforcement. Nowadays, commonly used fibres in lime-based mortars are polymeric or synthetic 

ones, while only recently the building industry’s current trend to develop sustainable materials, 

brought natural fibres to the forefront. Natural fibres are abundant, low-cost, renewable, with a CO2-

neutral life cycle and high filling levels possible, sustainable, energy efficient, biodegradable, non-toxic, 

of nonabrasive nature, of low weight and density, yielding lightweight composites of low 

environmental footprint. In this sense, the current research aims to examine the possibility of 

utilization the solid lignocellulosic waste material generated from the lavender oil extraction plants in 

lime-based mortars. The lavender fibres were introduced in two ways: as additives in 1.5% b.v. of the 

mortar and as a layer (net) between two mortar layers. Both techniques were often met in historic 

structures. Specimens were produced to examine the mechanical, thermal, physical and 

microstructure characteristics of the composites. The results indicate the utilization potential of 

aromatic plants’ wastes in the building sector contributing to the development of sustainable and 

energy efficient materials suitable for repair works. 

1 Introduction 

To minimize waste and meet the EU targets, the construction industry is making efforts to embrace 

sustainable development and utilize bio-based materials instead of using less environmentally friendly, 

conventional ones. The bio-based and biodegradable materials seem to be the solution as renewable 

resources have attracted increasing attention over the last decades due to their low environmental 

impact and independence from fossil resources [1][2]. The growing interest in sustainable construction 

materials has brought back to the spotlight the use of natural fibres as reinforcement of concrete and 

other building materials [3]. The reinforcement materials should have favorable intrinsic properties 

(geometry, morphology, length, shape, modulus of elasticity, strength, surface roughness, 

hygroscopicity, etc.) and demonstrate good compatibility with the matrix while being cost-effective 

[3]. 

Based on this approach, research of environmentally friendly materials of bio-fibres is proposed [4] 

[5]. Unfortunately, the hygroscopic nature of fibres, related to the presence of hydroxyl groups in the 

fibre's structure, can induce a relatively high-water absorption when added in a mixture, which in fact 

leads to a reduction of the mixture's consistency, dimensional changes and, consequently, in poor 

adhesion between the matrix and the fibres. Furthermore, the bio-degradable character of these 
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fibres, as well as the alkaline character of mortar matrix, decrease the natural fibre durability causing 

deterioration of the fibre's microstructure which results to the deterioration of the composite's 

performance [6]. Furthermore, the aging behaviour of the bio-fibres has also been identified. In this 

frame, the research focuses on the utilization of alternative options of waste bio-fibres in mortars [6] 

[7].  

Lavender is considered a shrubby, multi-branched, aromatic plant that grows from 20 to 60 cm, in 

mountainous and semi-mountainous areas and originates mainly from the mountainous areas of 

Mediterranean Europe. In 2015, the total number of lavender farmers in Greece was 580, cultivating 

land of 628 hectares. After the lavender plant is harvested, it is usually dried and the oil is distilled. 

From the total amount of dry biomass, only the 2-10% corresponds to the oil [8]. It is therefore 

comprehensive that the amounts of waste that remain after the distillation of lavender plants are very 

high. Once the extracts of the lavender plant become isolated through the process of distillation, the 

solid residual material of distillation process remain unutilized, commonly allowed to be decomposed 

in fields neighboring to the distillation units or is being burnt to contribute to the distillation energy 

requirements fulfillment. Ιt has been estimated that 4 tons of residual lignocellulosic biomass is being 

produced per hectare of cultivated area. 30% of the amount of the produced biomass, after processing, 

is the solid residue [5]. Specifically, it has been estimated that for every 10 hectares of lavender 

cultivated area, about 4 tons of dry biomass are produced and therefore, about 3.6-3.9 tons per 10 

hectares are the quantities of waste after distillation [9]. Since the boiling point of lavender oil is lower 

than that of water, the distillation process is conducted at low temperatures (<100 ºC), and therefore, 

this solid lignocellulosic biomass material does not undergo any intensive modification and it has not 

been severely degraded. In Greece, it is estimated that every year 5.787 tons of dry biomass are being 

produced and therefore, more than 5.000 tons of waste are generated only from the distillation of 

lavender plant. The highest quantities of lavender waste come from the regions of Western 

Macedonia, while at the same time, the producers of lavender do not apply any specific treatment or 

utilization of them. Therefore, an environmental problem is created in the wider area, for which 

solutions should be found with the goal of sustainable development and environmental protection. 

Lime, on the other hand, is a critical binder, used alone or in mixture with other binders in several 

applications [10]. After its long use in history until the 19th century, strong hydraulic binders, such as 

Portland cement, gradually replaced lime. Traditional materials, such as lime, have been “re-

discovered” due to their compatibility and are used mainly in fields where special attention has to be 

paid to the physical, chemical and mechanical compatibility of materials, as architectural monuments 

conservation and rehabilitation field [11].  

Lime-based mortars are “soft” materials of relatively low mechanical strength compared to modern 

binders, having additional limitations concerning the long setting and hardening time, high water 

absorption capacity through capillarity and major volumetric change. One of the most effective 

methods to improve the internal tensile strength of lime-based mortar, and minimize plastic shrinkage, 

is the incorporation of fibres as reinforcement [12]. This method is as old, as human civilization. Traces 

of hair, eggs, blood, shells and natural fibres such as flax, cotton, straw, silk, wool and wood have been 

found in constructions of ancient civilizations all over the world [7] [13]. Commonly used fibres in lime-

based mortars are polymeric or synthetic ones, while only lately the building industry’s current trend 
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to develop sustainable materials, brought natural fibres to the forefront [12]. In this paper, lavender 

plants wastes were cut and tested as bio-fibres in lime mortars following the principles of EN1015-3. 

The aim is to explore the possibility of using the highly available residual biomass of aromatic plants 

distillation in building technology. 

2 Materials and Methods 

Fresh and harden properties of the lime-based mixtures were tested in order to investigate if they can 

be incorporated in building materials’ technology. The lavender waste material was obtained from a 

distillation plant in Chalkidiki region (North Greece) from an exposed to climatic factors open area 

where they were stored for about one week.  The fibres are shown in figure 1 and  two ways of 

utilization were employed in this work.  

  
(a) (b) 

Figure 1. (a) Lavender plants after oil extraction (b) after processing-cutting 

 

The lavender fibres were introduced in the lime mortars structure in two ways: as additives in 1.5% 

b.v. of the mortar and as a layer (a net) between two mortar layers (Figure 2). Both techniques have 

been often met in historic structures (Figure 3). The mean length of the fibres was 18 mm. The fibres 

were kept in water for 24 hours to attain the highest level of absorption (44% water absorption 

capacity. They were surface dried and then they were carefully added in the mortar mixture either as 

additive or as a net. The moisture content of fibres could act positively towards a closer affinity to the 

lime matrix.  

  
(a) (b) 

Figure 2. (a) Bio-fibres distributed in a mortar (b) A net of bio-fibres on a lime mortar 
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Figure 3. Use of natural fibres as a net in a historic structure. 

 

Different samples were produced in order to test mechanical, thermal, physical and microstructural 

characteristics of the composites. All specimens were kept wet (under wet burlaps) at room 

temperature for 2 days before tested. Prisms of (40x40x160) mm were used for linear shrinkage tests 

as well as for the flexure and compression tests at 28 days. Plate specimens of (200x200x25) mm were 

produced to test the thermal conductivity at the same testing age. Open porosity, water absorption 

and specific gravity of the samples were also recorded. The compositions produced are reported in 

Table 1. 

Table 1. Constituents of the mortars in parts per weight. 

Composition Lime Pozzolan Sand (0-4mm) w/b Lavender fibres Workability (cm) 

LA 1 1 4 0.580 - 14.8 

LI 1 1 4 0.605 1.5%b.v. 15.5 

LP 1 1 4 0.580 Net of fibres (1.5%) 14.7 

 

When the fibres were used as a net, no water excess was required for the mixture and the w/b ratio 

was not altered. The composition LP was identical to LA as the fibres were added above the first layer 

of mortar put in the mold. The thickness of the first layer was 3 cm. The fibres were carefully added 

and then another layer of 1 cm thickness was placed. The whole system was put to the vibration table 

for 60 sec, in order to establish cohesion. In specimens of fibres used as additives, there was a need 

for water/binder ratio 0.605. All specimens were cured at 25 oC and 65%RH chamber until tested. After 

28 days, the porosity and the mechanical properties were investigated. Three point bending test was 

performed at 3 prisms and the mean values are exhibited in Table 2. Six specimens, derived from 

flexure test, were tested in compression forces based on EN1015-3. Average values are also provided. 

Porosity was recoded based on RILEM CPC11.3. 
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Table 2. Physico-mechanical properties of the lime mortars. 

Composition Flexure (MPa) Compression (MPa) Porosity (%) Spec. gravity 

LΑ 0.795 4.969 26.94 1.93 

LΙ 0.808 4.331 27.23 1.83 

LP 1.863 5.593 29.90 1.84 

3 Results 

According to the results, it seems that flexure was improved by 2% with the lavender fibres used as 

additives, while a considerable increase of 134% was recorded when the fibres were added as net. Net 

fibres formed a stable surface resisting deformation. Compression strength was also improved in this 

case by 12%. On the contrary, a reduction of 13% was recorded in samples with fibres as additives. 

Porosity was slightly increased probably due to the lower density of the fibres and the compositions 

with fibres became lighter, as one of the main advantages of bio-fibres is their lightness [13]. 

The volume variation measured for each sample is presented in Figure 5. The reference sample 

presents a sharp and high-volume change while the samples with the fibres presented a smooth 

behavior. Especially the distributed in the mass fibres has a lower volume variation. 

 

 
Figure 4. Volume variation of lime mortars over time (days). 

 

As regards the thermal properties recorded during the measurement of the prepared plates, the 

results are shown in Table 3. It seems that the presence of fibres has improved the thermal behavior 

of the composites. The thermal conductivity was improved further when the fibres were applied as net 

(25% increase in relation to the reference sample at 10 oC). 
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Table 3. Thermal conductivity of samples at the age of 3 months. 

Sample 
Dimentions [mm] λ [W/(m*K)] 

Length Width Thickness 10 oC 20 oC 

L 200.0 199.5 25.4 0.7246 0.7943 

LP 200.0 200.0 24.6 0.5430 0.5647 

LI 199.5 197.0 23.0 0.6260 0.6226 

4 Conclusions 

In this article, the results of a research utilizing lavender wastes as fibres in lime mortars were 

presented. It constitutes preliminary research in order to investigate the possibility to utilize 

agricultural waste material of aromatic plants in building materias.  Up to now the disposal of these 

plants causes environmental problem to the industries and occupy landfields.  

From the analysis, it seems that their role in specific properties is beneficiar considering their organic 

and hydrophylic nature. The most important outcome is that the mild hydrothermal treatment that 

the lignocellulosic biomass of lavender plants undergo during the distillation process of oil, seems to 

favor the fibres properties and therefore, improve the affinity between these bio-fibres and lime 

matrix.This process seems to make them capable to withstand the highly alkaline environment of lime-

based materials and the chemical changes induced should be further investigated.  

Two different ways of introducing the fibres into the mortar mixture were tested. The first utilized the 

fibres as additives in 1.5% b.v. and improved flexure and thermal behavior (lower thermal conductivity) 

were recorded. The second method is referring to the formation of a fibre-net between two mortar 

layers. In this case, the benefits of the fibres were much higher, concerning the mechanical 

performance, but also the physical and thermal properties. 

This research field is wide and different sustainable approaches can be followed in order to elaborate 

the surface of the plants and increase further their adhesion capacity, hydrophobicity or hardness. 

Utilization of bio-wastes to make them efficient to function as reinforcement in mortars and use them 

for repair works, fulfilling criteria of compatibility as well as sustainability is of great interest. 
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Abstract: Reducing greenhouse gas emissions and dependence on fossil fuels is the cornerstone 

of all European climate and energy strategies. At the same time, waste reduction and recycling are at 

the top of the European waste hierarchy. Therefore, the European Union (EU) is turning to renewable 

energy and sustainable options that address complex local conditions and growing energy and material 

needs. Bioenergy is the most important renewable energy source in the EU, accounting for more than 

2/3 of the renewable energy mix. As wood is a carbon neutral energy source, it is one of the 

predominant sources of biomass for energy production in the EU. However, the continuous expansion 

of wood biomass power plants leads to the formation of wood biomass ash (WBA), a solid by-product 

of wood combustion on a large scale. The disposal of WBA is a problem that requires long-term 

strategic and sustainable solutions. Therefore, WBA is the focus of this paper as an alternative material 

with pozzolanic and/or hydraulic properties needed for the production of waste-based artificial 

hydraulic lime (AHL). This type of a novel hybrid WBA-lime binder would serve as an end result for the 

production of a repair mortar for historical buildings. Two different sources of locally available WBA 

were considered for the preparation of binders as mixtures of WBA and natural hydraulic lime (NHL) 

in different ratios. Based on the chemico-mineralogical composition and physical properties, the 

potential of WBA as a component of an AHL is evaluated. The contribution of the individual binder 

mixtures to mortar properties was analyzed on the basis of the demonstrated water demand, the flow 

diameter and the compressive and flexural strength according to EN 459-1. 

1 Introduction 

After two devastating earthquakes in central Croatia in 2020, national plans and strategies focused on 

the comprehensive renovation of buildings, but also on promoting the renovation of buildings with 

cultural and historical value. The renovation of damaged and energy inefficient historical buildings 

should lead to a reduction in CO2 emissions and energy consumption, but also contribute to the 

development of a circular economy and the use of sustainable solutions. This is a small niche where 

further measures can be included to improve the already mandatory basic requirements for buildings, 

such as alternative waste-based repair materials that contribute to the sustainable use of natural 

resources. Just as the reuse of waste is at the top of the European waste hierarchy and prevention 

itself is given priority [1], the rehabilitation of existing buildings must be given priority over new 

construction [2]. Rehabilitation in the sense of measures that allow us to continue or use a cultural 

asset in a contemporary way through repairs and modifications should not have a negative impact on 

its cultural and historical values [3]. 13% of all buildings in Croatia are immovable cultural heritage or 

are located in protected areas that have not been rehabilitated [4], as modern interventions are 
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considered invasive and a potential threat to cultural heritage. In order to mitigate the damage to the 

built heritage and the effects of climate change, the right choice of repair materials is crucial. As for 

the "right choice," traditional and modern materials are often incompatible, making the selection of 

an appropriate, equivalent material a particular challenge in the rehabilitation of buildings with 

historical and cultural significance. For this reason, the use of state-of-the-art materials in compliance 

with applicable codes and the preservation of cultural and historical values often fall by the wayside. 

Since early building materials such as stone and clay brick were bonded with lime mortar, lime-based 

materials are the key to material compatibility while preserving historical structures. These are, of 

course, the materials that were available at the time of construction. Therefore, even today, when 

cement and cementitious materials are prevalent, there is still a need for lime-based materials, i.e., 

repair materials that are compatible with the materials originally used. The selection of such 

compatible materials is extremely important to avoid negative consequences for the historical 

heritage. But it is also important that these solutions are sustainable, environmentally friendly and 

socially acceptable, adding a new dimension to the rehabilitation of historic buildings in times of 

climate and energy crisis. In its efforts to put the European Green Plan [5] into action, Europe is 

therefore compelled to turn to an innovative model of a resource-efficient economy and decarbonise 

highly energy-intensive industries such as cement and lime. While turning towards renewable energy 

and sustainable options, the European Union (EU) is focused on addressing complex local conditions 

and growing energy and material needs. As atmospheric warming spirals out of control, even greater 

climate variability is expected in the coming decades. In addition to the financial burden, all industrial 

sectors face significant challenges in reducing net greenhouse gas emissions, and the lime industry is 

no exception. Emissions from the downstream processing and hydration of lime account for about 

1.5% of total CO2 emissions [6]. Their competitiveness and sustainability are directly related to the 

availability of advanced, multifunctional modern lime-based materials that can be used in conventional 

ways. Europe's key to this goal is the gradual phase-out of coal combustion, relying largely on 

renewable energy capacity to fill the gap left by the decline in coal combustion [7]. The recast of the 

Renewable Energy Directive suggests that bioenergy and biomass could make a positive contribution 

to creating a low-carbon energy system with an 18% share of total energy supply by 2050 [8], provided 

biomass is managed sustainably [9]. Industrial use of bioenergy is expected to triple to 24 EJ by 2060, 

accounting for nearly 14% of industrial energy demand [10]. Therefore, biomass-derived materials will 

play a key role in the transition to a circular economy, which must be based on sustainable 

consumption and production, while promoting the recovery of key raw materials from waste [11]. 

Bioenergy is the main renewable energy source in the EU, accounting for more than 2/3 of the 

renewable energy mix [12],[13]. Since wood is a carbon neutral energy source, it is one of the 

predominant sources of biomass for energy production in the EU [14]. However, the continuous 

expansion of wood biomass power plants results in large amounts of wood biomass ash (WBA), a solid 

by-product of wood combustion [15]. Although WBA contains numerous nutrients such as calcium, 

potassium, and phosphorus that could be useful in agriculture, the ash also contains heavy metals that 

pose a particular threat to the environment [16]. While these facts clearly point out the need for 

strategic foresight in the management of WBA, the common practise in dealing with WBA is to dispose 

of it directly in landfills or to use it as a soil amendment, often without any monitoring, resulting in 
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clogged and illegal landfills  [12],[17],[18]. The disposal of WBA should not be neglected, especially in 

view of the continuous increase in WBA quantities and disposal costs. With the adoption of the new 

"Circular Economy Package" as well as the extended Directive 2018/851 on waste and Directive 

2018/850 on landfills [19], [20], the EU is determined to minimise the uncontrolled proliferation of 

waste in the environment and to promote its recovery. In the interest of finding sustainable, cost-

effective, and practical functions for WBA in the long term, the vast majority of studies addressed the 

beneficial use of WBA in cementitious composites and identified it as a raw material substitute in 

cementitious composites. In contrast, the recognition of WBA as a pozzolanic and/or hydraulic 

component in the formulation of hydraulic lime, which is the focus of the proposed research, has been 

little studied. The use of WBA in the formulation of hydraulic lime is consistent with the standard HRN 

EN 459-1 [19], which distinguishes between natural and artificial lime and defines artificial hydraulic 

limes (referred to as hydraulic limes (HL) and formulated limes (FL)) as binders containing aerial lime 

and/or natural hydraulic lime (NHL) in combination with hydraulic and/or pozzolanic materials. 

Hydraulic limes vary in their degree of hydraulicity, ranging from weak to very hydraulic, but in all of 

them two setting mechanisms occur simultaneously-a hydraulic reaction, i.e., setting with water, and 

a carbonation reaction, i.e., absorption of CO2, which contributes to some of the hardening of the 

material. The exact use of FL has been known since the Romans used volcanic ash to make lime when 

they built the Colosseum. Mixing pure lime with clay and/or other silicate/aluminate minerals 

produces a high performance artificial hydraulic lime that gives strength to the mortar but somewhat 

reduces breathability and flexibility [20],[21]. According to the chemical composition, calcium oxides 

(CaO) and silicates (SiO2) are necessary to achieve hydraulic properties, i.e., the production of hydraulic 

lime. Accordingly, the same analogy is outlined in the planned research – mixing NHL with WBA as a 

hybrid AHL. The use of WBA from local production, in which either calcium or silicon oxides usually 

predominate, would avoid industrial waste while conserving natural resources. At the same time, it 

would create a waste-based, cement-free binder suitable for mortars for historic buildings. 

2 Experimental work 

The experimental part of the research aimed to determine the prospects for the use of WBA in artificial 

hydraulic lime, taking into account its chemico-mineralogical composition and physical properties. This 

was to serve as a starting point for modifying and improving the design of the artificial hydraulic lime 

mortar with WBA to determine the acceptable proportion of WBA and NHL that would ensure the 

hardening of the AHL mortars. The methodological framework includes locally available WBAs, 

differing mainly in calcium and silica content, as an alternative material with hydraulic and/or 

pozzolanic properties needed for the production of hybrid lime-WBA binders and consequently lime-

based mortars for repair applications. 
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2.1. Materials and Methods 

2.1.1 Materials 

Two WBAs used in this study were collected from power plants in Croatia that use untreated wood 

chips as fuel and employ grate combustion technology. A single source of commercially available 

natural hydraulic lime (Baumit NHL 3.5) was selected because it was found that NHL 3.5 is currently 

the most commonly used in practice (Figure 1). In the power plants themselves, the bottom ash and 

the coarse fly ash fraction are collected together and stored in the same closed containers, where the 

WBA is not in direct contact with weathering, but which are not sealed, so that the carbonation process 

and the influence of moisture are possible. 

 

   

(a) (b) (c) 

Figure 1. AHL binder components: (a) NHL 3.5, (b) WBA1, (c) WBA2 
 

Two types of aggregates were used to make the preparation of mortar mixtures: Quartz sand and 
dolomite sand, since these sands are commonly used as aggregates in mortars for the preservation of 
older masonry [22]. Particle size distribution of two types of sand used is presented in Figure 2. 

 

Figure 2. Particle size distribution of two types of sand used. 
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2.1.2 Mortar mixtures: composition, mixing and curing conditions 

Two groups of mortars were prepared and tested within the presented research, each of them 
containing one reference mortar, differing in aggregate type and NHL:WBA ratio. The reference lime 
mortar mixtures (designated as LM0-1, LM0-2, LM0-3) were prepared using only NHL as binder, while 
4 other mixtures contained a hybrid lime binder (designated as LM1, LM2, LM1-1, LM2-1). Within the 
NHL-WBA system, two NHL:WBA ratios were investigated, 1:1 and 1:0.5 (by volume), with the water 
and superplasticizer content modified to achieve a flow diameter of 160 to 170 mm, as these flow 
values are considered to be workable on site. Before preparing the hybrid lime binders, the WBAs were 
first sieved through a 0.125-mm sieve to remove obvious impurities, such as unburned wood pieces or 
charcoal fragments. This type of selective removal was intended to reduce negative effects on binder 
properties, such as excessive water demand or reduced performance [22]. The volume ratio of binder 
to aggregate was kept constant at 1:2 in all mixtures. To maintain the same 1:2 volume ratio of binder 
to aggregates, the weight of sand, WBA, and NHL for each mortar mix was adjusted based on the bulk 
density. The water to binder ratio was kept at 0.60 for all AHL mixtures, except for the LM0-2 mixture, 
where the water-binder ratio was slightly lower, 0.55. The detailed composition of the AHL mortar 
mixtures can be found in Table 1. 
 
Table 1. AHL mortar mixtures composition. 

Mix ID Aggregate Binder 
NHL : WBA : 
Aggregate 

Binder : 
Aggregate 

water/binder 
ratio 

Additives 

LM0-1 

Quartz  
sand 

NHL 3.5 
1 : 0 : 2 

1/2 

0.60 

water 
reducing  
super - 

plasticizer  

LM0-2 1 : 0 : 2 0.55 

LM1 NHL 3.5 WBA1 1 : 1 : 4 
0.60 

LM2 NHL 3.5 WBA2 1 : 1 : 4 

LM0-3 
Dolomite  

sand 

NHL 3.5 1 : 0 : 2 

1/2 0.60 LM1-1 NHL 3.5 WBA1 1 : 0,5 : 3 

LM2-1 NHL 3.5 WBA2 1 : 0,5 : 3 

 

The mixing procedure was carried out according to EN 459-2 [19]. Previously homogenised binder 

combinations were added to water, i.e., the mixture of water and superplasticizer and mixed at low 

speed for 30 seconds. Then the aggregate is added gradually over 30 s. Mixing continues for another 

30 s at low speed. After the first 90 seconds of mixing, there is a pause of 30 seconds, after which 

mixing continues at low speed for 15 seconds. The mixing process took a total of 2 minutes and 15 

seconds. Standard steel moulds for prismatic specimens (40 x 40 x 160 mm) were used to mould the 

mortar specimens. The mortars were kept in the moulds under humid conditions (relative humidity RH 

of 95 ± 5% and temperature of 20 ± 2 °C) for a period of 3 to 5 days after mixing, according to EN 1015-

11 [23]. This curing regime also complies with the standard EN 459-1[24], according to which a RH of 

at least 60% is required for the curing of lime specimens. Once demoulding was possible, extended by 

the WBA content, the mortar specimen were cured for up to 7 days under humid conditions and then 

for up to 28 days at a relative humidity of 50 ± 10% and a temperature of 20 ± 2 °C. While the specimens 

with an NHL:WBA ratio of 1:0.5 were demoulded after 3 days of curing, the specimens with an 
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NHL:WBA ratio of 1:1 were too soft to demould after 5 days of curing. Hydration of hydraulic binders 

requires 95% to 100% of RH, especially in the first days after casting [25]. 

2.1.3 Methods 

The investigation is carried out at the binder and mortar level, testing both individual binder 

components and binder combinations. The chemical composition of each WBA and NHL was 

determined before mixing the binders to verify that they comply with the standard EN 459-1. In 

addition, the contribution of each binder to the mortar properties was analysed using the test methods 

listed in Table 2. The NHL-WBA mortars were tested in fresh and hardened states. Consistency using 

the flow table test and air content as well as bulk density were measured on fresh mortars immediately 

after mixing, while compressive and flexural strength were measured on prismatic specimens after 7 

and 28 days of curing. 

Table 2. Test methods for assessment on binder and mortar level. 

Level State Property Test period Standard 

Binder 

Individual  
&  

binder 
combinations 

Chemical composition 

Prior to 
mixing 

ASTM D7348-21 
ASTM D6722-19 

ISO/TS 16996:2015  

Particle size distribution 
by air-jet sieving 

EN 459-2:2021 

Free water content 

Mortar 

Fresh  
state 

Bulk density 

Immediately upon 
mixing 

EN 1015-6:2000 

Air content 

EN 459-2:2021 
Flow diameter 

Hardened 
state 

Compressive strength After 7 and 28 days 
of curing Flexural strength 

Carbonation  
After 28 days of 

curing 
EN 14630:2007 

 

The development of carbonation was assessed visually after applying a phenolphthalein solution on 

the broken surface of the specimens at 28 days of age, which were previously used to test compressive 

strength. The compressive strength was measured on the halves of the prismatic specimens (of three 

specimens) in a measurement range of 400 ± 40 N/s. 
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3 Experimental results and discussion 

3.1 AHL constituent’s characterisation 

The hydraulic nature of both the NHL and WBA samples was assessed by chemical analysis. It is 

important to emphasise that the chemical composition of WBA can vary greatly depending on the 

feedstock and combustion technology used [26],[27], as well as from batch to batch. The chemical 

analysis of NHL 3.5 and the WBAs (before sieving) is shown in Table 3. 

Table 3. Comparison of chemico-mineralogical composition of NHL and the WBAs [wt.%]. 

NHL / WBA sample 
LOI 

(950 °C) 
SiO2 CaO SO3 Al2O3 Fe2O3 MgO HI (1) CI (2) 

NHL 3.5 16.1 35.06 52.81 0.73 5.39 2.66 1.97 0.79 1.91 

WBA1 6.6 30.1 28.02 2.19 9.85 3.56 4.43 1.34 2.85 

WBA2 6.2 30.2 36.71 1.26 6.17 3.58 4.45 0.97 2.19 

 

By comparing the results of chemical analysis of WBAs with those of NHL, we note minor differences 

in the content of individual chemical compounds. It can be concluded that WBA2 is more similar to 

NHL. It is also noted that the studied WBAs have similar chemical composition, with the content of CaO 

and SiO2 being quite comparable in both WBA samples, while the CaO is the predominant oxide in the 

NHL sample. The content of the oxides SiO2 and Fe2O3 is almost the same in WBA samples, while the 

CaO content is slightly lower in WBA1. The slightly elevated SO3 content in WBA1 does not meet the 

criteria of EN 459-1, which states that SO3 should not exceed 2%, but even with an NHL:WBA ratio of 

1:1, this is annulled by the weighted average value. 

 

The hydraulic index (HI) and cementation index (CI) are calculated as per Eqs. (1) and (2) respectively 

[28]. 

Cementation Index (CI)= (1.1 x Al2O3 + 0.7 x Fe2O3 + 2.8 x SiO2) / (CaO + 1.4 x MgO) (1) 

 

Hydraulic index (HI) = (Al2O3 + Fe2O3 + SiO2) / (CaO + MgO) (2) 

 

The evaluation of lime by hydraulic index is formed on the fact that the higher the index, the more 

hydraulic properties are expected [28]. The same analogy applies to the classification of lime according 

to the cementation index. The hydraulic index and cementation index, which are above the value of 

0.7 as the lower limit for highly hydraulic properties in both WBA samples investigated, suggest that 

the two WBAs are highly hydraulic materials. Of course, this is not the whole picture, because the 

mineralogy of hydraulic binders is complex, and the properties of hydraulic binders depend not only 

on their composition ('CI' and 'HI'), but also on the conditions of their production, i.e. firing 

temperature and time, as these affect the mineralogy of the final product [29]. 
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The air-jet sieving was performed for individual WBAs and NHL as well as for each binder mixture. The 

particle size distribution of the previously sieved WBAs and NHL shows that WBA2 is more comparable 

to NHL (Figure 3). Nevertheless, all binders with both WBA1 and WBA 2 meet the criteria of EN 459-1, 

which requires that the residue on the sieve of size 0.09 mm be less than or equal to 15% of the binder 

mass (Table 4). 

 

  

(a) (b) 

 

(c) 
Figure 3. Particle size distribution of a) 100% NHL/WBA, b) binders with WBA1, c) binders with WBA2. 

 

Table 4. Residue retained on the sieve of size 0.09 mm after air-jet sieving 

Binder mixture Residue retained [%] EN 459 -1 criteria [24] 

NHL 3.5 12.9 

≤ 15 

WBA1 8.2 

WBA2 4.4 

NHL : WBA1 = 1 : 1 10.6 

NHL : WBA1 = 1 : 0,5 11.5 

NHL : WBA2 = 1 : 1 8.3 

NHL : WBA2 = 1 : 0,5 9.9 
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3.2 Influence of WBA on fresh mortar properties 

Immediately after completion of the mixing process, the properties of the mortar in fresh state were 

determined. A comparison between the reference mixtures without WBA (LM0-1, LM0-2, LM0-3) and 

the mixtures with the hybrid lime binder is presented in Table 5. 

Table 5. Fresh state results. 

Mix ID 
NHL : WBA : Aggregate 

ratio 
w/b ratio 

Flow  
diameter 

[mm] 

Air content 
[%] 

Density 
[kg/m3] 

LM0 - 1 1 : 0 : 2 0.60 210 7 1950 

LM0 - 2 1 : 0 : 2 0.55 180 8.5 1960 

LM1 1 : 1 : 4 

0.60 

171 10.5 1830 

LM2 1 : 1 : 4 165 8.5 1930 

LM0-3 1 : 0 : 2 164 8.0 1990 

LM1-1 1 : 0,5 : 3 165 13.0 1910 

LM2-1 1 : 0,5 : 3 162 8.2 2010 

 

The flow diameter of the standard mortar was measured on the flow table (Figure 5) to relate the flow 

diameter to the amount of water required for the mortar. According to the standard EN 459-2, the 

flow diameter of the mortar with NHL 3.5 is prescribed to be (165±3) mm, which was exceeded in the 

reference mortar mixtures with quartz sand, indicating that the w/b ratio needs more adjustment. At 

the same time, using the same amount of water in the reference mixture LM0-3 mixture with dolomite 

sand, an adequate flow diameter of 164 mm was obtained. All mixtures with WBA have shown 

comparable flow values, ranging from 162 mm to 171 mm. Accordingly, the LM1 and LM2 mixtures 

with WBA and quartz sand as aggregate with flow values of 171 and 165 mm, respectively, may suggest 

a behavioural tendency where the water demand increases with the amount of WBA, but is also 

related to the different water absorption of the specific aggregates. Reduced workability, i.e., false 

setting of the mortar with WBA, was observed in mixtures with WBA, particularly emphasised with 

WBA1. In addition to the loss of workability, bleeding of water was observed in mixtures with WBA1, 

as shown in Figure 5 (b), which clearly depends on the WBA type. The density of fresh mortar mixtures 

containing WBA ranged from 1.830 kg/m3 to 2.010 kg/m3, while the reference density values in all 3 

mixtures containing only NHL were very similar, ranging from 1.950 to 1.990 kg/m3. Higher values of 

air content in fresh mortar, correlating with the reduction in density, were found in mixes containing 

WBA1 and quartz sand (10.5% and 13%), which was influenced by the poor grading of the sand. 
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(a) (b) (c) 

Figure 4. Standard mortar flow diameter measured on the flow table: (a)LM0-1; (b) LM1; (c) LM2. 

3.3 Influence of WBA on hardened mortar properties 
The effects of the individual WBAs on the mechanical properties of the AHL mortar were analysed 

based on the demonstrated compressive and flexural strengths. The differences between the 

individual WBAs have been reflected in the properties of the mortar mixtures. The absolute values of 

compressive and flexural strength at 7 and 28 days of age are shown in Table 6, categorized by the 

content of NHL in the binder blends. The relative values of compressive and flexural strength of the 

mortar mixtures after 7 and 28 days of curing are shown in Figure 5 and Figure 6. The values are 

normalised to the NHL content in the mortar, i.e. to the mass of NHL in the binder blends, in order to 

better assess the contribution of the WBA to the mortar strength. 

 

Table 6. Compressive and flexural strength of mortar and compressive to flexural strength ratio. 

Mix ID 

NHL 
content in 

binder 
blends [%] 

Compressive 
strength after 

7 days, fc,7 
[MPa] 

Compressive 
strength after 
28 days, fc,28 

[MPa] 

Flexural 
strength after 

7 days, fc,7 
[MPa] 

Flexural 
strength after 
28 days, ff,28 

[MPa] 

Compressive 
to flexural 

strength ratio 
FC,28/fF,28 

LM0-1 

100 

0.64 2.11 0.39 0.76 2.8 

LM0-2 0.80 2.56 0.32 0.83 3.1 

LM0-3 0.92 2.58 0.54 1.09 2.4 

LM1 
50 

0.27 0.99 0.09 0.66 1.5 

LM2 0.41 1.23 0.14 0.52 2.3 

LM1-1 
70 

0.75 2.22 0.53 1.21 1.8 

LM2-1 1.12 3.11 0.58 1.23 2.5 

 

Although the additional distinction between the two mortar groups is the type of sand used, the 

compressive strength values obtained on the reference specimens are comparable, with indications of 

a lower water requirement when quartz sand was used. The increase of ca. 18% in the compressive 

strength of the reference LM0-3 specimen in comparison to LM0-1 can be attributed to a finer grading 

curve exhibited by the dolomite sand (Figure 2). In addition, the compressive strength decreases by up 

to 60% (LM2 with respect to LM2-1) when the NHL:WBA ratio is increased. A similar trend is observed 

for the mixtures with WBA1 (LM1 with respect to LM1-1) at both ages. When comparing the two types 

LM1 LM0 LM2 
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of WBA, the highest values of compressive strength were observed for the AHL mortar specimens 

prepared with WBA2 (LM2-1), which were even higher than the compressive strength of the reference 

mixture with dolomite sand. This can be related to favourable chemical composition and particle size 

distribution of WBA2 but also with good grading of dolomite sand. The results of the flexural strength 

tests are consistent with the compressive strength values, except for the mixtures with WBA1. The 

flexural strength after 28 days of curing these specimens is higher (LM1 with respect to LM2) or fairly 

close (LM1-1 with respect to LM2-1) to the values of the specimens with WBA2, in contrast to the 

higher compressive strengths observed for the specimens with WBA2. 

 

Silva et al [30] and Moropoulou et al [31] and found that the relationship between compressive and 

flexural strength is proportional to modulus of elasticity in tests lasting from 1 to 6 months, proposing 

that a low ratio of compressive to flexural strength (fC/fF) correlates with a low modulus of elasticity. 

Therefore, mortars that have a low fC/fF ratio are potentially compatible with that of the original 

material due to their elastic behaviour, ensuring better durability [30]. Accordingly, the fC/fF is 

highlighted as a simplified method for evaluating the potential ductility of mortar. The values of the 

fC/fF ratio for the mortars with unmixed NHL as binder and the binder blends with WBA are presented 

in Table 6. It can be seen that the mortar specimens with WBA1 have the lowest compressive to flexural 

strength ratio and that, as expected, this parameter increases with decreasing WBA content. Although 

the fC/fF values increase with NHL content, the fC/fF values for mortars with WBA are within the range 

determined by Moropoulou et al [31], where the tested mortars exhibit elastic behaviour compatible 

with that of historical mortars.  

 

From the relative results of compressive strength per NHL mass, Figure 5, it can be presumed that the 

addition of both WBA1 and WBA2 to the NHL-WBA binder system contributes to the increase of 

compressive strength, where the ratio NHL:WBA is 1:0.5, i.e. the proportion of NHL in the binder mass 

is 70%. The relative values of mixtures with 50 % NHL in the binder blend, are comparable with the 

reference values. 
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Figure 5. Compressive strength of mortar mixtures after 7 and 28 days of curing, normalised to NHL content. 
 

 
Figure 6. Flexural strength of mortar mixtures after 7 and 28 days of curing, normalised to NHL share. 
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The phenolphthalein test showed a greater reduction in alkalinity in mortars with WBA compared to 

reference mixtures with only NHL binder. Accordingly, the mixtures with the ratio NHL:WBA=1:0.5 

(Figure 7, (e) and (f)) have demonstrated a smaller reduction in alkalinity than the mortars with the 

ratio NHL:WBA = 1:1 (Figure 7, (b) and (c)). Considering that the curing conditions were the same for 

all specimens, carbonation, i.e., portlandite consumption, is accelerated by the addition of WBA. Since 

both carbonation and pozzolanic reactions are portlandite consuming reactions, the greater reduction 

in alkalinity in mortars with WBA could indicate a possible pozzolanic reaction between NHL and WBA. 

 

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 7. Carbonation of mortar after 28 days: (a) LM0-1; (b) LM1; (c) LM2; (d) LM0-3; (e) LM1-1; (f) LM2-1. 

4 Conclusions 

The research presented here is still at a preliminary stage, although certain conclusions can be drawn 

that may serve as a reference for future experimental work. First, the chemico-mineralogical 

composition of WBA is highly variable and dependent on the combustion technology. Together with 

the particle size distribution of the binder, this should be the first step to evaluate WBA as a component 

of an artificial hydraulic lime and to identify the key factors that determine the engineering behaviour 

and durability of a new composite. In addition, the results for WBA-containing binders show that a 

moderate WBA content in the NHL-WBA binder ensures a) lower water demand, needed to achieve 

workable flow values and b) acceptable mechanical properties. All the properties studied are also 

strongly dependent on the WBA used. Certain problems arising from the physical and chemical 

properties of WBA, as well as the selection of a suitable, well-graded aggregate, such as extensive 

bleeding and false setting, should be the focus of further experimental work. The problems identified 

could be addressed by appropriate selection of chemical additives and/or by pre-treatments of the ash 

itself. The focus of the next phase of this research is to confirm a synergistic relationship between WBA 

and NHL as AHL components. 
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CRITERIA FOR THE UTILIZATION OF PERLITE BY-PRODUCTS IN 
TRADITIONAL MORTARS 

Maria Stefanidou1, Fotini Kesikidou1*, Stavroula Konopisi1, Eirini-Chrysanthi Tsardaka1, Vasiliki Pachta1 and 
Evangelia Tsampali1 

(1) Laboratory of Building Materials. School of Civil Engineering. Aristotle University of Thessaloniki. Greece 

Abstract: Climate change has become the main problems of humanity, affecting all the everyday 

actions and habits. The decrease of CO2 emissions is mandatory for the protection of the environment 

and the construction sector has a 36% share of the global problem. On the other hand, conservation 

of cultural heritage remains one of the main targets in European level. In the case of conservation 

works, the materials and the techniques used follow specific regulations included in relative norms. 

The aim of this work is to combine the needs mentioned above for sustainable and qualitative 

materials that can be used for restoration works. In this frame, the properties (chemical, physical, 

mineralogical, mechanical) of four perlite by-products were tested and the results were reviewed to 

meet the criteria set by the regulations which they will determine the possibility to use them in air lime 

mortar production. Fineness, color, salt content, chemical composition and reactivity were 

determined. The alumisilicate content of the binders was measured to comply with regulations for 

natural pozzolans and the pozzolanicity index of the binders was also tested. The research results to 

the possibility to follow specific criteria to evaluate industrial by-products, saving natural resources 

and increasing the environmental profile of air lime-based mortars. 

1 Introduction 

Nowadays, climate change has become one of the biggest issues of humanity. The need to reduce CO2 

emissions is acute and has led to changes even in everyday life worldwide. Industry and construction 

sectors adopt new policies and rules to comply with the European regulations and strategies on the 

protection of the environment. Thus, over the last years, many scientists have focused on the 

production of “green” concrete, incorporating high volumes of by-products and recycled materials (fly 

ashes, slags, recycled concrete) [1][2][3].  

On the other hand, research on traditional mortars is always on the foreground due to the importance 

of the preservation of cultural heritage. Materials and techniques used in repairing historic structures 

should meet certain criteria regarding their compatibility [4][5] and durability [6][7] and should follow 

specific regulations included in relative EN norms. At the same time, RILEM technical committees are 

publishing guidelines indicating the quality criteria that should be followed for a successful 

intervention [8][9][10]. 

Therefore, under these objectives of conservation and protection of the environment, several 

supplementary pozzolanic materials have been tested in cooperation with hydrated lime for the 

repairing of old mortars such as metakaolin [11], brick dust [12], perlite [13], waste building materials  

[14]. Perlite is a volcanic mineral (alumino-silicate in origin) used mainly in agriculture and in special 
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applications in building materials (gypsum plasters, cement boards, light-weight concrete). Greece is 

among the first countries in perlite production with 25000 to 30000 tons per year. During its industrial 

process, an increasing number of by-products (around 10% of the material is a waste) mainly remain 

unexploited causing severe environmental problems due to their fineness and the difficulty in storing. 

Previous work of the authors has proven that some of these by-products can be potentially used as 

replacement of pozzolan in traditional grouts showing good mechanical and physical properties [15]. 

The aim of this work is to combine the needs mentioned above for sustainable and qualitative 

materials that can be used for restoration works. In this frame, four perlite by-products (D1S, D1C, 

D1CS and A3) were investigated to determine their suitability for use in traditional air lime mortars 

with low environmental footprint. For a material to be characterized as pozzolanic, there are some 

requirements given in standards, such as the content of aluminosilicate components and the 

pozzolanicity index of the binder. To this scope, chemical analysis of the binders was conducted and 

other properties were analyzed, such as color, pH, moisture content, fineness. Mortars with hydrated 

lime were produced, according to ASTM 593-95 [16], to measure their compressive strength for the 

pozzolanicity index. Flexural strength, dynamic modulus of elasticity, porosity, absorption and specific 

gravity of these mortars were also tested.  

The research results to the evaluation of the measured properties according to regulative frames and 

the possibility to use perlite by-products to produce traditional mortars, saving natural resources and 

increasing the environmental profile of air lime-based mortars used in restoration.  

2  Materials and methods 

Perlite production line follows four main steps (mining, drying, heating and packaging). After mining 

the collected material is crushed and dried. During this stage two types of unexpanded by-products 

derive (D1S and D1C). Afterwards, the dried perlite is heated and expanded and the remain powder in 

air filters is A3. The final step is the packing of the material. In this paper, four perlite by-products were 

tested: D1S, D1C, D1CS (mix of D1S at 10% and D1C at 90% as deriving from the production line) and 

A3 (expanded) to investigate their use in traditional mortars for repairing historic structures.  

The physical (colour, specific gravity, pH, moisture content) and chemical properties of the perlite by-

products were studied and pozzolanicity index of the binders was measured. Mechanical 

characteristics were tested such as dynamic modulus of elasticity – based on BS 1881-203: 1986 [17]– 

and flexural and compressive strength according to EN 1015-11 [18]. Physical characteristics (open 

porosity, absorption and apparent specific gravity) of the produced mortars were also determined 

based on RILEM CPC 11.3 method [19].  

The colour of the raw materials was classified according to Munsell colour chart and particle size 

distribution was determined by Malvern P.S.A Mastersizer 2000 (laser scattering technique). The 

chemical composition of the raw materials was analysed using Atomic Absorption Spectroscopy (AAS) 

with AAnalyst 4400 and X-Ray Fluorescence Spectroscopy (XRF) with S8 Tiger, Brucker. The mineralogy 

of the materials was characterized by X-Ray Diffraction Spectroscopy (XRD – D2 Phaser, Bruker), and 

the amorphous content was determined with EVA V0.5 Software. Ionic chromatography (IC thermos 

Scientific DIONEX ICS-1100) was used to detect the soluble salts content of the binders. 
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To test the reactivity of the by-products, pozzolanicity index was measured with the production of 

lime-based mortars according to ASTM C593-95 (Standard Specification for Fly Ash and Other 

Pozzolans for Use with Lime) [16]. Based on the American Standard, mortar mixtures containing 180g 

of hydrated lime, 360g of the tested by-product and 1450g of standard sand were produced and 

moulded in prismatic (40x40x160) mm and cubic (5x5x5) cm moulds. The produced mixtures (Table 1) 

were placed in an oven for 7 days at 54ο C, saturated air. After 7 days, the specimens were demoulded 

and kept in a chamber with 21ο C and RH95% for 28 days. Table 1 indicates the high need for water in 

the case of the sample containing A3 which is the expanded perlite by- product which is very light and 

fine material. 

Table 1. Water content (w/w) and workability (cm) of fresh mortar mixture according to ASTM C593-95 protocol 
[16]. 

Mixture Water/Binder ratio Workability (cm) 

D1S 0.65 15.5 
D1C 0.69 15.0 
D1CS 0.61 15.5 
A3 1.57 16.0 

3 Results 

3.1 Physical properties of raw materials 
The tested perlite by-products are shown in Figure 1 (a-d). Colour classification according to Munsell 

colour chart (Table 2) defines D1S having a yellow hue (2.5Y 8/1) and D1C having a yellow – red hue 

(7.5YR 8/1). D1CS is a mix of D1S and D1C with a yellow-red hue (10YR 8/1) and A3 is classified white.  

 

  

(a) (b) 

  
(c) (d) 

Figure 1. Macroscopic images of perlite by-products (a) D1S, (b) D1C, (c) D1CS, (d) A3. 
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Table 2. Colour classification according to Munsell colour chart. 

By-product Munsell colour 

D1S  2.5Y 8/1 

D1C  7.5YR 8/1 

D1CS  10YR 8/1 

A3  white 

 
Particle size distribution of the by-products presented in Table 3, indicates different finenesses 

between the binders. For D1S, the distribution of the particles varies among 2-28μm, whereas the 

coarser D1C varies between 17-189μm. Particles of D1CS have a granulometry between 6-171μm and 

A3 between 3.8-32μm. Based on these results, D1S can be characterized as the finer among the four 

by-products and D1C the coarser one. 

Table 3. Particle size distribution of the raw materials. 

 Raw material D(0.1) (μm) D(0.5) (μm) D(0.9) (μm) 

D1S  2.202 8.913 28.634 

D1C  17.269 78.123 188.891 

D1SC  6.082 51.388 171.347 

A3  3.810 12.417 32.197 

 

Specific gravity, pH value and moisture content of the perlite by-products are given in Table 4. D1S and 

D1C show the highest specific gravity values (2.459 to 2.415 g/ml respectively), while A3 seems to be 

the lightest of the binders (1.462 g/ml) which is expected as it is he only expanded material. The pH 

results run from 8.80 to 9.82, with the highest value for D1S and the lowest for D1C. Moisture content 

of the materials is less than 1% in all the binders.  

 
Table 4. Specific gravity, pH value and moisture content of tested by-products. 

By-product Specific gravity (g/ml) pH Moisture content (%) 

D1S  2.459 9.82 <1% 
D1C  2.415 8.53 <1% 
D1CS  2.343 9.02 <1% 
A3  1.462 8.80 <1% 

3.2 Chemical properties of raw materials 
The results of the chemical analysis by Atomic Absorption Spectroscopy and XRF are displayed in Table 

5 and Table 6 respectively. Water soluble salts (%wt) (Table 5) were quantified by using Ion 

Chromatography. Loss of Ignition (LI%) was determined through the calcification from RT (room 

temperature up to 1000oC. For the XRF examination, the deviation of the results of the raw materials 

led to repetition of the test with the binders grinded under 45μm. However, the low specific gravity of 

A3 hampered the necessary process preparation of the sample for the XRF test, thus the test was 
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unable to be performed. Table 7 compares the results of calcium oxide (CaO) and aluminosilicate 

components (SiO2 + Al2O3 + Fe2O3) derived from the two methods. 

 

Table 5. Chemical properties of the raw materials (wet chemical analysis assisted by Atomic Absorption 
Spectrometer). 

Sample SOLUBLE IN ACIDS % w.t. SOLUBLE SALTS % w.t. 

 Na2O K2O CaO MgO Fe2O3 Al2O3 SiO2 L.I.% Cl- NO3
- SO4

2- 

D1S 2.67 2.21 1.61 0.40 0.99 16.26 71.95 3.91 0.01 - 0.01 

D1C 2.35 2.11 1.26 0.34 0.88 16.04 73.95 3.07 0.03 <0.01 <0.01 

D1CS 2.24 2.01 0.93 0.24 0.76 12.51 78.39 2.92 0.02 <0.01 - 

A3 2.70 2.41 0.92 0.17 0.69 15.55 76.68 0.88 0.02 - <0.01 

Table 6. Results of XRF analysis. 

Oxide formula 
D1S D1C D1CS 

raw < 45μm raw < 45μm raw 

CaO (%) 2.31 2.29 1.57 1.57 1.34 
Al2O3 (%) 10.1 14.20 6.82 14.82 8.67 
SiO2 (%) 57.7 70.85 43.2 71.20 52.7 
Fe2O3 (%) 1.46 1.48 1.33 1.33 1.22 
K2O (%) 3.01 3.05 2.70 2.70 2.73 
Na2O (%) 2.88 2.81 1.50 1.50 2.13 
MgO (%) 0.398 0.398 0.255 0.255 0.210 
TiO2 (%) 0.125 0.125 0.157 0.157 0.176 
BaO (%) 0.168 0.168 - - - 
MnO (ppm) 739 739 601 601 692 
P2O5 (ppm) 479  479  -  -  -  
SrO (ppm) 97.0  97.0  286  286  281  
CuO (ppm) 91.5  91.5  -  -  -  
Cl (%) 0.121  0.121   932 ppm  
ZrO2 (ppm) 70.9  70.9  303  303  110  

Table 7. Results of AAS and XRF analysis. 

Sample 
CaO 

Aluminosilicate components 
(SiO2 + Al2O3 + Fe2O3) 

AA XRF AA XRF 

D1S  1.61 2.29 89.2 86.53 
D1C  1.26 1.57 90.87 87.35 
DICS  0.93 1.34 91.66 62.59* 
A3  0.92 - 92.92 - 

*raw material without processing 

Calcium oxide (CaO) determined by AAS varies from 0.92 to 1.61% for all perlite by-products, with D1S 

having the highest content. The aluminosilicate content (SiO2 + Al2O3 + Fe2O3) of the raw materials 

ranges from 89.2 (D1S) to 92.92% (A3). XRF analysis indicated similar results for the grinded samples 

(<45μm). Calcium oxide (CaO) for D1C and D1S was detected 1.57% and 2.29% respectively and the 

aluminosilicate content 86.53% for D1S and 87.35% for D1C.  

According to ASTM 618-03 (Standard Specification for Coal Fly Ash and Raw or Calcined Natural 
Pozzolan for Use in Concrete) [20], a material can be classified as natural pozzolan based on its content 
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in aluminosilicate components (SiO2 + Al2O3 + Fe2O3), which should be above 70%. Based on the results, 
it is observed that the aluminosilicate content of the perlite by-products is around 90% and exceeds 
the 70% limit set by the ASTM Standard. Silicon dioxide content (SiO2) varies between 72-78%, which 
also complies with ASTM 618-5 [20]. The soluble salts content of the samples (Table 4) is generally low, 
with D1C having the highest value around 0.03% - percentage under the 0.15% limit given by ACI 
Specifications 301-10, 318-14, 329R-14, 332-14 and 349-13 [21][22][23][24]. 
X-Ray diffraction patterns of the samples are given in Figure 2. Sample A3 can be characterized as 

amorphous without crystalline phases, whereas D1S, D1C and D1CS binders are amorphous with a 

small percentage in crystalline content, mainly aluminosilicate based. The amorphous content of D1S 

and D1C was found 63.6% and 60% respectively.   

 
Figure 2. XRD analysis of the perlite by-products. 

3.3 Pozzolanicity index 
Pozzolanicity index was determined by measuring the mechanical properties (dynamic modulus of elasticity, 

flexural and compressive strength) of the produced mortars based on ASTM C593-95 [16]. The results are given 

in Figures 3-5 and the physical properties of the mortars (porosity, absorption, specific gravity) are presented in 

Table 8. 
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Figure 3. Dynamic modulus of elasticity of mortars. 

 
Figure 4. Flexural strength of mortars. 

 
Figure 5. Compressive strength of mortars. 
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Table 8. Physical properties of mortars.  

Mixture 
Porosity (%) Absorption (%) Ap. Specific gravity 

7 days 28 days 7 days 28 days 7 days 28 days 

D1S 17.45 10.91 9.23 5.63 1.890 1.939 
D1C 20.62 18.66 11.42 10.07 1.806 1.854 
D1CS 23.77 14.08 18.08 7.32 1.118 1.924 
A3 26.69 30.87 18.47 21.62 1.445 1.428 

 
Based on the above, D1S seems to outweigh the other by-products in terms of strength with flexural 

strength of 28 days at 3.35 MPa and compressive strength of the same age at 10 MPa. D1CS follows 

with 1.9 MPa under flexure and 5.5 MPa under compression. D1C reaches 1.6 MPa and 4.3 MPa for 

flexure and compression respectively, whereas A3 1.68 MPa and 3.7 MPa. Therefore, it can be said 

that D1S, D1C and D1CS mortars comply with the limit of 4.1 MPa of compressive strength according 

to ASTM C593-95. Therefore, D1S has the highest pozzolanicity index followed by D1CS and D1C.  

Porosity values of the mortars range from 10.91% to 30.87%, absorption from 9.23 to 18.08% and 

apparent specific gravity from 1.428 to 1.939. D1S has the lowest porosity and the highest specific 

gravity, whereas D1C, D1CS and A3 indicate higher porosity values, with the highest pertained to A3 

due to the nature of the material (expanded and under thermal process). Overtime, porosity and 

absorption of all mortars is reduced.  

4 Discussion 

Regarding the results for D1S, based on the fineness of the material, the content in aluminosilicate 

oxides and the high compressive strength (>4.1 MPa), it can be concluded that D1S could be 

characterized as a binder with high pozzolanic behaviour. According to ASTM C618 – 5[20], it can be 

classified as a natural pozzolan (type N) and can be used without any processing in the production of 

lime-based mortars.  

D1C and D1CS indicate a lower pozzolanic behaviour, although complying with the limit of compressive 

strength set by ASTM C593-95 (4.1 MPa)[16]. The binders have a particle distribution around 6-189μm, 

which probably affects their reactivity, but their content in aluminosilicate oxides is high. Thus, they 

could be characterized as binders with a medium pozzolanic behaviour and could be used -without 

processing- in the production of mortars of low and medium strength. However, after grinding under 

45μm, they could potentially have improved properties.  

A3 is an amorphous material, light with no crystalline phases and low reactivity with lime. It is very fine 

with low specific gravity; hence it could be used mainly as a filler to produce lightweight mortars of 

low strength. Based on its properties, it is believed that mortars containing A3 by-product could 

present good thermal properties and are worth to be investigated.  

According to the chemical analysis of the materials, it was demonstrated by both AAS and XRF that 

they are binders with high aluminosilicate content, a high amount of which is amorphous. Moreover, 

the particle size of the material influences the chemical composition concerning only the silicon oxide 

and aluminium oxide content (XRF results, Table 6). 
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According to EN 998-2 (Specification for mortar for masonry — Part 2: Masonry mortar)[25], masonry 

mortars are classified based on their compressive strength in different categories (M1, M2.5, M5, M10, 

M15, M20, Md) with values under compression of 1MPa, 2.5MPa, 5MPa, 10MPa, 20MPa and over 

20MPa respectively. In EN 998-1 (Specification for mortar for masonry - Part 1: Rendering and 

plastering mortar) [26] renders and plasters are classified depending on their compressive strength in 

four categories CSI (0.4-2.5MPa), CS II (1.5-5MPa), CS III (3.5-7.5MPa), CS IV (≥6ΜPa). Consequently, it 

can be concluded that D1S can be used as a pozzolanic material in mortars and grouts, producing 

mortars of classes M5-M10 and renders/plasters type CS III-CS IV. D1C and D1CS by-products can be 

used in mortars in full or partial substitution of natural pozzolan resulting in mortars M2.5-M5 and 

renders/plasters of type CS II. Additionally, their use in grouts should be also investigated. A3 could be 

used in restoration mortars partially substituted natural pozzolan to produce low strength mortars 

(M1) and renders/plasters (type CS I).   

5 Conclusions 

In this paper the criteria set by regulations to characterize and use a pozzolanic material in air-lime 

mortars that could be used for restoration works have been applied in four by-products of a perlite 

industry. The materials were tested in relation to their physical and chemical properties. So, their 

fineness, specific gravity, pH and moisture content as well as their chemical and mineralogical 

composition was determined through a thorough instrumental analysis. Beyond that, the pozzolanicity 

index of these materials was measured by producing standard air lime mortars based on ASTM C593-

95. The mechanical and physical properties of the standard mortars were recorded at 7 and 28 days. 

The results show that D1S meets the requirements of all the standards as it is a fine and reactive 

material that has the potential to be used as a binder with high pozzolanic properties. D1C and D1CS 

by-products can be characterized as binders with low - medium pozzolanic behavior. They are medium 

coarse in size. A3 is a very fine and light powder with low pozzolanic reaction. It can be used partially 

in air lime-pozzolan mortars to produce lightweight mortars probably of low strength but further tests 

are necessary.  

The whole study indicates that the by-products of perlite industry can be utilized in air lime mortar 

production after thorough examination of the properties these materials possess. The criteria set by 

regulations can be applied to by-products in order to produce high-quality repair mortars which also 

have environmental friendly properties.  Further investigation is necessary to investigate the durability 

and long-term behavior of the mortars when by products are incorporated. 
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DEVELOPMENT AND TESTING OF LIME-BASED MORTARS USING PERLITE 
BY- PRODUCTS 
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Abstract: Perlite is a volcanic rock containing high amount of amorphous material as well as 

alumino-silicate minerals. The outcoming product (expanded perlite) is often used in construction, due 

to its light weight and insulating properties. During its industrial process, an increasing number of by-

products results that mainly remains unexploited as the fineness of these materials renders them 

difficult to store. In this study, an effort has been made to experimentally study the influence of two 

by-products (D1S, D1C), in lime-based mortars. These materials have been used as binders. To this 

direction, 9 mortar mixtures where manufactured and tested where natural pozzolan was gradually 

replaced by the perlite by-products. The Binder/Aggregate ratio in all mixtures was maintained at 1/2, 

whereas aggregates were natural of siliceous origin and gradation 0-4mm. The physico-mechanical 

properties of the specimens were tested at the age of 28 and 90 days. From the correlation of the 

results, it was asserted that the partial or even total substitution of natural pozzolan by perlite by-

products, enhanced the mortars’ physical and mechanical properties. It maybe therefore concluded 

that the exploitation of waste perlite in the construction sector is feasible, leading to the development 

of effective, low-cost and environmentally friendly products for specific applications. 

1 Introduction 

Perlite is an amorphous mineral, coming from volcanic deposits [1-3]. Perlite is a very promising 

industrial material as during the last 60 years less than the 1% of the existing deposits have been 

mined.  It mainly consists of SiO2 and Al2O3, with low amounts of other compounds (sodium, potassium, 

iron, calcium, magnesium) [1-2, 4]. In its crystallized form it has a relatively high water content (2–5% 

w/w) that is evaporated when it is rapidly heated (900-1200oC), expanding its volume up to 20 times 

[1-2, 4]. Expanded perlite (EP), resulting from the heating process of perlite, has been used in 

construction during the last decades, due to its light weight and insulating properties [1-3, 5-7].  

The largest perlite mines are located in China, Greece, US and Turkey resulting in the 95% of the 

worldwide perlite production (3,4 million tons for the year 2020), whereas Greece is the largest 

exporting country [8]. In the US, the perlite consumption in 2020 was 610,000 tons, while the 

applications of EP were for construction products (53%), fillers (16%), horticultural aggregates (16%), 

filter aids (12%), insulation and other uses (3%) [8]. Perlite mines are generally located in remote areas, 

characterized by a limited environmental impact and overburden to manage [8-9]. It is significant to 

point out that during the last 60 years less than the 1% of the worldwide perlite reserves have been 

mined and used, rendering it a well promising material for various future uses [9].  

427



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

Recent research on the influence of perlite in concrete and mortars, proved its beneficial role, due to 

its low bulk density (32 - 150 kg/m3), thermal conductivity (0.04-0.06W·m-1K-1), as well as its high 

heating resistance (melting point: 1260–1343 oC) [1,3-5]. It has been either used for substituting 

cement and/or aggregates in concrete [1, 5-6, 10-11] or cement-based mortars [7, 12-13] and 

developing elaborated materials for specific applications (i.e. light-weight concrete, fire resistant 

plasters). 

During the industrial process of perlite, a short, however countable amount of by-products results [11-

12]. In the studied plant (Perlite Hellas, Volos, Greece), the production line of perlite includes three 

stages (crushing, heating and expanding), during which a total amount of 10% of by-products is 

created. These by-products, obtained by air separation, are in a powder form and are usually deposited 

in the environment (in large areas near the plant). Taking into account, the increasing production and 

applications of EP, it is obvious that the secondary products deriving from its process will be also 

increased, with negative environmental effects. To this direction, their exploitation to various 

applications is of paramount interest and should be further investigated.   

Recent studies [10-11] have documented that waste perlite, may present induced pozzolanic reactivity 

and could be used as an alternative pozzolanic material in cement-based mortars and concretes, 

enhancing their properties. Additionally, the substitution of natural pozzolan with waste perlite in 

lime-based grouts [2], has proved to be beneficial for their overall performance. 

In this paper, the influence of two by-products deriving in the Greek plant (Perlite Hellas), in lime-based 

mortars was experimentally studied. To this direction, 9 mortar mixtures where manufactured and 

tested, where natural pozzolan was gradually replaced by perlite by-products. The physico-mechanical 

properties of the specimens were tested, showing that the partial or even total substitution of natural 

pozzolan by perlite by-products, led to positive results. To this end it may be stated that the 

exploitation of waste perlite in the construction sector is feasible, leading to multiple environmental 

benefits. 

2 Materials and Methods 

During this study, two perlite by-products were envisaged, named after D1S and D1C, coming from the 

second stage of the perlite industrial process in the Greek plant (Perlite Hellas). They are separated 

during perlite heating, with air, without being further milled or processed. According to their 

properties (Table 1), D1S concerns a fine material with induced pozzolanic properties (pozzolanicity 

index: 7.8MPa), while D1C presents a slightly lower apparent specific density, increased grain 

diameter, and lower pozzolanicity (3.2MPa). Regarding their chemical characteristics (Table 2), both 

waste perlites mainly consist of alumino-siliceous compounds, while their chemical composition 

slightly differs. 
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Table 1. Characteristics of the raw materials. 

Binder 

App. Specific 

density 

g/cm3 

Pozzolanic 

activity index 

(ASTM C311:77) 

(MPa) 

Particle size analysis (laser granulometry) 

Grain diameter (μm) of volume fractions (%) 

D(0.5) (μm) D(0.9) (μm) 

Hydrated lime powder 2.471 - 3.09 10.80 

Milos pozzolan 2.403 10.5 4.30 11.60 

D1S 2.459 7.76 8.91 28.63 

D1C 2.415 3.18 78.12 188.89 

 

Table 2. Chemical characteristics of the binding agents used (wet chemical analysis assisted by Atomic 

Absorption).  

Binder 
Total Oxides (% w/w) 

Na2O K2O CaO MgO Fe2O3 Al2O3 SiO2 L.I. 

Hydrated lime 

powder 
0.22 0.02 73.08 2.85 0.01 0.08 0.07 23.57 

Milos 

pozzolan 
1.66 2.67 2.91 0.44 1.41 10.90 71.10 8.89 

D1S 2.67 2.21 1.61 0.40 0.99 16.26 71.95 3.91 

D1C 2.35 2.11 1.26 0.34 0.88 16.04 73.95 3.07 

 

Taking into account the individual properties of D1S and D1C and in an effort to produce effective 

modified mortars, nine mixtures were manufactured, according to Table 3, including a reference 

mortar containing lime and natural pozzolan (LP). In compositions, natural pozzolan was gradually 

replaced by the perlite by-products in a proportion of 25%, 50%, 75% and 100%. Their code number 

respectively depicted this replacement, according to the by-product used (i.e. the synthesis D1S-25 

refers to the replacement of natural pozzolan by D1S, in a proportion of 25%). 

The Binder/Aggregate (B/A) ratio was maintained in all mixtures at 1/2, whereas aggregates were 

natural of siliceous origin and gradation 0-4mm. In order to reduce the water demand, a small 

proportion of polycarboxylate superplasticizer (1% w/w of binders) was added [13-15]. The 

Water/Binder (W/B) ratio was adjusted for achieving workability 15±1cm, in accordance to EN1015-3 

[16]. EN1015-11 [17] was followed for manufacturing and curing mortars, preparing 10 prismatic 

specimens (dimensions 4x4x16cm) for each composition.  
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Table 3. Constituents and proportions of the mortar mixtures. 

Raw materials 
Mortar compositions (parts of weight) 

LP D1S-25 D1S-50 D1S-75 D1S D1C-25 D1C-50 D1C-75 D1C 

Hydrated lime powder 1 1 1 1 1 1 1 1 1 

Milos pozzolan 1 0.75 0.5 0.25 - 0.75 0.5 0.25 - 

D1S - 0.25 0.5 0.75 1 - - - - 

D1C - - - - - 0.25 0.5 0.75 1 

Siliceous sand (0-4mm) 4 4 4 4 4 4 4 4 4 

W/B ratio 0.71 0.62 0.60 0.62 0.57 0.59 0.52 0.53 0.52 

Workability (cm) 

(EN1015-3:1999) 
15.4 14.6 14.9 14.7 15.0 14.9 14.5 14.8 

 

15.0 

 

Twenty-eight and ninety days after their manufacture, the physico-mechanical properties of the 

compositions were determined, regarding porosity, absorption and apparent specific gravity (RILEM 

CPC 11.3) [18], capillary absorption index (EN 1015-18: 2002) [19], dynamic modulus of elasticity (BS 

1881-203:1986) [20], flexural and compressive strength (EN1015-11) [17]. All results were 

comparatively evaluated in order to proceed to conclusions regarding the overall performance of the 

modified compositions, as well as the impact of perlite by-products. 

3 Results and Discussion 

3.1 Water content   

Regarding the water demand of the mixtures (Table 3), it was asserted that the reference mortar (LP) 

showed the highest W/B ratio (0.71). The gradual substitution of natural pozzolan by perlite by-

products reduced the water content around 15-30%. The lowest W/B ratio was attained in the D1C 

addition, whilst in D1S a significant reduction was also observed. Generally, the higher proportion of 

by-products led to a lower W/B ratio, with the D1S and D1C mixtures to show the lower water demand.   

3.2 Physical properties 

In Table 4, the physical properties of the mortar compositions are presented. According to the results, 

the 90d values for porosity and absorption were increased, whereas apparent specific gravity was 

decreased. Generally, porosity ranged from 23.7 to 28.4% at 28 and 27.3 to 33.2% at 90 days, with the 

lowest values to be attributed to D1S-50 (28d) and D1C-50 (90d). Respectively, the highest values were 

given by LP and D1S at both ages. Absorption followed porosity trend at both ages, ranging from 13.3 

to 17.1% at 28 and 15.6 to 20.2% at 90d. Apparent specific gravity varied from 1.68 to 1.78 at 28 and 

1.66 to 1.76 at 90 days. The lowest values were given by D1S at both ages and the highest by D1C.   

From the evaluation of the results it was concluded that the replacement of natural pozzolan by D1S 

up to the proportion of 75%, led to a decrease of porosity and absorption and a respective increase of 
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apparent specific gravity. This may be linked with the lower W/B ratio of the compositions, as well as 

the larger grain diameter of D1S (compared to natural pozzolan) that could block the smaller voids of 

the structure.  

 

Table 4. Physical properties of the mortar compositions. 

Compositions 
Porosity (%) Absorption (%) Ap. Spec. gravity 

28d 90d 28d 90d 28d 90d 

LP 28.44 32.85 16.75 19.79 1.70 1.66 

D1S-25 23.74 29.84 13.33 17.38 1.78 1.72 

D1S-50 24.54 30.22 13.80 17.51 1.78 1.73 

D1S-75 26.32 29.41 15.09 17.10 1.74 1.72 

D1S 28.73 33.19 17.11 20.22 1.68 1.64 

D1C-25 28.54 28.79 16.43 16.66 1.74 1.73 

D1C-50 27.94 27.39 15.89 15.65 1.76 1.75 

D1C-75 26.71 29.09 15.36 16.62 1.74 1.75 

D1C 27.01 28.50 15.33 16.17 1.76 1.76 

 

The 28d capillary absorption presented in Figure 1, was also influenced by the by-products addition, 

resulting to a final index ranging from 1.3 to 3.9 g/cm2. The highest values were recorded for series 

D1C and especially in the highest replacement proportions (D1C-75, D1C), whilst the lowest for 

compositions D1S-25 and D1S-50. It was asserted that the lower proportion of D1S in the mixtures, 

seemed to block the interconnectivity of the capillary pores, probably due to its grain size, reducing 

capillary absorption. D1C on the other hand, induced capillary absorption, showing the higher values.   

 

 

Figure 1. Capillary absorption of the mortar mixtures. 
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3.3 Mechanical properties 

Mechanical properties were influenced by the presence of perlite by-products, while their 28d to 90d 

development was remarkable in most cases (Fig. 2-4). Dynamic modulus of elasticity (Fig.2) ranged 

from 2 to 12GPa at 28 days and 3.5 to 14.5 GPa at 90 days. The highest 28d values were recorded for 

D1S-25 and LP and the lowest in series D1C (especially with the largest replacement of pozzolan). 

Generally, when the proportion of by-products was increased the modulus of elasticity decreased. At 

90 days, there was a significant increase, except for the reference mortar. This increase, ranging from 

20 to 100% was mainly recorded in series D1C. D1S-25 and D1S-75 showed the highest 90d values, 

while D1S-50 and D1C-25 had similar to LP values.  

Flexural strength (Fig.3) varied from 0.1 to 1.4MPa at 28 days and 0.4 to 3.4MPa at 90, showing also a 

great development rate. At 28 days the highest strength was given for compositions D1S-50 and LP, 

whereas at 90 for mixtures D1S-75, D1S-50 and LP. D1S-25 and D1C-25 presented a comparable to LP 

strength level. In the D1C series, the amount of D1C seemed to have a proportional negative effect in 

flexural strength, both in 28 and 90 days, however in D1S series results varied.  

Compressive strength (Fig.4) ranged from 0.7 to 5.1 MPa at 28 days and 1 to 7.8 MPa at 90. The highest 

28d values were attributed to LP and D1S-25, whereas the 90d ones to series D1S. D1C-25 and LP 

values were again similar. In series D1C, the D1C amount also seemed to have a proportional negative 

effect in compressive strength, in both testing ages.  However, the 90d values for series D1S were 

similar (6.9-7.8MPa) and higher than LP (6.5MPa). 

Generally, it may be asserted that the strength development rate was significantly lower in the 

modified compositions, compared to the reference one, influenced by the type and proportion of the 

perlite by-product. D1S seemed to result in performable mortars, especially regarding the 90d 

compressive strength level, which in all cases exceeded LP values. All pozzolan substitutions had a 

beneficial impact, even the total one, showing that D1S can be used as an alternative pozzolanic 

material in lime-based mortars. D1C on the other hand presented a lower strength level, especially in 

the cases of a high amount. In the lowest proportion (D1C-25), it presented comparable with the 

reference mortar results, showing that its use could be feasible in low proportions.    

 

Figure 2. Dynamic Modulus of Elasticity of the mortar mixtures. 
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Figure 3. Flexural strength of the mortar mixtures. 

 

Figure 4. Compressive strength of the mortar mixtures. 

4 Conclusions 

Generally, the partial and even total replacement of natural pozzolan by perlite by-products, for 

manufacturing restoration mortars for historic building, seems to be a feasible and environmental 

beneficial approach. Regarding the latter, the produced materials could be characterized by a low 

environmental footprint due to the limitation of the mining of natural pozzolan needed for their 

manufacture, as well as the exploitation of perlite by-products that would be otherwise deposited 

outdoor. 
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The positive influence of perlite by-products on lime-based mortars, could be synopsized as following: 

• Reduction of the W/B ratio around 15-30%. The higher proportion of by-products the lower was 

the water demand in all cases.   

• Reduction of porosity, absorption and capillary absorption, especially for the pozzolan partial 

substitution by D1S (up to 75%).  

• The low strength development rate of the modified mortars, led to enhanced 90d mechanical 

characteristics that should be further envisaged. 

• 90d Dynamic Modulus of elasticity was increased by the pozzolan substitution (up to 75%) by D1S, 

as well as flexural and compressive strength.  

From the above mentioned remarks, it may be asserted that the type and proportion of perlite by-

products are of paramount importance, influencing directly the physical and mechanical properties of 

the modified mortars. The partial substitution of natural pozzolan with D1S (up to 75%), resulted in 

mortars with a better performance compared to the conventional (LP) mixture. The total substitution 

had also positive results, showing that D1S could be used as an alternative pozzolanic material in lime-

based mortars. D1C on the other hand, presented a lower strength level, especially in the cases of its 

higher proportion. In the lower one (25%), its behaviour was in a good level, showing that its use could 

be feasible in a low proportion and for specific applications.  
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Abstract: The present paper aims at comparing diammonium hydrogen phosphate (DAP) and 

nanolimes (NL) as consolidants for the preservation of lime mortars. The durability of the two 

consolidants was evaluated in terms of resistance to freezing - thawing and salt crystallization cycles. 

The results of the study point out that, compared to the untreated reference and NL-treated samples, 

DAP-treated mortars showed much improved resistance to freezing-thawing cycles. A lower benefit 

was found in the case of salt crystallization cycles, as DAP-treated samples exhibited a substantially 

similar behavior as untreated and NL-treated ones. The different improvement in durability observed 

for the two weathering processes could be ascribed, on the one hand, to the slight modification of the 

pore size distribution after treatment (which may lead to increased crystallization pressure) and, on 

the other hand, to the severity of the salt weathering test (involving the use of a saturated Na2SO4·10 

H2O solution). All things considered, the potential of the DAP treatment for the conservation of lime-

based mortars seems confirmed. 

1 Introduction 

Considering the limitations of traditional consolidants for the conservation of carbonate materials, the 

use of a new phosphate-based product has been proposed [1]. Diammonium hydrogen phosphate 

(DAP) is used as a precursor to form hydroxyapatite (HAP) on calcitic substrates that is able to improve 

cohesion between grains and improving mechanical properties of the material. 

Effectiveness and compatibility, that have been investigated in previous studies [2], are only two of 

the main requirements that any consolidant must ideally fulfil [3,4], as it must also guarantee a proper 

durability, maintaining its efficacy and compatibility after exposure to environmental weathering, 

without leading to dispersion of harmful products as a consequence of ageing [3]. After consolidation, 

the consolidated part may actually experience different (potentially, worse) deterioration compared 

to the untreated substrate, for instance if a surface crust is formed. To characterize the behavior of 

consolidated materials, accelerated ageing tests are often applied, especially when the performance 

of a new consolidating products needs to be evaluated [4]. 

In the case of porous materials, such as lime mortars, the most common and dangerous weathering 

processes are freezing-thawing cycles and salt crystallization cycles [5]. Therefore, in the present paper 

HAP-treated lime mortars were subjected to accelerated ageing to assess their durability against 

freezing-thawing cycles and salt crystallization cycles, with the aim of assessing the potential 

dissolution of newly formed soluble calcium phosphates and the effects of the changes in pore size 

distribution induced by the consolidant. For comparison’s sake, all the tests were performed in also on 
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mortar samples treated with a commercial product based on nanolimes (Nanorestore®), one of the 

most common products for the conservation of lime plasters and mortars. 

Considering that national and international recommendations about experimental procedures of 

weathering (e.g. European EN 12371 [6] , Italian UNI 1186 [7] for freezing-thawing test, European EN 

12370 [8] RILEM MS-A.1 [9] RILEM MS-A.2 [10] ) often do not realistically reproduce the transport and 

crystallization processes [11] or are not enough effective to overcome the issue that may be 

encountered in the field [11, 12] the procedures adopted in this study partly modified the standard 

procedures, as also done in previous studies [4]. 

2 Materials and Methods 

2.1 Lime mortar 

Mortar samples were prepared using slaked lime and calcareous aggregates according to historic 

recipes. A binder-to-aggregate ratio of 1:2 v/v (0.41 w/w) and a water-to-binder ratio of 1:1 v/v (0.45 

w/w) were used.After curing for 4 months to ensure carbonation, the specimens were treated by 

brushing until apparent refusal with: (i) a 3 M DAP solution, followed by a limewater poultice [13] 

(labelled as “DAP”); (ii) a commercial nanolime dispersion in ethanol with 5 g/L concentration (labelled 

as “NL”).  

One month after the consolidant application, untreated (UT) and treated samples were subjected to 

accelerated ageing tests, as illustrated in Figure 1. 

Figure 1. Schematic illustration of the methodology adopted for accelerated ageing after consolidation 
treatment. 
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2.2 Freezing-thawing cycles 

Freezing-thawing (FT) cycles were performed modifying partially the European [6] and Italian [7] 

standards as in previous studies [4]. Before starting the cycles, specimens were saturated by partial 

immersion in de-ionized for 72 h. Then, each cycle consisted in two steps: i) freezing at – 20 ± 2°C for 

2 h; ii) thawing in water at + 20 ± 2°C for 2 h. Three cycles were performed each day, leaving the 

samples submerged in water the whole night. Every 6 cycles the sample were dried in the oven at 40°C 

for 72 hours, then visually observed, weighed and characterized, in terms of dynamic elastic modulus 

(see § 3). After that, the cycles were started again. In total 10 cycles were carried, as UT and NL samples 

exhibited dramatic material loss.  

2.3 Salt weathering cycles 

For the salt weathering (SW) cycles, sodium sulphate (Na2SO4) was used, because it is known as the 

most dangerous salt and is widely used in accelerated durability tests [14]. A saturated (14 % w/w) 

solution of sodium sulphate was prepared using de-ionized water, with controlled temperature (25 ± 

2 °C) to reproduce field conditions where salt accumulates, e.g. from the ground supply. Salt cycles 

were performed by capillary absorption of the solution via the bottom face, by immersing the sample 

half the depth. In this way the specimens are partially immersed [12] and the solution can evaporate 

from the upper surface. Each cycle consisted in immersion in the solution for 2 h and drying at 40 °C 

for 20 h, followed by cooling for 2 h. In total 10 cycles were carried out, because visible damage started 

to occur and mechanical testing would have been impossible on samples too heavily damaged. 

At the end of the 10 crystallization cycles, the samples were desalinated by poulticing, with the aim of 

evaluating the changes in pore size distribution and mechanical properties without interference from 

the salts. The whole surface of each specimen was wrapped with a poultice prepared using cellulose 

pulp and de-ionized water, then the samples were wrapped with a plastic film for 24 hours, then finally 

unwrapped and dried at room temperature with the cellulose pulp still in contact with the specimens. 

3 Characterization 

First, the effectiveness of the consolidants was assessed 1 month after the consolidant application 

(before the durability tests). Curing for 1 month was selected as it is recommended by the technical 

data sheet of the nanolimes. The effects of the consolidants were evaluated in terms of variations in 

dynamic elastic modulus (Ed) determined by ultrasonic testing, compressive strength by double punch 

test (DPT) and pore size distribution by mercury intrusion porosimetry (MIP). Then, the measurements 

were repeated after accelerated ageing. 

Ultrasound measurements were performed using a Pundit instrument with 55 kHz transducers, 

determining the ultrasonic pulse velocity (UPV) and then calculating the Ed, as described in detail in 

[15,16]. Compressive strength by DPT was performed by loading the specimens using 20 mm diameter 

circular steel plates. The resulting compressive strength was calculated as the ratio of the failure load 

to the loaded area. The maximum load was set to 500 daN, with a speed of 3 daN/sec. 
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The alterations in open porosity and pore size distribution after the ageing cycles were evaluated by 

MIP using a Pascal 140 and 240 instrument (minimum pressure 0.0125 MPa, maximum pressure 200 

MPa). The MIP samples (~1 cm3) were collected by a pincer after mechanical testing. 

4 Results and discussion 

Compared to the untreated reference, and also the NL-treated samples, DAP-treated mortars showed 

much improved resistance to freezing-thawing cycles. This is evident both in terms of weight loss and 

dynamic elastic modulus (Figure 2). In fact, both UT and NL samples showed a dramatic weight loss 

(almost 50% for UT, slightly better for NL), while DAP samples almost remained unaltered. This trend 

is confirmed also by ultrasonic measurements (Figure 2) and DPT (Figure 3). Indeed, after the cycles 

the residual compressive strength of DAP-treated samples is more than three times that of NL. 

Figure 2. Variation of the weight after treatment and after 10 cycles for a) freezing – thawing cycles; b) salt 
weathering cycles; Variation of dynamic elastic modulus after c) freezing – thawing cycles; d) salt weathering 

cycles. 
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A lower benefit was found in the case of salt crystallization cycles, as DAP-treated samples exhibited 

a more evident worsening in terms of Ed (Figure 2), even if the efficacy after treatment was higher. On 

the other hand, in parallel direction DAP performs better than NL, maybe due to the limitations of the 

data acquisition on specimens dramatically damaged as after salt crystallization cycles, like the non-

planar contact between UPV transducers and the press plates with the mortar surface. Nonetheless, 

after desalination at the end of the salt crystallization cycles the DAP-treated samples exhibited higher 

residual compressive strength than the NL-samples (Figure 3). This discrepancy between Ed and DAP 

results may be ascribed to surface material loss, which worsens the contact between the samples and 

the transducers used for ultrasonic measurements, thus leading to an apparent decrease in Ed. 

Figure 3. Variation of the compressive strength a) before and after freezing- thawing cycles; b) before and after 
salt weathering cycles. Note: in a) some standard deviations are not present due to disintegration of some 

specimens due to cycles, so one sample only was tested. 

The pore size distribution of untreated and treated samples, before and after accelerated ageing, is 

shown in Figure 4. After the freezing-thawing cycles, the UT samples exhibited an increase in coarse 

pores, which is a sign that new microacraks were formed. Similarly, an increase in pore size was 

registered also for the NL-tretaed samples. In the case of the DAP-treated samples, it is noteworthy 

that a change in pore size distribution was experienced after treatment, as more fine pores (below 0.1 

µm) were present. Even though the ice and salt crystallziation pressure is known to be higher in smaller 

pores, in the case of DAP samples the increase in mechanical properties was apparently sufficient to 

compensate such potentially negative increase in smaller pores. As a result, the DAP-treated samples 

resisted well to freezing-thawing cycles (Figure 3) and the final pore size distribution was not too 

different from that before the cycles (Figure 4).  

In the case of salt crystallization cycles, the two consolidants seem to have impacted the pore size 

distribution in different ways: DAP was again responsible for an increase in smaller pores, similar to 

the previous case, while NL apparently occluded smaller pores (Figure 4b). After the cycles, the pore 
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size distribution of the NL samples was basically the same as the UT reference, while the DAP ones still 

exhibited a different pore size distribution, characterized by finer pores. 

Figure 4. Pore size distribution of untreated and treated samples before a) freezing – thawing cycles; b) salt 
weathering cycles, and after c) freezing – thawing cycles; d) salt weathering cycles. 

5 Conclusions 

The present study aimed at evaluating the durability of lime-mortars treated with an innovative 

phosphate-based consolidant and with traditional nanolimes. In terms of freezing–thawing cycles, 

DAP-treated mortars showed a higher durability than the untreated reference and also the nanolimes 

benchmark, in terms of weight loss, dynamic elastic modulus and compressive strength by double 

punch test. After salt weathering cycles, the DAP-treated samples exhibited a substantially similar 

behavior as the other samples.  

The different performance of the DAP treatment observed between freezing-thawing cycles and salt 

crystallization cycles could be ascribed, on the one hand, to the slight modification of the pore size 
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distribution after treatment (which may lead to increased crystallization pressure) and, on the other 

hand, to the severity of the salt weathering test (involving the use of a saturated concentration of 

Na2SO4•10 H2O solution). For a more reliable evaluation of the salt resistance of the consolidated 

mortars, additional tests are recommended using a less aggressive and more reliable salt weathering 

test, like that being developed within the RILEM TC 271-ASC. 
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Topic 8: Repair mortars and grouts. 
Requirements and design. 

 Compatibility issues. 
Durability and effectiveness. 

Adequacy of testing procedures.
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Abstract: This paper presents a study on partial replacement of lime binder with fine 

spongilite with the purpose of exploring a new application of this natural material as lime 

mortar additive. Standard air lime mortars were made by incorporating from 0% to 40% of 

spongilite powder in replacement to lime and their mechanical performances, microstructure, 

and durability were determined. The spongilite powder showed similar pozzolanic activity as 

natural zeolite or waste brick powder predicting an improvement in the mechanical properties and 

durability of lime mortars. As the replacement level in lime mortars increased, the amount of mixing 

water needed for the same mortar consistence decreased, and the performance properties of the 

mortars improved. The increase in strengths of mortars was manifested mainly in the long term of 

180 and 365 days. The incorporation of fine spongilite led to the formation of slightly denser, more 

water absorptive, however, more frost resistant and salt crystallization resistant structure in air lime 

mortars. The effective use of spongilite powder as a supplementary material in air lime mortars was 

assessed to enhance their performance in building practice or to prepare feebly hydraulic mortars 

used in the past in constructions nowadays considered built heritage. 

1 Introduction 

The protection of historic buildings requires the use of traditional building materials compatible with 

the historical ones or as close to them as possible. Due to the fact that mortars for restoration purposes 

must be sufficiently durable and resistant to weather attack, blended mortars are a very good 

alternative for combining the advantages of air lime (easy water vapor permeability and compatibility 

with historical mortars) and hydraulic binders and pozzolans (durability in a humid environment and 

frost resistance). Various additives, admixtures, or fibers are commonly added to improve the 

mechanical properties and durability of air lime materials. Recent and current research on lime mortars 

mainly concerns the use of natural or waste materials that act as fillers in mortars or have pozzolanic 

properties. 

Spongilite – the technical geological name of the sedimentary rock of the Upper Cretaceous, a siliceous 

calcium marlite more commonly but incorrectly called marl, marlstone, or clay marl – is a typical 

representative of organogenic pozzolans. Triaxial needles of dead microscopic marine fungi of the 

Porifera strain, so-called spongies, play a significant role in the heterogeneous structure of spongilites. 

The needles of these fungi are formed by opal, but during diagenesis the opal recrystallizes to 

chalcedony and quartz. The secondary components are usually clay minerals, mica, and calcite [1]. 

Spongilites are very porous rocks, characterized by a relatively large pore volume with their narrow 

distribution, usually below 0.1 mm. Spongilite was one of the most widespread building materials of 
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the Romanesque and Gothic period in the Czech Republic. Thanks to its relatively abundant occurrence 

and easy processing, it has become a popular building and art material. Despite being known for its 

low resistance to weathering, it was still used in some areas of buildings in the first half of the 20th 

century [2].  

The influence of the very fine fraction of spongilites in building binders has been very little studied so 

far and there is almost no professional work on this topic. Spongilites were observed as materials that 

prevent the formation and course of the alkali-silica reaction (ASR) in concrete [3]. It was also found 

that the replacement of 7% of aggregate by marlstone powder (rock geologically related to spongilite) 

causes enhancement in the mechanical properties of pervious concrete. The high content of reactive 

silica in marlstone compared to other stones studied (limestone, mudstone, sandstone, natural sand) 

contributes to chemical interaction with Ca(OH)2 formed during the hydration of cement to produce 

additional calcium silicate hydrates (CSH) [4]. The partial replacement of cement by spongilites causes 

consistency thickening and prolongation of the initial and final setting times of cement pastes with a 

concomitant increase in viscosity and yield stress, and a decrease in the thixotropy of the pastes [5]. 

The spongilites in cement causes increase in water retention of mortars, slightly reduction of their bulk 

density, increase in porosity of mortars due to the growing predominance of capillary pores maintaining 

sufficient mortars strengths, and slightly increase in the frost-resistance of cement mortars [6].  

The use of spongilites in lime mortars has not yet been the subject of any published research, although 

the partially amorphous nature of spongilites (especially the content of opal and chalcedony) 

predetermines this material as a pozzolanic additive to lime mortars. In the Czech Republic, there are 

several localities of spongilite in the overburden of high-quality foundry sands. They are often mined 

and stored without further use; therefore, this paper includes a study on partial replacement of lime 

binder with spongilite powder with the purpose of exploring a new application of this unexploited 

material as lime mortar additive. 

2 Materials and methodology 

2.1 Materials 

Hydrated lime CL90-S (Carmeuse Czech Republic s.r.o. Mokrá, Sivice, Czech Republic) was used as a 

binder in prepared mortar mixes. Washed quartz sand meeting EN 13139 (fraction 0/2 mm from 

Filtrační Písky spol. s.r.o., Chlum, Czech Republic) was used as an aggregate, and fine spongilite powder 

with maximum particle size of 125 µm (Kalcit s.r.o., Brno, Czech Republic) was a pozzolanically active 

lime substitute in prepared mortars. The chemical composition of all raw materials is given in Table 1. 

The phase compositions obtained by X-ray diffraction analysis (XRD) using Rietveld method are 

presented in Table 2. The particle size distribution of initial materials was presented in previous 

literature (spongilite DL) [6]. The initial materials were also characterized by their fundamental physical 

parameters. Loose bulk density, specific gravity, and Blaine specific surface area (Sg) of materials 

stipulated by EN 196-6:2018 are given in Table 3. The spongilite exhibited high Blaine fineness, which 

together with high amount of reactive opal, explains its pozzolanic activity that was assessed by the 

modified Chapelle test method according to NF P 18-513: 2012 (Table 3). The spongilite was not 

modified in any way before the pozzolanicity test, a fine spongilite powder with a granulometry of up 

445



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

to 125 µm was used for the test. Determination of pozzolanic activity of spongilite was performed after 

24 hours and also after 5 days of reaction with Ca(OH)2 in an autoclave at 90 °C. The spongilite exhibited 

similar or slightly higher pozzolanic activity as thermally treated zeolite [7] or waste brick powder [8] 

but did not reach such high values as fly ashes [9] or waste glass dust [10]. According to Raverdy et al. 

[11], material is considered as pozzolanically active if its Chapelle reactivity is ≥ 650 mg of Ca(OH)2/g 

of testing material. The spongilite safely fulfilled this condition. 

Table 1. Chemical composition of initial materials (wt%). 

Table 2. Mineralogical composition of initial materials (wt%). 

Mineral Lime Quartz sand Spongilite 

Brucite 0.5 – – 
Calcite 1.8 – 37.5 
Cristobalite – – 15.5 
Glauconite – – 3.1 
Portlandite 97.1 – – 
Quartz − 98.3 24.3 
Opal − – 14.6 
Orthoclase − 1.5 4.8 

Table 3. Fundamental parameters of initial materials (a – after 1 day treatment, b – after 5 days treatment) 

 d50 
(µm) 

Loose bulk density 
(kg m-3) 

Particle density 
(kg m-3) 

Sg Blaine 
(m2 kg-1) 

Pozzolanic activity 
(mg Ca(OH)2/g) 

Lime 2.6 465 2420 1320 – 
Quartz sand 447 1670 2650 – – 
Spongilite 77.8 770 2570 620 a694, b910 

2.2 Experimental procedures 

Mortar mixtures were prepared using a binder:aggregate volume ratio of 1∶1 and different 

water:binder coefficients for each mixture to achieve similar fresh mortar consistence, 160 ± 5 mm, 

measured by the flow table test (EN 1015-3). This volume ratio is commonly used in the preparation 

of lime renders in practice and research and is also supported by the results obtained by Lanas et al. 

[12]. The used consistency of mortars guarantees easy handling, good adhesion to the substrate and 

at the same time allows their use in machine rendering. Fine spongilite powder was used as a partial 

replacement of lime in three different dosages (10%, 20%, and 40% of the lime weight). The 

proportioning of the mortar mixtures is given in Table 4. Bulk density (ρfm), water retention value 

(WRV), and entrained air in fresh mortars were set following the standard EN 459-2. The freshly casted 

samples (40 × 40 × 160 mm) were freely covered by polyethylene foil in order to avoid their cracking 

caused by rapid drying. Hardened mortar specimens were demolded after 48 h and then cured in a 

 SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O MnO TiO2 SO3 L.O.I. 

Lime 0.92 0.71 0.39 68.09 1.33 0.48 0.11 0.01 0.10 0.19 27.94 

Quartz 
sand 

98.50 0.38 0.15 0.01 0.03 0.09 0.01 0.04 0.09 0.02 0.12 

Spongilite 60.37 3.11 1.41 16.12 0.51 1.13 1.09 0.34 0.19 0.06 15.41 
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wet chamber at temperature T = (22 ± 3)°C and a relative humidity RH = (95 ± 5)% for 26 days. The 

samples were then stored under laboratory conditions at T = (22 ± 3)°C, RH = (45 ± 5)%. During the 

entire ageing period, the samples were placed on plastic grids to make their surface as accessible as 

possible for carbonation. High relative humidity favoured the pozzolanic reaction, whereas curing 

under ambient conditions allowed the carbonation of hydrated lime mortars.  

The basic physico-mechanical properties of mortars were determined after 28, 90, 180, and 365 days 

of curing. The bulk density of hardened mortars was estimated following EN 1015-10, and the flexural 

strength and compressive strength of the samples were determined according to EN 1015-11. For the 

particular mortar mixture, a set of three prisms was evaluated. The study on the pore structures of the 

samples including the determination of total open porosity and pore-size distribution was conducted 

with high-pressure mercury intrusion porosimetry (MIP) using a PoreSizer 9310 (Micromeritics BV, 

Eindhoven, Netherlands). Frost resistance of the mortars was assessed after 90 curing days according 

to the modified Czech standard (ČSN 722452). The total test required 15 freeze-thaw cycles. One cycle 

consisted of 6 h freezing of water-saturated samples at  −20°C and 12 h thawing in a desiccator at a 

constant relative humidity of 99% and a temperature of 23°C. The frost resistance coefficient (Df) was 

determined as a ratio of flexural strength of specimens after 15 freeze-thaw cycles to the flexural 

strength of reference specimens. Water absorption of the samples by immersion at atmospheric 

pressure was calculated according to EN 13755. The transport of liquid water in the studied materials 

at the age of 90 days was characterized by the capillary water absorption coefficient according to EN 

1015-18, sorptivity, and liquid water diffusivity [13]. The salt crystallization resistance of mortars at the 

age of 90 days was determined using 10% Na2SO4, 3% NaCl, and 3% NH4NO3 solutions. The procedure 

was performed according to the European standard (EN 12370:1999) and it is described in detail in 

authors` previous paper [14]. 

Table 4. Composition and fresh state properties of render mixtures. 

 

 

 

 

 

 

3 Results and discussion 

3.1 Fresh state properties 
The water required to prepare mortars with similar consistence decreased with increasing amount of 

lime replaced with spongilite. This is due to the larger particle size of spongilite (Table 3) than to lime, 

and therefore also to the lower specific surface area of the spongilite particles. The decrease in 

water/binder ratio to achieve the same workability corresponds with the results found in the literature 

for other pozzolanic additives such as metakaolin, natural zeolite etc. [15–18]. With the gradual 

replacement of lime with spongilite powder, the water retention (WRV) in mortars increased 

 Lime 
(g) 

Quartz sand 
(g) 

Spongilite 
(g) 

H2O 
(g) 

ρfm  
(kg m-3) 

Air content 
(%) 

WRV 
(%) 

L-ref 100 358 0 100 1920 4.6 97.1 

LS10 90 334 10 100 1930 3.7 98.3 

LS20 80 315 20 95 1940 2.9 99.3 

LS40 60 283 40 88 1960 2.4 99.8 
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proportionally from 97.1% to 99.8% (Table 4). According to Faria P. [19], the decrease in water/binder 

ratio for lime-pozzolan mortars leads to the increase in WRV. A similar increase in WRV was observed 

in spongilite-blended fine-grained cement mortars [6]. The air content in mortars decreased slightly 

with increasing spongilite replacement, resulting in a gradually increasing bulk density in the fresh 

(Table 4) and hardened state and a decrease in the porosity of the mortar (Table 5). The variations in 

air content are most-likely related to various rheology of binder-paste. 

3.2 Mechanical parameters 
Bulk density of hardened mortars slightly increased with an increasing amount of spongilite 

incorporated (1650 kg m-3 for L-ref, 1660 kg m-3 for LS10, 1680 kg m-3 for LS20, 1720 kg m-3 for LS40 at 

the age of 28 days) due to the reduction of mixing water quantity required for the same fresh mortar 

consistency. As spongilite content increased, the mortars became denser but still met the 

recommended bulk density for repair mortars in the range of 1500−1800 kg·m−3 [15, 16]. The bulk 

density of mortars slightly increased over time due to carbonation (1680 kg m-3 for L-ref, 1700 kg m-3 

for LS10, 1720 kg m-3 for LS20, 1740 kg m-3 for LS40 at the age of 365 days). 

Time evolution of mortar strengths is presented in Fig. 1. Initially, mortars with spongilite powder had 

a lower flexural and compressive strength than the reference mortar, but their strengths increased 

during ageing, and after 90 d, the mortars with 10% and 20% lime replacement surpassed the reference 

mortar in their strength. It is evident that the pozzolanic reaction of spongilite powder requires a longer 

period of time to be fully reflected in the properties of lime mortars. However, it should be noted, that 

the 28 days strengths can be unfavourably affected by the increased humidity of specimens at the time 

of testing as they were tested right after the removal from highly humid environment. The flexural 

strength of LS40 mortar remained at its initial values throughout 365 days and it was below the 

reference mortar value. In contrast, the compressive strength of this mortar significantly exceeded all 

other mortars in all monitored ages, and already at 90 days of age reached a value of about 4 MPa. 

The observed significant increase in compressive strength is comparable to other pozzolanic additives 

(metakaolin, natural zeolite, silica fume...) [15, 16, 18, 20, 21].  

Building practice classifies rendering and plastering mortars based on their 28-days compressive 

strength (σc) according to EN 998-1. In this connection, L-ref, LS10, and LS20 mortars can be classified 

into category CS I (σc in the range 0.4−2.5 MPa) and LS40 mortar belongs to the category CS II (σc in the 

range 1.5−5.0 MPa). Veiga M. [22] recommends compressive strength of repair mortars after 90 days 

in the same range of 0.4−2.5 MPa, the mortars with 10% and 20% of spongilite powder fulfil this 

recommendation. 

3.3 Frost resistance 
As the frost resistance test is performed on water-saturated samples, air lime mortars sometimes 

break up in this test before the completion of 15 cycles. In this study, all tested mixtures withstood 15 

freeze-thaw cycles and it was possible to determine their flexural strengths and subsequently evaluate 

the frost resistance coefficients, Df (Table 5). The reference lime mortar is not frost-resistant and 

showed the lowest Df value. The frost resistance of mortars increased with an increasing amount of 

spongilite powder in the samples up to 20%. These mortars exceeded the frost resistance coefficient 

of 0.75 and thus met the frost resistance criterion. This confirmed the effective use of spongilite 
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powder as a supplementary material improving the properties of lime mortars. The improvement in 

frost resistance by partial replacement of lime with spongilite is more pronounced than in the case of 

using natural zeolite [21] or foam glass dust [11]. Although the mortar with 40% lime replacement by 

spongilite narrowly met the criterion of frost resistance, its Df value was the lowest of the blended 

mortars. This change in the frost resistance trend is due to the higher total open porosity and water 

absorption of LS40 mortar. From the point of view of frost resistance, 20% spongilite replacement 

appears to be the best of the studied lime substitutes. 

 

Figure 1. Time evolution of flexural and compressive strength of mortars. 

Table 5. Total open porosity (Ψ), frost resistance coefficient (Df), water absorption (Aw) and liquid water transport 
parameters of mortars 

3.4 Liquid water transport  
Capillary liquid water transport in the mortars was measured by applying sorption experiments before 

and after the frost resistance test at the age of 90 days (Fig. 2). The results achieved are given in Table 

5. Liquid water transport through the mortars representing by capillary water absorption coefficient 

(Cm), liquid water diffusivity (κ), and sorptivity (S) was slower in the spongilite mortars despite their 

greater water absorption. The capillary water action slowed down with increasing chalcedonite 

content up to 20%. There was a significant increase in all monitored parameters for the mortar with 

40% lime replacement by spongilite, which is in line with its higher total porosity and water absorption 

of this mortar (Table 5). The difference was probably caused by the increase in the content of capillary 

Mixture Ψ (%) Df (–) Aw (%) Cm (kg m-2 min-1/2) κ (mm2 min-1) S (mm min-1/2) 

L-ref 28.64 0.44 15.35 1.534 43.89 1.54 
LS10 27.62 0.83 15.54 1.130 19.63 1.13 
LS20 26.99 0.97 15.93 0.851 14.28 0.85 
LS40 30.32 0.78 17.31 1.306 26.11 1.31 
L-ref 15 c 32.24 – 14.07 1.247 34.83 1.25 
LS10 15 c 30.94 – 17.43 1.344 25.06 1.35 
LS20 15 c 29.70 – 16.62 1.297 22.77 1.30 
LS40 15 c 32.57 – 18.58 1.341 22.84 1.34 
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active pores with a diameter below 0.07 μm and their better interconnection (Section 3.5). This finding 

is opposite to the trend which was observed when adding foam glass dust [11] or natural zeolite [21] 

to lime mortars. All the mortars were characterized by greater water absorption coefficient values than 

0.3 kg m−2/24 h, which is considered in EN 998-1 as minimal for renovation mortars. It is thus possible 

to deliberate the use of these mortars for the repair of historical mortars not only in terms of their 

strength properties. 

After the frost resistance test, the spongilite mortars showed higher liquid water transport parameters 

and water absorption at atmospheric pressure due to the formation of microcracks in the samples 

during the frost resistance test (Table 5), which was also reflected in the increased total open porosity 

of the mortars. 

 

Figure 2. Capillary water absorption curves for tested mortars; (black) before the frost resistance test (at the 
age of 90 days), (red) after the frost resistance test. 

3.5 Pore structure 
Porosity of the mortars (obtained by MIP) has been determined before and after the frost resistance 

test (15 c) at the age of 90 days (Fig. 3, Table 5). The results show that as spongilite content increased 

up to 20%, the total open porosity (Ψ) of mortars decreased. But surprisingly, the mortar with 40% 

lime replacement by spongilite was the most porous. The change in total open porosity is due to a 

decrease in the amount of mixing water with increasing amount of spongilite and also to the formation 

of calcium silicate hydrate (CSH) gel by the pozzolanic reaction of spongilite. In these ways, the added 

spongilite also affected the pore size distribution in the mortars (Fig. 3). As the spongilite powder 

content in the mortars increased, the proportion of pores with a diameter of about 0.5 µm gradually 

decreased and the proportion of pores of 0.25 and 0.05 µm increased. Small pores with a diameter of 

about 0.01 µm, typical for the CSH gel, appeared to a greater extend in the structure of LS40 mortars 

which was also reflected in the water absorption of the mortar and increased values of liquid water 

transport parameters (Table 5). All prepared mortars met the requirement of total open porosity in 

the range of 20%–40% for possible use as repair mortars of historic buildings [23]. Similar differences 

in pore size distribution in the lime mortars were observed using natural zeolite [21] or foam glass dust 

[10] as a partial replacement of lime. 

After 15 freeze-thaw cycles (15 c), the reference mortar and LS10 mortar included a significantly higher 

proportion of pores with a diameter around 0.5 μm due to the partial destruction of small pores by ice 
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crystallization pressure, while in the LS20 mortar, the pores with a diameter around 0.5 µm were filled 

by portlandite crystallizing from a pore solution and by a more complete pozzolanic reaction of 

spongilite powder, and there was an increase in the content of pores with a diameter around 0.01 μm 

(Fig. 2). Nevertheless, the total open porosity slightly increased in all monitored mortars (Table 5).  

 

 

Figure 3. Pore size distribution in studied mortars in the area of capillary pores; (a) before the frost resistance 
test (at the age of 90 days), (b) after the frost resistance test. 

3.6 Salt crystallization resistance 
The content of anions in aqueous leaches of the samples before and after salt crystallization resistance 

test is presented in Table 6 together with the number of cycles until the sample decomposition. The 

results show that the concentration of the monitored anions in the samples after treatment with saline 

solutions increased more than 100 times; mostly in LS20 sample. The accumulated amount of salts in 

the samples increased with increasing spongilite content up to 20%. The mortar with 40% lime 

replacement by spongilite did not show any further improvement in salt accumulation and so it was 

confirmed that the more porous structure of mortars is not always more advantageous for salt 

accumulation and that sufficiently strengthened lime mortars by pozzolanic reaction of the binder may 

have improved salt accumulation abilities, such as when using natural zeolite [21]. The increased 

amount of nitrates in the structure of the LS10 and LS20 mortars caused earlier decomposition of the 

samples than in the reference mortar, but from the point of view of salt accumulation (in desalination 

of masonry) these mortars appear to be more suitable (especially in potential use as sacrificial 

renders). 

Table 6. Concentrations of monitored anions in aqueous leaches of mortar samples before (cg0) and after (cg) the 
salt crystallization resistance test, and a number of the test cycles to sample disintegration (10 = intact sample). 

Mixture 
cg0 SO4

2- 

(g kg-1) 

cg0 Cl-  

(g kg-1) 

cg0 NO3
- 

(g kg-1) 

cg SO4
2- 

(g kg-1) 

cg Cl-  

(g kg-1) 

cg NO3
- 

(g kg-1) 

Cycle 

count in 

Na2SO4 

Cycle 

count in 

NaCl 

Cycle 

count in 

NH4NO3 

L-ref 0.103 0.055 0.487 21.04 7.73 19.85 3 10 10 

LS10 0.090 0.213 0.398 40.18 14.12 32.08 3 10 6 

LS20 0.073 0.203 0.285 44.17 15.23 36.77 3 10 6 

LS40 0.049 0.196 0.209 38.76 13.95 30.41 3 10 9 
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4 Conclusions 

The mortars with distinct levels of lime replacement with spongilite powder were made and their 

mechanical performances, microstructure, and durability were determined. Based on the obtained 

results, the following conclusions can be drawn. Mortar strengths increased with increasing spongilite 

content in the mortars. As the replacement level in lime mortars increased up to 20%, a decrease in 

the total open porosity of the samples associated with a reduction in the rate of capillary water 

absorption was observed. Despite the decreasing porosity of the samples with increasing spongilite 

content, spongilite mortars showed better ability to accumulate salts. The use of spongilite-modified 

lime mortars for desalination of chloride-contaminated masonry seems to be particularly suitable. 

Spongilite powder used as a pozzolanic additive has led to a considerable improvement in the frost 

resistance of lime mortars. Despite a slightly increased porosity after freezing cycles, spongilite mortars 

showed improved properties in all important aspects from the point of view of the utility of these 

mortars in restoration and conservation interventions on historic buildings, moreover, considering the 

use of unexploited waste material. Based on the achieved results, a 20% lime replacement can be 

recommended as optimal. 
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Abstract: The selection of building materials for any restoration project presupposes 

knowledge of their physico-mechanical properties, as compatible materials with the authentic ones 

need to be chosen at all times. In the case of composite building materials, such as lime-based 

mortars, the constituent raw materials, especially the aggregates which comprise the largest 

proportion of their volume, may affect the physico-mechanical performance of the end-product, 

both in the fresh and hardened states. It is therefore essential to identify the properties of the 

aggregates before these are incorporated in the mortar mixture. This paper reports on the effect of 

two different reef limestone crushed fine aggregates quarried in Cyprus on the physico-mechanical 

properties of repair lime-based mortars. The aggregates have been subjected to a series of 

standardized (i.e., soundness, Micro-Deval and water absorption) and non-standardized (powder X-

Ray Diffraction) laboratory tests to identify their properties, before being used to produce lime-based 

mortars with fixed binder:aggregate ratio and workability. The results confirm the negative effect of 

poor-quality aggregates on the mechanical strength, the porosity and capillary absorption of the 

hardened end-products; this is corroborated through supplementary Mercury Intrusion Porosimetry 

(MIP), thermogravimetric (DTA/TG) analyses and Scanning Electron Microscopy. 

1 Introduction 

Monuments are important cultural heritage assets, not only for their architectural value, but also 

because they provide evidence of traditional building techniques. Their conservation is, therefore, a 

responsibility of societies, in order to pass them on to future generations in good condition [1]. This 

relies very much on the use of compatible repair materials, including mortars. The physico-

mechanical properties of the latter depend, among other parameters, on the nature and properties 

of the major constituent materials, i.e., the binder and the aggregates [2].  

As a primary raw material, which comprises the largest proportion of the volume of lime-based 

mortars [3-5], aggregates have a major impact on the performance of these traditional composite 

materials. In fact, the quality of aggregates plays a fundamental role in the physico-mechanical 

properties of a mortar, and it should thus be given due attention when designing a repair mortar [6-

9].  

Historically, there was a large variation in the selection of aggregates for mortar production, 

depending on local availability. Typical natural aggregate sources were found in river basins and 

beaches. Nowadays, aggregates are mostly quarried from specific areas, following the crushing of 
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parent rock. Although there may be fewer options commercially available, due to standards and 

regulations, these are generally of better quality than historically sourced aggregates.  

Good aggregates for lime mortar production should consist of angular grains and should be free of 

contaminants, such as salt and organic matter. They should also be well-graded, with grain sizes 

between 0-4 mm. The composition of the aggregates is also important, as it can have an impact on 

the colour of the mortar and on its physical properties. A high clay or silt content in the aggregates is 

bound to affect the performance of the lime mortar and may lead to cracking and shrinkage. The 

sand used for lime mortar production should therefore be sieved and should be largely free from clay 

and silt [10,11,12]. It is worth noting that EN 13139 [13], which includes the specifications with which 

aggregates for the production of mortars must comply, recommends no more than 4% clay/silt in an 

aggregate.     

The aforementioned highlight the importance of the quality of aggregates on the performance of 

lime-based mortars. This paper, therefore, investigates the influence of two different reef limestone 

crushed fine aggregates, quarried in Cyprus, on the physico-mechanical properties of repair lime-

based mortars.  

2 Materials and Methodology 

Two different reef limestone crushed fine aggregates (0-4 mm) were used in this study. These 

aggregates originated from Pachna Formation (Terra and Koronia Members) quarries in Cyprus. The 

Terra Member (Lower Miocene) represents the first phase of reef growth on Cyprus [14]. Aggregate 

sample RL1, which comes from this Member, is generally hard and has a creamy-off-white colour. Its 

grains are mostly elongated and rough, whilst there is also a limited number of fossil skeletal 

fragments. Intraparticle porosity occurs within the grain pores. The distribution of grains in this 

sample seems to be uniform. The upper Koronia Member (Upper Miocene) contains mainly micritic 

calcite. Fossils are also abundant here [14]. The grains of sample RL2, which comes from this 

Member, appear to be more rounded and smooth. Although RL2 also has a creamy-off-white colour, 

there are some grains in it with reddish tones due to allochems. Aggregate sample RL2 further 

contains numerous fossil skeletal fragments. Significant primary intraparticle porosity occurs 

occasionally within partially unfilled fossils or between endoclasts. The distribution of grains inRL2 is 

not as uniform as in RL1, is since the former has a higher percentage of fines. 

A series of standardized tests, including magnesium sulphate soundness (EN 1367-2 [15]), Micro–

Deval (ASTM D-7428 [16]) and water absorption (EN 1097-6 [17]) measurements, were first 

performed on both aforementioned aggregate samples to identify their properties. Their 

mineralogical composition was also determined through qualitative and semi-quantitative powder X-

Ray Diffraction (PXRD) analyses, using a Bruker D8 Advance system, with a Cu anode (λ=1.5406 Å). 

Both samples were scanned with a scan rate of 0.5°/min, within the 2–100° 2θ angle range. The EVA 

(v.15.0) software and the International Centre for Diffraction Data (ICDD) PDF2 database were used 

to identify the crystalline phases. Semi-quantitative analysis was performed using the TOPAS 

software. 
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The aggregates were then used to produce lime mortars in the laboratory, in order to investigate the 

effect of aggregate quality on the performance of the end-product composite. Natural hydraulic lime 

3.5 (Chaux Blanche Naturelle, supplied by Lafarge) was used as the binder in both mix designs. The 

binder:aggregate ratio was fixed at 1:3 w/w, in line with the prominent binder:aggregate ratio 

evidenced in prehistoric and historic lime composites in Cyprus [18] and in the Mediterranean basin 

[19,20,21], while the workability of the fresh mixtures was maintained within the range 170±5 mm 

(Table 1). 

Table 1. Mix design of laboratory composites. All quantities are measured by mass. 

Mixture Aggregate 

Code 

Aggregates Binder Water/Binder Workability 

(mm) 

LM1 RL1 3 1 0.62 172 

LM2 RL2 3 1 0.69 174 

 

The fresh mortars were cast in standardized prismatic 40 x 40 x 160 mm steel molds in two layers; 

each layer was compacted using a jolting table. The molds were covered with a glass surface to 

prevent evaporation and instant loss of humidity. The hardened specimens were demolded 3 days 

after casting and were stored in plastic containers covered in wet burlaps, in a room with constant 

temperature (23±5) °C and humidity (50±5%), throughout their curing period, in order to maintain 

high levels of humidity.  

Three specimens from each batch were tested at 28, 56 and 365 days of curing in order to determine 

their main mechanical (compressive and flexural strength, according to ΕΝ 1015-11 [22]) and physical 

(open porosity and capillary absorption, according to the methodologies described in Hall and Hoff 

[23]), properties, both in the short- and long-term. Mercury Intrusion Porosimetry (MIP) was also 

carried out on bulk samples, using a Micromeritics Autopore IV porosimeter, in order to provide 

additional information regarding the open porosity (po), apparent density (ρb) and pore size 

distribution. Differential Thermal and Thermogravimetric Analyses (DTA/TG), using a Shimadzu DTF-

60H, were further carried out on powder samples taken from each specimen in order to investigate 

the presence of portlandite and subsequently the progress of carbonation/hydration reactions. The 

analyses were performed from 35 °C to 1200 °C, at a heating rate of 5 °C/min. Last but not least, 

Scanning Electron Microscopy (SEM), using a Jeol JSM-6610LV, assisted in the textural and 

morphological investigation of the microstructure of the mortars. The analyses were carried out on 

Au coated samples, under high vacuum conditions.  

3 Results and Discussion 

The results of the standardized tests, which were carried out to characterize the aggregates used in 

the production of the lime mortars in this study, are summarised in Table 2. 
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Table 2. Physico-mechanical properties of aggregates used in lime mortar production.  

Samples MS (%) MD (%) WA (%) 

RL1 14 14.4 1.0 

RL2 60 31.2 1.2 

1 MS: Magnesium Sulphate Soundness, MD: Micro-Deval, WA: Water Absorption. 
 

From Table 2, it is clear that aggregate sample RL1 may be classified as “good quality” aggregate, 

since it demonstrates lower values in all the tests it has been subjected to, compared to aggregate 

sample RL2, which may be classified as “poor quality” aggregate, since it demonstrates very high 

values in the magnesium sulphate soundness and Micro-Deval tests. It is worth mentioning that 

several researchers [24-26] have indicated a good correlation among the magnesium sulphate 

coefficient and the physico-mechanical properties of composite materials. The same stands for the 

Micro-Deval coefficient [26-28]. 

The very high magnesium sulphate soundness (MS) coefficient of aggregate sample RL2 may be 

attributed to its mineralogical composition and in particular to the presence of dolomite. From the 

results of the mineralogical analyses (Table 3), it is obvious that, whilst the predominant mineral in 

sample RL1 is calcite, sample RL2 contains almost equal amounts of dolomite and calcite. This high 

amount of dolomite in sample RL2 possibly affects its performance in use. In fact, there are 

researchers [29,30] who have measured significant deformations in dolomitic limestones during 

drying and re-wetting experiments with the use of magnesium sulphate. Furthermore, EN 1367-2 

[15] states that the soundness test with magnesium sulfate may not be suitable for all types of rocks; 

special reservations are expressed about some carbonate aggregates and some aggregates having a 

high proportion of magnesium bearing materials (e.g., dolomite aggregates). 

Table 3. PXRD analyses of the aggregates used in lime mortar production (only the main crystalline phases are 
shown). 

Samples PXRD Analysis 

RL1 Calcite (98%), Dolomite (1%), Quartz (1%). 

RL2 Dolomite (49%), Calcite (47%), Muscovite (2%), Halite (1%), Magnesite (1%). 

 

Whilst the mineralogical composition of aggregates seems to affect their soundness, there are 

conflicting views in the literature regarding the correlation between the former and the wear 

resistance of aggregates. Some researchers [31] believe that there is no significant correlation 

between the mineral composition of aggregates and the Micro-Deval test, whilst others [32] claim 

that, among the key factors influencing the wear and fragmentation of aggregates are the geological 

properties of the deposit (i.e., its mineralogical composition, as well as the size, shape, and 

arrangement of grains). Thus, although it might have been expected that sample RL2 would have a 

lower Micro-Deval value, due to the fact that dolomite is slightly harder and denser than calcite [33], 
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nevertheless, this factor seems not to have affected the result of the aforementioned standardized 

test. Hence, aggegate sample RL2 also appears to have a high Micro-Deval value (Table 2). 

Table 4. Mechanical and physical properties of lime mortars.  

 
Curing Period LM1 LM2 

fc (MPa) 

28d 3.3 (0.2/0.06) 1.9 (0.1/0.07) 

56d 6.2 (0.8/0.12) 4.2 (0.18/0.04) 

365d 14.5 (0.5/0.04) 11.2 (0.4/0.04) 

fcf (MPa) 

28d 1.2 (0.2/0.15) 0.6 (0.02/0.03) 

56d 2.7(0.3/0.12) 1.7 (0.06/0.04) 

 365d 4.6 (0.2/0.05) 3.7 (0.1/0.03) 

C (g/m2.s0.5) 

28d 129.4 (3.6/0.03) 217.0 (1.49/0.01) 

56d 123.4 (4.4/0.04) 192.6 (4.13/0.02) 

365d 116.0 (3.8/0.03) 170.4 (2.1/0.01) 

fo (%) 

28d 27.6 (0.2/0.007) 33.5 (0.1/0.004) 

56d 26.1 (0.15/0.006) 29.8 (0.2/0.007) 

365d 21.6 (0.3/0.014) 24.7 (0.3/ 0.01) 

MIP 
fo (%) 

365d 
24.3 31.6 

pb (kg/m3) 1828 1762 

1 fc: compressive strength, fcf: flexural strength, C: capillary absorption, fo: open porosity, pb: apparent density 
(standard deviation/COV). 

 

The results of the physico-mechanical properties of the hardened mortar specimens shown in Table 4 

clearly demonstrate that mortar LM1, prepared with the better-quality aggregates RL1 (see Table 2 

for aggregate characteristics), exhibits higher strengths, than mortar LM2 prepared with the poor-

quality aggregates RL2, at all curing ages tested. Similar results were obtained for the physical 

properties, since the aggregates with the higher soundness/Micro-Deval coefficients and water 

absorption (see Table 2) resulted in the mortar with the higher porosity and capillary absorption 

(LM2). Even though the aforementioned results may be attributed to the increased water/binder 

ratio used in mix design LM2 (see Table 1) [34], they are also certainly related to the poor quality of 

RL2 aggregates. As previously mentioned, several researchers [24-28] have indicated a good 

correlation among the magnesium sulphate and Micro-Deval coefficients and the mechanical and 

physical properties of mortars. Concerning water absorption, although there is a prevailing view 

among researchers [24-26] that this influences the performance of the end-product composite, no 

noticeable difference has been observed in the aggregate results hereby presented (see Table 2); 

hence, no safe conclusions can be drawn regarding the effect of this property on the properties of 

the mortars studied. 
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The Mercury Intrusion Porosimetry (MIP) results confirm that the open porosity of the mortar (LM2) 

prepared with the “poor quality” aggregates (RL2) is higher. At the same time, MIP measurements 

also reveal a modification in the pore structure of the composites hereby studied. The pore size 

distribution (Figure 1) demonstrates a prominent increase in pore volume in the area between ca. 

10-500 nm in mortar LM2, compared to mortar LM1. This may well be correlated to the poor quality 

of RL2 aggregate and suggests an increase in the volume of the composite that may be reached by 

atmospheric CO2, since the pores involved in the carbonation process are those >0.1 μm in diameter 

[35,36].       

 

Figure 1. MIP pore size distributions for both laboratory composites after 365 days of curing. 

 

Thermal analyses carried out on the end-products after 365 days of curing show reduced portlandite 

content in mortar LM2. This is confirmed through the comparison of the endothermic reaction at ca. 

400–500°C, which corresponds to the dehydroxylation of portlandite (Figure 2). The latter suggests 

the enhanced carbonation of LM2 composite, probably due to the increased volume of pores in the 

area between ca. 10-500 nm (Figure 1).    
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Figure 2. DTA curves of both laboratory composites after 365 days of curing, showing the presence of 

portlandite (endothermic reaction at temperature ca. 400-500°C). 

 

Scanning Electron Microscopy (SEM) images of mortars LM1 and LM2 after 365 days of curing are 

shown in Figures 3 and 4, accordingly. Figure 3 shows the absence of large pores in the matrix of lime 

mortar LM1, which appears to have a rather homogeneous microstructure. In contrast, several pores 

of varying diameter are identified in the microstructure of lime mortar LM2 (Figure 4). This is in line 

with the higher porosity of this specific mix design (see Table 4). At the same time, no distinct 

microcracks have been observed at the interface between the binder and the aggregates in the 

microstructure of lime mortar LM1 (Figure 3). In contrast, capillary cracks at the interfacial transition 

zone in LM2 are more evident (Figure 4). These agree well with the much higher capillary absorption 

coefficients of LM2 (see Table 4).  

  

(a) (b) 
Figure 3. Representative SEM images of mortar LM1. 
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(a) (b)  
Figure 4. Representative SEM images of mortar LM2. White arrows indicate the occurrence of capillary cracks. 

4 Conclusions 

This study aimed at highlighting the effect of the quality of aggregates on the performance of repair 

lime-based mortars. To this end, two different reef limestone crushed fine aggregates quarried in 

Cyprus have been thoroughly characterized and used in the production of lime mortars with fixed 

binder:aggregate ratio and workability. The end-products have been subjected to a number of tests, 

aiming at determining their physico-mechanical properties at different curing periods.  

The results clearly indicate the negative effect of poor-quality reef limestone aggregates with high 

magnesium sulphate and Micro-Deval coefficients on the performance of hardened lime mortars. 

This is reflected both in the physical and the mechanical properties of the end-products, as well as in 

their microstructural characteristics. The mortar (LM2) prepared with the poor-quality aggregate 

(RL2) showed lower mechanical (compressive and flexural) strength and higher porosity and capillary 

absorption characteristics, at all curing periods tested. At the same time, its microstructure was 

evidently porous, with an increased volume of pores with diameters in the area between ca. 10-500 

nm and cracks appearing in the interface between the aggregates and the binder.  

From the above, it emerges that a careful selection of aggregates is essential prior to designing and 

preparing a repair lime-based composite. In the absence of strict aggregate quality control on 

construction sites during the restoration of monuments, the a priori selection of good quality 

aggregates is imperative in order to ensure the good quality and durability of the end-products. This 

may be facilitated by a combination of standardized aggregate characterization tests and 

mineralogical analyses. 
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FINE PUMICE AS POZZOLANIC ADDITIVE IN RESTORATION LIME 
MORTARS 
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Abstract: In order to improve the properties of fresh and hardened lime mortars, inorganic 

substances of hydraulic or pozzolanic character have been added to the air lime already in the ancient 

times. The most commonly used natural pozzolans included tuffs, tuffites, diatomaceous earth, zeolitic 

rocks, trass or pumice. Although the use of natural pumice in lime mortars is known from history, 

professional work on the influence of finely ground pumice on the properties of air lime mortars is 

almost non-existent. Rather, the effects of coarse natural pumice used as aggregate in lime and cement 

mortars are described in the literature. For this reason, the paper aims to describe the effects of partial 

lime replacement with finely ground natural pumice on the mechanical, microstructural, and durability 

properties of air lime mortars. The ground pumice showed similar pozzolanic activity to trass or natural 

zeolite predicting an improvement in mechanical properties and durability. As the replacement level 

in air lime mortars increased, the amount of mixing water needed for the same mortar consistency 

decreased, and the performance properties of the mortars improved. The increase in strengths of 

mortars was manifested mainly for the 40% lime replacement. This mortar reached at 28 days of age 

the compressive strength comparable with hydraulic lime-based mortars. The incorporation of finely 

ground pumice led to the formation of slightly denser, less water absorptive, and more frost resistant 

and salt crystallization resistant structure in air lime mortars. Lime-pumice mortars showed improved 

properties in all important aspects from the point of view of the utility of these mortars in restoration 

and conservation interventions on historic buildings. Based on the achieved results, the 40% lime 

replacement was found to be optimal. 

1 Introduction 

Even though durability and longevity are one of the most desirable factors while referring to the 

creations of mankind, especially buildings, every product requires some form of maintenance or repair 

works to ensure further function. While addressing such works on a building considered built heritage, 

there are several more factors to be taken into account than while working on a common modern 

building. Thus durability and longevity of constructions in harsh, outer-world environment is a problem 

that concerns generations of builders thorough the history. Even though lime-based materials should 

have been considered rather strong and durable while compared to their alternatives in these days, 

they were still far from perfect as are modern materials today. Since ancient times, various admixtures 

and additives were used to improve the properties of the lime-based mortars [1]. However, since these 

times, a lot of knowledge had been lost or omitted, especially after the early 19th century invention of 

Portland cement (OPC) which replaced wide range of lime-pozzolana systems due to its superior 

strength and durability. With the evolution of OPC and spread of its use, the compatibility issues arose 
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regarding the pre-industrial era buildings and modern materials [2]. When these problems were 

acknowledged in the restoration practice and addressed by the, now generally acknowledged, like-for-

like approach [3, 4], the renaissance of pozzolanic additives begun. 

The natural pozzolanic materials are of volcanic origin such as tuffs, tuffites, diatomaceous earth, 

zeolitic rocks, trass or pumice. Pumice is lightweight volcanic aggregate with porous structure created 

by entrapment of gasses during the rapid cooling of lava. The current literature mostly deals with the 

use of pumice as lightweight aggregate (as proposed by Vitruvius [1]) for common or self-compacting 

concrete, and less studies are addressing the use of finest fraction of pumice aggregate as 

supplementary cementitious material [5–8]. Relatively high percentage of binder can be replaced by 

pumice fines in lime-based materials to ensure improvement in the mechanical properties [9, 10]. 

The current study addresses the use of pumice as pozzolanic additive in lime-based mortars regarding 

their mechanical properties and durability to freeze-thaw and salt-crystallization cycles, the two most 

common phenomena behind the degradation of mortars/plasters used in buildings. 

2 Material and methods 

2.1 Materials and sample preparation 

Commercial dry-hydrated lime of CL 90 S class according to EN 459-1 (Carmeuse a.s., Mokrá, CZ) was 

mixed with a pure quartz sand (QS; Filtrační písky a.s., Chlum u Doks, CZ) in 1:1 volumetric ratio to 

prepare the reference mortar. The pumice (WR; Vulkalit WR, Vulcatec Riebensahm GmbH, DE) was 

ground in a ball mill to achieve the fineness specified as passing through 0.125 mm sieve. The grain 

size distribution of the obtained material is presented in Figure 1 along with the grain size distributions 

of used lime and QS. The chemical and mineralogical composition of lime and aggregate can be found 

in the previous work of the authors [11], that of pumice in Table 1. The fine ground pumice was used 

as a pozzolanic additive, replacing 10%, 20%, and 40% of lime by weight in the mixture. To achieve a 

sufficient precision and repeatability during mixture preparation, the 1:1 volumetric ratio 

(lime+pumice:sand) was converted to weight proportions presented in Table 2. The mortars were 

prepared using the amount of water necessary to achieve a workability predefined as 160±5 mm using 

the flow table test (EN 1015-3). 

Table 1. Chemical and mineralogical composition of pumice. 
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The standardised prisms of 40×40×160 mm were cast, demoulded after 72 hours at laboratory 

conditions (20±2 °C; 50±5 % RH), and placed in the highly humid (> 90% RH) environment up till the 

age of 28 days, at which they were placed again in the laboratory conditions for further ageing. 

 

Figure 1. Grain size distribution of input raw materials. 

Table 2. Mix design and fresh state properties of the mortars. 

 mix design (g) fresh state properties 

 
lime WR QS water 

Air content  
(%) 

WRV  
(%) 

Dfm 
(kg m-3) 

REF 100 – 355 100 4.5 94.38 1918 

L-WR 10 90 10 341 95 4.2 97.41 1937 

L-WR 20 80 20 331 85 3.8 98.34 1983 

L-WR 40 60 40 309 80 3.2 99.45 2010 

2.2 Methods 

The following tests were conducted on the fresh mortars: flow table test to determine the amount of 

water needed (EN 1015-3); test on air content in fresh mortar along with density of fresh mortar (Dfm) 

(EN 1015-7, resp. EN 1015-6); and determination of water retention value (WRV; EN 1015-8). The 

hardened samples were tested at the age of 28, 90, and 180 days for strength and dry bulk density in 

accordance with EN 1015-11 resp. EN 1015-10. Additionally, at the age of 90 days, the durability and 

microstructure of the mortars was studied using various tests. The water absorption under 

atmospheric pressure (EN 13755) was determined. The saturated samples were subjected to 15 

temperature-varying (-20 °C to 20 °C with a 6 h hold at each extremity) cycles in closed, highly humid 

environment. After the cycling, the freeze-thaw coefficient (Df) for flexural strength (ratio of strength 

of freeze-thawed (F) and reference (R) samples) was determined and the alterations in microstructure 

were observed: the pore size distribution using mercury intrusion porosimetry (MIP; Micrometrics 

PoreSizer 9310), and capillary water coefficient (Cm) according to EN 1015-18. The resistance of 

mortars to salt crystallization was tested, as reported elsewhere [11], in a similar way to EN 12370; the 

solutions were: 10% Na2SO4, 3% NaCl, and 3% NH4NO3. 
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3 Results and discussion 

3.1 Fresh state properties 
Fresh state properties are along with mix designs summarised in Table 2. The water required to 

prepare mortars with similar consistency decreases with growing amount of pumice. This is due to 

larger particle size for the ground pumice (Figure 1), therefore also lower specific area of the particles 

[7]. The decrease in water/binder ratio to achieve the same workability corresponds with the results 

found in the literature for pumice and also other pozzolanic additives such as metakaolin, natural 

zeolite etc. [9, 12–15] and it correlates with the improvement of rheology of SCC with fine pumice as 

SCM as observed by several authors [8, 16, 17]. 

The variations in air content are most-likely related to various rheology of binder-paste which leads to 

a different level of air-entrapment during the mixing, as the presented values vary only slightly and are 

in a range of common values for non-air-entrained lime-based mortars. The Dfm changes accordingly 

to air content and water/binder ratio and is governed mainly by these two variables with possible small 

influence of pozzolana content. The already high WRV of lime-based mortar is further increased for 

the studied lime-pozzolana mortars growing alongside the pozzolana content. Consulting the work of 

C. Ince et al. [18] it can be concluded, that two main factors affecting the WRV would be: replacement 

of lime by pozzolana, thus lowering the mean specific area of binder phase which would lead to 

decrease in WRV; decrease in water/binder ratio which on the other hand leads to increase in WRV. 

As the WRV increases it can be assumed that the w/b ratio is the dominant of these two factors in this 

case. Even though higher WRV would not directly affect any of the studied properties, it can be 

beneficial for the durability of the material by slowing initial drying, thus diminishing the evolution of 

drying shrinkage cracks. 

3.2 Strength a hardened bulk density 
The dry bulk densities of the mortars, stated in Figure 2 (c), are showing similar trends to fresh mortar 

densities (Table 2) regarding the ground pumice addition. Slightly time-wise growing trend in dry bulk 

densities of the mortars with lower amounts of WR added is a sign of growing carbonation, whereas 

the decrease in dry bulk density for L-WR 40 mortar is due to its higher humidity at the age of testing 

(28 days, right after removal from highly humid environment).  

The strength increase with growing pumice dosage was expected due to its pozzolanic properties [7]. 

The flexural strength, as shown in Figure 2 (a), is increased almost three times at the age of 28 days for 

the highest pumice content. The ratio diminishes to twice as much at the age of 180 days as the 

carbonation of the lime-based mortar progresses leading to more significant improvement in strength 

of the reference mortar. The observed notable increase in flexural strength is comparable to other 

pozzolanic additives (metakaolin, natural zeolite, silica fume...) [12, 13, 15, 19]. 

The compressive strength (Figure 2 (b)) on the other hand is decreased at the age of 28 days for both, 

10% and 20% lime replaced by pumice leaving the 40% lime replacement stand out more signifiably. 

However, it should be noted, that the 28 days compressive strength can be unfavourably affected by 

the increased humidity of specimens as they were tested right after the removal from highly humid 

environment and, as reported by e.g. Ramesh et al. [20, 21], the compressive strength is decreased 

due to sample humidity with the effect being more prominent for the non-hydraulic and feebly 
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hydraulic binders. The environmental humidity may be also supported by increased WRV for the 

modified mortars (Table 1). Over time, the compressive strength of these samples develops, surpassing 

the strength of reference mortar in all cases by the age of 180 days.  

  
                (a)                   (b) 

 
                (c) 

Figure 2. (a) Flexural strength of the mortars; (b) Compressive strength of the mortars; (c) Dry bulk density of 
the mortars. 

3.3 Microstructural characteristics 
The microstructural characteristics of the mortars were studied at the age of 90 days. The water 

absorption under atmospheric pressure decreases with growing pumice content (Table 3). The values 

and degree of water absorption reduction based on pozzolana content are similar to other pozzolanic 

additives [12–14]. The decreased water absorption should be beneficial for the durability of the 

mortars. 

The total open porosity (TOP R; Table 3) and pore size distribution (PSD; Figure 3) are of typical values 

and curve-shapes for the lime-based materials with exception of PSD of mortar with the highest 

amount of pumice (L-WR 40). The TOP is in this case mainly governed by w/b ratio [22] and amount of 

pozzolanic additive, therefore increased occurrence of hydraulic reactions [13, 14]. The lower w/b the 

lower TOP, and the more hydraulic binder the lower TOP so as seen in Table 2, these two factors in 

this case appropriately complement each other. However, as w/b seems to be more dominant, this 
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synergy led to a significant decrease in TOP only in the case of L-WR 40 mortar. For the mortars with 

10% and 20% lime replaced by pumice, the pore structure remained almost the same with the slight 

reduction of volume of large pores (5–10 µm), which occurrence is driven by varied rheology of the 

mortar and air entrapment during mixing, slight reduction in volume of pores in the area of main pore 

volume (0.2–1 µm), and small increase in volume of sub 0.02 µm pores. The latter two changes being 

affected by the increased amount of pozzolanic additive, thus occurrence of hydraulic reactions. The 

L-WR 40 mortar presents distinct cumulative pore curve shape comprising of two separate intervals of 

diameters with significant pore volume. First interval is of pores of slightly larger diameter than the 

main pore volume of less modified mortars (1–3 µm vs 0.2–1 µm) and second one which contains pores 

of diameter about order of magnitude smaller than main pore volume (0.02–0.2 µm). The size range 

of second interval correlates with the common main pore volume of cementitious and highly hydraulic 

materials, indicating significant occurrence of hydraulic reactions and changes in the binder matrix 

structure. 

The capillary water coefficient (Cm; Table 3) shows trends similar to TOP and water absorption. With 

decreasing TOP and water absorption, the Cm also decreases, with exception of L-WR 20 where it is 

slightly increased in correspondence with TOP. The decrease in moisture uptake speed with growing 

pozzolana addition is common phenomenon observed for various pozzolanic additives by several 

authors [12–14]. It is usually ascribed to evolution of more condensed structure with higher amount 

of smaller pores due to the presence of calcium-silicate hydrates formed during hydraulic reactions. 

This is in correlation with microstructure changes previously discussed in porosimetry study and is 

especially apparent in the case of L-WR 40 mortar. 

 

Figure 3. Cumulative pore volume of mortars with pumice addition; F – mortars subjected to freeze-thaw 
cycles, R – reference mortars. 
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3.4 Durability 
The freeze-thaw durability, expressed as durability coefficient (Df; Table 3) for flexural strength (ratio 

of flexural strengths of freeze-thawed and reference samples), significantly increases with 

incorporation of ground pumice into the mixture even in the lowest dosage. According to Czech 

standard ČSN 72 2452 the material is considered durable for the specified number of cycles if Df>0.75, 

thus all the mortars with lime partially replaced by ground pumice are durable for 15 cycles. The 

microstructural changes are expressed as MIP results, and capillary water coefficient of freeze-thawed 

samples (denomination F in the variables). The TOP decreased in all cases, most significantly for the 

reference mortar, however, the PSD remained almost the same for most of the mortars with minor 

changes occurring in the area of main pore volume. Only L-WR 40 mortar showed notable variation in 

pore structure in decrease in volume of pores of size corresponding to main pore volume area for other 

mortars, and in decrease in pore diameter in the area of typical pore sizes for cementitious materials. 

The Cm for the freeze-thawed mortars showed two distinctive behaviours. For the reference mortar 

and mortar with 10% of lime replaced by pumice, thus the less durable of the studied mortars, the 

water transport is slowed, which corresponds with decrease in TOP. On the other hand L-WR 20 and 

40 mortars showed significant growth in Cm (almost double the value of non-frozen samples) despite 

the loss in TOP. Both these trends however point to the cracking of internal structure, where the cracks 

interrupted the capillary network in the reference and L-WR 10 mortars whereas they served as 

interconnections in the more condensed structure, especially of L-WR 40. 

Table 3. Microstructure and durability of studied mortars.  

 

No. of cycles – salt 
crystallization 

Freeze-thaw cycling Water 
absorption 

(%) 
 

SO4
2- Cl- NO3

- 
TOP R 

(%) 
TOP F 

(%) 
Cm R 

(kg m-2 s-0.5) 
Cm F 

(kg m-2 s-0.5) 
Df 
(–) 

REF 3 10 4 29.95 26.78 0.189 0.155 0.442 15.93 

L-WR 10 3 10 5 29.93 29.27 0.152 0.136 0.758 14.63 

L-WR 20 3 10 5 30.17 29.31 0.163 0.313 0.808 14.00 

L-WR 40 5 10 5 27.72 27.08 0.080 0.158 0.819 13.87 

 

The salt crystallization resistance of the mortars is presented in Table 3 as a number of cycles that the 

samples withstood before their disintegration. In the NaCl solution, all the mortars endured for the 

designed test duration of 10 cycles proving good resistance of lime-based materials to chloride 

corrosion, therefore several-times more cycles would be needed to reveal any differences between 

the mortars [2, 15]. The sulphate attack is more of chemical nature, resulting in a formation of gypsum 

through the mechanisms of wet or dry disposition of carbonate ions by sulphates. The gypsum formed 

is then wash out with the saline solution due to its relatively high water solubility (approximately 2.5 g 

l-1 vs 0.013 g l-1 for calcite), revealing underlying layers of calcitic structure and in this manner quickly 

consuming most of the binder matrix in the samples. Only L-WR 40 mortars with highest pozzolana 

addition showed improvement in the resistance as large portion of portlandite was used in the 

pozzolanic reactions with ground pumice and the structure of the samples is more likely dependent on 

the products of these reactions than the calcite formed during carbonation. Even the lowest pozzolana 
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replacement led to slight improvement in the resistance of the samples subjected to ammonia nitrate 

solution however, further increase in pozzolana content had not affected the mortars resistance. 

4 Conclusions 

The study presents the use of ground pumice as a natural pozzolana partially replacing lime in the 

mortars and their fresh, mechanical, and microstructural properties and durability to salt and ice 

crystallization. The pozzolana addition leads to decrease in amount of kneading water required for the 

preparation of the mortar with the same workability. The density of fresh mortar along with water 

retention value are increased while air content in fresh mortar decreases with the degree of lime 

replacement. Growing ground pumice content promotes both, compressive and flexural strength 

however, in the case of compressive strength, the positive effects present themselves after longer 

ageing time for the mortars with lower pumice content. The microstructure of the mortars is only 

mildly affected in most cases as presented by slightly lower water absorption value and hindered water 

transport expressed as capillary water coefficient. Only the mortar with 40% of lime replaced by 

ground pumice showed notable variations in pore size distribution presented as two distinctive pore 

size intervals of main pore volumes, and significantly lower capillary water coefficient. Even the 10% 

lime replacement led to significant improvement in frost resistance of the mortars, further improving 

with growing replacement degree. The salt crystallization on the other hand was only mildly affected 

by the ground pumice leading to moderately enhanced durability in ammonium nitrate solution and 

increased resistance to sulphate attack for the mortar with 40% lime replacement. 

The fine pumice was found to be suitable pozzolanic additive for the lime-based mortars, mainly while 

addressing freeze-thaw resistance where even 10% lime replacement led to significant improvement 

while still producing soft and permeable mortar. Where the final compressive strengths on the level 

of natural hydraulic lime are desired, there the higher percentage of lime should be replaced by ground 

pumice however, sacrificing notably capillary water transport in the mortar. 
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THE RELATIONSHIP BETWEEN NATURAL STONE JOINT DESIGN, SURFACE 
AREA AND THE PROPERTIES OF LIME MORTAR JOINTS  

Matthew Cook 

Abstract: Historically, building stone was extracted and shaped by hand.  To produce a flat 

surface using a mallet and chisel requires the time and energy of a skilled mason.  As such, the highest 

level of workmanship was generally reserved only for the seen faces of stones. The joint surfaces were 

given less attention and would subsequently be “rougher”. 

In the modern era, diamond tipped gantry or wire saws are the standard equipment for stone 

processing.  For the purposes of building conservation, the seen face of replacement stones are usually 

hand chiselled in keeping with the original design.  However, it has become increasingly common for 

the joints of the new stones to be left as a clean diamond sawn surface. 

This paper examines if and how the difference in surface area between various stone surface finishes 

changes the characteristics of the lime mortar joint.  The paper includes a surface area comparison of 

modern and historic stone surface finishes.  This is followed by practical testing to ascertain how lime 

mortar joint/adhesive bond strength changes in relation to the amount of stone surface area available 

for adhesion. 

The results of the testing suggest a direct relationship between stone surface finish, joint surface area 

and lime mortar adhesion. 

1 Introduction 

Using a variety of mortars, the act of removing excessively decayed stones from buildings and replacing 

them with newly cut stones replicating original designs has been taking place for many centuries [1] 

(p241-242). 

However stone processing has undergone significant changes as a result of increased mechanisation.   

Replacement stones are increasingly being quarried and worked to shape using modern diamond 

tipped tools and are much smoother and more regularly cut than has been seen in the past [2] (79-84).  

It would seem logical to assume that this change in processing has reduced the surface area of the 

stone available for mortar adhesion. 

The majority of the sales in processed natural building stone is produced for use on new build projects 

[3].  Most modern stone is supplied in a sawn six sided format with the seen face(s) already worked as 

required.  It is also common for quarries to supply sawn six sided stones with two polished sides and a 

polishing process is often incorporated into stone production procedures by default.  

As a result of known incompatibilities between portland cement and natural stone, the use of lime 

mortar has become standard practice in stone building conservation [4]. Despite a number of well 

documented studies, the relationship between the lime mortar bond and natural stone is still not fully 

understood [5] (p13) [6] (p134).   
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Previous research [7] has highlighted the role of the interstitial mortar bond in governing moisture 

transfer between individual stones. Organisations specialising in stone conservation are also known to 

deliberately chisel the joints to “rough” the surface of new stones prior to the application of mortar.  

Roughing the stones is anecdotally thought to promote mortar adhesion.   

A lack of official documentation regarding historic joint surface finishes and the finish of replacement 

stones makes comparative study problematic.  It is therefore difficult to directly ascertain how stone 

surface finish/area may change the interaction between stone and lime mortar.  Any possible effects 

upon the long term durability of the stone and mortar as a consequence of differences in surface area 

appear to be undocumented. 

Tensile and/or adhesive strength measurements for lime mortar are conventionally calculated 

according to dimensional surface area [8].  Current testing standards do not make allowances for 

differences in surface “roughness”[8,9,10].   

2 Sample Preparation 

Seventy Seven 150mm x 30mm x 150mm (bed height last as per masonry convention/BS EN 1052-5) 

stones were diamond cut from a single slab of Dunhouse Buff Sandstone (17.7% porosity, 

35.06g/m.sec² [3]). A further eleven stones were cut to the same specification from a single piece of 

Tadcaster magnesium limestone (20.50% porosity 56g/m.sec² [11]). This gave a total of eighty eight 

stones.  

The eleven magnesium limestone samples were polished to a grade of p3000.  The Dunhouse stones 

were randomly divided up into seven groups of eleven stones each.  Each of the eleven stones were 

then given one of seven possible stone finishes to the 150mm x 150mm face as per the table below: 

Table 1. List of sample groups by surface finish.  

Sample Group Surface finish 

1 Diamond cut/sawn (p40) 

2 Polished (p400) 

3 Batted/tooled horizontally (≈10 per inch/25mm) 

4 Batted/tooled vertically (≈10 per inch/25mm) 

5 Batted/tooled diagonally (≈10 per inch/25mm) 

6 “Dunted”/crudely point chiselled (≈20 chisels per sample) 

7 Rubble/needle gun 

8 Magnesium lime – polished (p3000) 
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Figure 1. Photograph of sample from group 1 being 
finished with a diamond wheel. 

Figure 2. Photograph of a sample group 2 with 
diamond polishing pads. 

Figure 3. Photograph of sample group 3 with tooling 
chisel. 

Figure 4. Photograph of sample group 6 with mallet 
and chisel. 
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Figure 5. Photograph of sample 7 being worked with a 
needle gun 

Figure 6. Computer generated 3D model of sample 
group 7. 

3 Laser Scanning and 3D modelling 

A single sample of each group of stones from table 1 (excluding group 4) was selected at random.  The 

stone samples selected were sent for combined laser scanning and 3d modelling undertaken by an 

accredited laboratory[12].  Laser scanning at a resolution of 22um(0.022mm) was undertaken using a 

Nikon LC15DX scanner.  The results were inputted into the Nikon Focus Inspection programme.  The 

compiled scanning results were used to create a point cloud model.  The data from the 3d model was 

used to triangulate the total surface area of each design. 

The results for group 4 were estimated using the data from group 3 as both stones use the same design 

rotated 90 degrees. 

Due to the complexity of the raw data obtained from the scanning, the following post processing was 

applied using Nikon Focus Inspection: 

• Importing raw point clouds 

• Merging the 6 individual paths into 1 

• Filtering using a 0.1mm grid 

• Optimize and Mesh 

• Align using detected planes and mid-lines 

• Export STL file 

Geomagic Wrap was then used to fix any potential issues by: 

• Import STL file 
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• Open Manifold 

• Convert to points removing nominals 

• Re-mesh 

• Fill holes (flat) 

• Remove spikes 

• Mesh Doctor 

• Export STL file 

Finally, the STL files were imported into Geomagic Design X and trimmed to 145mm x 145mm to 

remove the inconstancy found within the edges of the stones.  The area/volume was then calculated 

by the Design X programme.  The calculations were manually modified by multiplying the 145mm 

x145mm surface area by 1.070155 (rounded to 6 decimal places) to simulate a continuous 150mm x 

150mm surface with no edges.  

4 Adhesive Bond Strength Test 

Ten stones of each grouping prepared as outlined in table 1 were separated and soaked in buckets of 

clean tap water for 36 hours.  This was done to fully saturate the stones to ensure that the moisture 

content was consistent/repeatable between samples. 

Approximately twenty minutes prior to application, a mortar mix was made using 2.5 parts Nosterfield 

washed river sand to 1 part St Astier NHL 3.5 (ratio by volume).  The mixing process was carried out in 

accordance with BS EN 1015-2[13].  However the consistency test outlined in BS EN 1015-3[14] or BS 

EN 1015-4[15] was substituted for the traditional method of cutting and suspending the mortar from 

the bottom of a trowel [16]. 

After 36 hours soaking in tap water, the stones were removed from the buckets in chronological order 

according to group and number.  As the stones were removed, they were paired with another stone 

of the same group and number.  Mortar was then applied to the worked face of one stone.  The second 

stone was then placed face down on top of the combination of stone and mortar.   

The top of the second stone was tapped down using a rubber mallet to create a 5mm mortar joint.  

This process was repeated five times for each group of stones creating a total of forty test units.  Once 

all eighty stones had been processed, the forty test units were left in a sheltered outdoor area to 

set/cure. 

After 24 hours any excess mortar on the sides of the test units was struck off using a tuck trowel.  The 

test units remained in the sheltered outdoor area to cure for a total of 28 days.  

In anticipation of the 28 day curing period a 10 tonne hydraulic press[17] was prepared for testing.  

The base of the press frame was wedged in position using a block of wood.   

The press was equipped with a 2.5MPa digital pressure gauge.  A recent calibration test[18] showed 

the gauge to be accurate to within 0.15% of the UKAS full scale benchmark.  The gauge was set to zero 

prior to starting the experiment and the inertia of the ram measured at around 0.030MPa.   
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A customised vice was positioned and secured 10mm to the side of the mandrel of the hydraulic press 

head.  This positioned the centre of the press head in the middle of the second stone of the test sample 

(see figure 7). 

Following the 28 day curing period, the sample units were placed onto the 10 tonne hydraulic press 

for testing.  The stone test units were placed into the custom vice with one stone (half the test unit) 

resting on the mid rail of the vice.  The mortar joint and second stone of the test unit was left 

overhanging beyond the rail of the vice with no support underneath (see figure 7).   

The top rail of the vice was then tightened to secure the top of the test unit to a force of 20 newton 

meters of torque.  Care was taken to evenly distribute the force between the two sides of the vice by 

regularly alternating the side being tightened.  The angle and position of the testing unit was confirmed 

to be square and correct using a sinking square tool aligned with the frame of the hydraulic press. 

The digital pressure gauge was set to record the maximum force reading.  The hydraulic press was then 

charged and the piston head brought to bear with the release valve partially open to prevent a sudden 

impact. 

Once positioned, the pressure was increased until such time as the test unit failed by breaking along 

the mortar joint.  At this point the maximum pressure and nature of the failure was recorded.  The 

procedure was repeated sequentially through the numbers and groupings until all 40 test units had 

been stressed to failure. 

  

Figure 7. Photograph of the hydraulic press during 
the bond strength testing for sample A1. 

 

Figure 8. Photograph of sample A1 after testing.  

The sample exhibits a typical failure pattern, 

splitting along a single stone to mortar interface 
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5 Results, Analysis and Discussion 

5.1 Surface Area Results 

Table 2. Table showing the results of the 3d laser scanning surface area calculations 

Sample 
145mm x 145mm post 

processing mm² (1dp) 

150mm x 150mm 

estimate mm² (1dp) 

Percentage increase from 

Dunhouse Polished 

(group 2) 

1. Diamond Sawn 21495.5 23003.5 1.0 

2. Polished 21288.1 22781.6 0.0 

3. Batted with bed 21656.1 23175.4 1.7 

4. Batted 90° to bed 21656.1* 23175.4* 1.7 

5. Batted Diagonal 21546.4 23058.0 1.2 

6. Point Chisel 22674.4 24265.1 6.5 

7. Needled 21902.2 23438.7 2.9 

8. Polished Lime 21072.1 22550.4 -2.7 

*= estimate 

5.2 Surface Area Analysis and Discussion 

The test data in table 2 indicates that the surface area of natural building stone changes according to 

the way the stone has been worked to shape or finished.  In this experiment, roughly chiselling the 

surface of diamond cut stone using a point chisel offered the greatest impact at around a 6.5% increase 

above a diamond polished stone of the same type and dimensions.   

Although the greatest increase seen in this test was 6.5%, it seems highly likely that hand working a 

stone using a point chisel in the traditional manner would result in a significantly greater increase in 

the surface area than seen in the testing.  This is because test group 6 was only chiselled to around 

30% coverage to ensure that the size of the joint and dimensions of the sample remained consistent 

to facilitate comparative testing.  Similarly, the sample stones were carefully cut straight between fixed 

dimensions and it seems unlikely that unseen stonework would have been traditionally cut to such an 

exacting tolerance. 

The testing also shows that surface area varies by stone type.  This can be seen in the results of sample 

group 8 that measured 1.7% below the sandstone samples with an equivalent surface finish.  It seems 

likely that this difference is due to the fine grained nature of the magnesium limestone vs the medium 

grained composition of the sandstone. 
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5.3 Surface Area to Adhesion Results 

 
Figure 9. Graph comparing highest single failure force per group and surface area as a percentage of  Dunhouse 

polished (sample group 2).  Trend line applied. 
 

 
Figure 10. Graph comparing group mean failure force (excluding suspected anomalies) and surface area as a 

percentage of Dunhouse polished (sample group 2). Trend line applied. 
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Figure 11. Graph comparing mean surface area and mean failure force (excluding suspected anomalies) by 

workmanship type grouping.  Trend line applied. 
Workmanship type group 1 (diamond cut) - Dunhouse diamond polished and Dunhouse diamond sawn S1/S2.  

Workmanship type group 2 (chiselled) - Dunhouse flat chiselled vertically, horizontally and diagonally S3/S4/S5.  
Workmanship type group 3 (rubble) - Dunhouse point chiselled and needled S6/S7. 

5.4 Adhesive Bond Strength Analysis and Discussion 

Figures 9 and 10 show that differences in both average (mean) adhesive bond strength and maximum 

achievable bond strength vary according to the surface finish applied to comparable stones.  Group 6 

produced both the highest and second highest individual failure force results within the testing. 

It is notable that the results of the adhesive testing contained significant variation/inconsistency.  

Group 7 had the highest modified mean results (0.524MPa) as well as the joint highest occurrence of 

possible anomalous results with two readings falling below the 0.300MPa threshold for possible 

anomalous readings.  

It is clear that the bond strength is influenced by factors unrelated to surface finish.  This variation can 

be seen by the performance of group 8 in figures 9 and 10.  The magnesium limestone samples 

demonstrated adhesive strength consistently above the sandstone samples with comparable surface 

finishes.   

Group 8 also had an unusually high rate of atypical failures.  Three of the five sample units failed along 

both stone to mortar interfaces with a break running through the mortar joint.  All but three of the 

total combined Dunhouse samples failed in the typical single sided manner as shown in figure 8.  No 

other sample group had more than a single atypical failure per type. 

It would seem that natural variations within the stone, workmanship, sample or mortar preparation 

could be more relevant to the adhesive bond strength of individual samples than the surface finish 

type (such as in the case of discounted anomalies). However figures 9, 10 and 11 all suggest that the 

average or potential maximum adhesive bond strength of similar materials is directly influenced by 

surface finish and can generally be grouped accordingly.  
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5.5 Surface Area to Bond Strength Relationship 

Figure 9 shows a strong positive correlation between surface area and the maximum achievable stone 

adhesive bond strength.  It should be noted that sample 8 is an outlier because the change in stone 

type introduces uncontrolled variables outside the scope of this investigation. 

There is evidence of a moderate correlation between mean adhesive bond strength per group and 

surface area.  This connection can be seen in figure 10.  

When the samples are sorted and compared according to processing method, diamond cut/hand 

chiselled/rubble type as shown by figure 11, the sample sizes are increased to help remove anomalies.  

Figure 11 suggests a strong positive correlation between mean surface area and average adhesive 

bond strength.  

The relationship between surface area and adhesive strength appears disproportionate.  The linear 

rate of progression shown in figure 9 suggests that if the surface area of a fixed dimension is increased 

by 5% the maximum possible adhesive bond strength increases by approximately 55% (compared to 

polished samples of the same stone type). 

Figure 11 suggests a similar relationship between surface area of a fixed dimension and mortar 

adhesion.  As surface area increases by 1% the mean adhesive bond strength increases by 

approximately 5% (compared by numerical measurement data).  Figure 10 demonstrates the same 

relationship at approximately 4% more adhesion per 1% increase in surface area. 

6 Conclusion 

It should be noted that the testing outlined in this paper is a new procedure, carried out on a small 

scale and outside laboratory conditions.  However it is clear that there is a strong link between stone 

surface finish, surface area and the adhesive bond strength of associated lime mortar.   

Altering the surface finish of a stone directly impacts upon its surface area.  This in turn changes 

average and/or maximum achievable adhesive bond strength between the stone surface and the lime 

mortar.  Any increase in stone surface area causes a significant increase in adhesive bond strength.  

This difference could be as much as a ten fold percentage to percentage increase (when compared to 

polished samples of the same stone). 

An explanation for the behaviour is available from the accepted current literature on the subject. The 

results suggest that an increase in adhesive strength occurs because the amount of pores within the 

stone that are available for the lime to fill increases as surface area increases [5,7].  This in turn 

enhances the bond between the two materials.   

It therefore seems probable that other important joint characteristics such as stone to mortar moisture 

transfer and permeability, perceived/relative mortar permeability, lateral adhesive strength and 

weather resistance are similarly affected by joint surface area/surface tooling. 
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COMPARATIVE EVALUATION OF REPAIR MORTARS FOR THE 
CONSERVATION OF HISTORIC MASONRY 

Divya Rani S1 and Manu Santhanam1 

(1) Department of Civil Engineering, Indian Institute of Technology Madras, India 

Abstract: In the selection of binder for repair of heritage structures, ordinary Portland cement 

has gained undue importance due to its high mechanical strength and lower setting time. More 

recently, the ill effects of using a strong binder have been realised from past experiences and the 

importance of ensuring moisture diffusion and breathability in historic buildings has put more 

emphasis on the compatibility of restoration mortars. Even though the lime-based mortars have 

regained an increasing interest in this scenario, there are hurdles in using them in present day repair. 

This paper presents selected results of comprehensive investigations on the effect of different binder 

types on the physical and mechanical properties of potential repair mortars. The results project the 

superior workability and better rebound of lime-based mortars, especially with aged lime putties. It 

was observed that the cement-based systems become suitable (or compatible) for repair only when 

there is a high degree of replacement of cement, nearly up to 80%. A blended cementing system with 

20% OPC clinker, 20% limestone and 60% fly ash had comparable performance characteristics as that 

of lime-based binders, with respect to overall porosity and pore size distribution, that can be used as 

a potential binder for repair of historic masonry. 

1 Introduction 

Lime was the principal binder for masonry construction in India since ancient times. However, the wide 

scale use of ordinary Portland cement (OPC) since 19th century has resulted in the repair of many 

historic structures also with OPC, creating several incompatibility issues between the repair mortar 

and the substrate. This is because of the intrinsic differences in the microstructure and mechanical 

characteristics of the repair and the older material. Lime binders have very low stiffness to allow small 

movements in the structure and have greater permeability, enabling them to reduce moisture 

entrapment via their inherent breathability [1–3]. This allows sufficient moisture movement from the 

structure to the environment to maintain equilibrium, whereas OPC is designed to be impermeable 

and rigid. More recently, the ill effects of using a strong binder have been realised from past 

experiences and the importance of ensuring moisture diffusion and breathability in historic buildings 

has put more emphasis on the compatibility of restoration mortars. Lime-based mortars have regained 

an increasing interest in this scenario. Nevertheless, lime is a slow hardening binder and cannot form 

a hydraulic set. The non-availability of good quality lime, unstandardised production and 

storing/handling of lime and the required expertise/craftsmanship (need for skilled labour) are hurdles 

for extensively using this material in the present-day repair.  To overcome some of the drawbacks with 

lime, especially to enhance the rate of setting and mechanical characteristics,  traditional builders had 

used pozzolans like volcanic ash, crushed bricks, pottery and clay tiles in their mortars [3,4]. Modern 
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pozzolans like fly ash and burnt clays (calcined clays, metakaolin etc.) are also reported to have similar 

effects on lime-based binders, improving the rate of setting and mechanical characteristics [5,6].  If the 

lime is naturally hydraulic, the hydraulic set in the mortar occurs from the active silicates and 

aluminates inherent in the binder [4]. In both the pozzolanic and naturally hydraulic lime mortars, 

continued strength development is reported up to about an year due to the slower rate of hydration 

of belite (C2S) in the system [7]. This slower ‘hydraulic’ strength gain adversely affects the porosity and 

hygric properties of the mortar.  

In order to lower the ultimate strength and to have better control on the hygric properties/pore 

structure and better applicability of the mortar, several studies have attempted the addition of 

limestone powder as filler in repair mortars for historic masonry. The packing efficiency of the granular 

skeleton is improved by the filler, which can be estimated at early ages; however, there is no additional 

ultimate strength gain. When replaced with 10-30% limestone in an NHL5 naturally hydraulic lime 

binder, it was observed that the final strength is lowered without much effect on the hygric properties 

and the finest mortar pores were preserved in the system; whereas the water-transport active pores 

tend to slightly increase due to the more abundant interfaces produced [8].  

The commercial ‘masonry cement’ that was available in the past, also had a mixture of blended binder, 

consisting of OPC, limestone, hydrated or hydraulic lime, and aggregates along with additives. These 

cements utilised the benefits of clinker along with an improved applicability of the mortar that was 

achieved by the addition of fine limestone powder [9].  

In plain OPC and in ternary systems with OPC and supplementary cementitious materials (SCMs), 

limestone additions tend to have varied effects.  Even though an early strength gain is reported at 

lower replacements (5 - 10%) in OPC, due to the nucleation effect, higher limestone replacements from 

15 - 25% and over, have a dilution effect, resulting in strengths lower than that for comparable OPC 

mixes [8,10,11]. The limestone reacts with C3A and C4AF  in OPC to form calcium-carbo aluminates and 

the particle size and amount of (replacement of) limestone significantly influences its effects on the 

properties of OPC [10]. Similarly, the substitution of pozzolanic materials is reported to have improved 

the strength and durability characteristics of OPC; however, above a threshold replacement of about 

30%, these materials reduce the mechanical properties of OPC [12].  

In ternary systems with OPC, limestone and SCMs, the principal hydration products are similar to that 

in replacing plain OPC with limestone (calcium-carbo aluminates); however, the hydration rate and 

stoichiometry of the products are different. The extent of reaction depends up on the amount and 

nature of aluminate phases in SCM [11].  

Hence, it would be of interest to investigate the possibility of using these composite binders at 

different combinations as potential repair materials for historic mortars. This study presents selected 

results of comprehensive investigations on the effect of different binder types (dry hydrated lime, lime 

putty, dry hydrated lime with organic additives, lime-cement, cement-fly ash, cement-limestone 

calcined clay and cement-fly ash-limestone) on the pore structure and mechanical properties of 

potential repair mortars.  
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2 Experimental Programme 

2.1 Materials and mortar preparation 

Twelve mortars were analysed in this study, made of different type of binders with siliceous 

aggregates. The binder types used in this study include combinations of locally procured non-hydraulic 

lime (confirming to Class C as per IS 712), commercially available OPC, 53 grade, confirming to IS 12269 

(2004), pozzolans such as class F fly ash (confirming to IS 3812-1) and limestone-calcined clay 

combination (LC2), produced in an industrial scale by M/s. JK Lakshmi cements Ltd). The elemental 

oxide composition of different binders obtained from X-ray Fluorescence (XRF) analysis is reported in 

Tab. 1. 

Table 1. Chemical composition of raw materials used in the study  

Compounds Concentration (%) 

Lime OPC Fly ash LC2 

CaO 90.85 53.81 1.11 0.83 

SiO2 1.23 23.44 55.16 47.76 

Al2O3 0.94 8.95 35.29 42.66 

Fe2O3 0.79 2.35 22.67 2.83 

MgO 2.41 1.98 0.5 0 

K2O 0.04 0.32 1.05 0.19 

Na2O 0.04 0.5 0.06 0.17 

SO3 1.14 3.38 0.1 1.48 

Cl 0.06 0.02 0.03 0.02 

LOI 24.84 3.15 0.37 11.53 

 

The dry hydrated lime was also made into a putty form and was used as a binder after 1 month and 1 

year of aging. The lime putty was prepared by slaking the dry hydrated lime with an excess amount of 

water (lime to water ratio 1:5) and aging in stainless steel drums with sealed lids for one month and 1 

year respectively. The organic additive used in one of the mixes along with lime is a mixture of extract 

of gallnut and jaggery, a commonly used additive in lime mortar preparation in the southern part of 

India. Jaggery is an amorphous form of unrefined sugar (C12H22O12) and gallnut is rich in tannin and 

gallic acid with a molecular formula of C7H6O5. The two compounds were mixed in equal proportion to 

make the additive.  

In addition to the direct replacements using SCMs, three custom-made blends were prepared in the 

laboratory with different combinations of OPC clinker (procured from M/s Ultratech Cements Ltd), 

limestone (procured from M/s Ultratech Cements Ltd) and Class F fly ash along with gypsum (lab 

grade). The raw materials which were procured individually were interground in a laboratory ball mill 

(to achieve a fineness in the range of 350 m2/kg). The details of the mixes are given in Tab. 2.  
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Table 2. Details of the mortar mixes analysed in the study  

Sl. No Legend Type of binder and Binder proportions 

1 PL 100% Dry hydrated lime 

2 SL-1 100% Lime putty aged for a month  

3 SL-12 100% Lime putty aged for 1 year 

4 PLA 100% Dry hydrated lime + 0.25% (by wt. of binder) 
organic additive 

5 L20C 80% lime + 20% OPC 

6 OPC 100% Ordinary Portland cement (OPC) 

7 C50L 50% OPC + 50% Lime 

8 C50FA 50% OPC + 50% Class F fly ash 

9 C60LC2 40% OPC + 60% Limestone calcined clay cement 

10 CB1 40% OPC clinker + 40% Class F fly ash + 20% Limestone 

11 CB2 30% OPC clinker + 50% Class F fly ash + 20% Limestone 

12 CB3 20% OPC clinker + 60% Class F fly ash + 20% Limestone 

For preparing the mortar, the binder to aggregate ratio was fixed at 1:3 (by mass) for all the mixes. The 

water content was fixed through trial mix tests to obtain the required consistency for general bedding 

and plastering applications – this was estimated to be enough to produce a result of 165 ± 5 mm by 

flow table test as per IS 5512 (Refer Tab. 2). The mortar was prepared using a Hobart mixer and cast in 

acrylic moulds in two uniform layers, with each layer uniformly compacted manually, using a tamping 

rod and demoulded after initial set (after 24 hrs for cement-based mixes, 3 days for lime-cement mixes 

and 7 days for lime-based mixes) 

After demoulding, different curing regimes were adopted according to the binder type in the mortars. 

Lime-based binders were cured in standard conditions at 25 oC and 65% RH while the lime-cement 

mortars were first kept in a moist (fog) room at 27 oC and 100% RH for 7 days and later shifted to 25 
oC and 65% RH, until the age of testing. The cement-based mortars were always cured at standard 

conditions in a moist room at 27 oC and 100% RH until testing. 

2.2 Methodology of performance evaluation 

The fresh state and hardened state characteristics of the mortars were evaluated as per the following 

test schedule. In addition to the flow table test as per IS 5512 (2004), the workability and applicability 

of the mortars were assessed by measuring the depth of penetration through plunger penetration test 

(as per IS 2250 (2015)), water retentivity test (as per IS 2250 (2015)) and by a rebound test, by 

measuring the total weight of the material that has fallen off from a known quantity of the mortar that 

was applied to cast a300x300 mm panel on a clay brick masonry wall.  

The compressive strength (50 mm cubes) and flexural strength(40x40x160 mm prisms) were measured 

periodically as per IS 2250 (2015) at 30, 120 and 365 days. The stiffness of the mortars was evaluated 
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by calculating the dynamic modulus of elasticity through ultrasonic measurements carried out on 

40x40x160 mm prisms the  as per (IS 13311 (Part 1) (1992) on 30, 200 and 365 days. The adhesive 

strength of the mortars to a clay brick masonry wall were evaluated by pull-off test on 30 and 365 days 

on a 1.0x1.0 feet panel as per ASTM D4541-17. The open porosity was measured by vaccum saturation 

method on 50 mm cubes as per the durability index manual [19] at 30, 200 and 365 days. Porosity and 

pore size distribution was measured at 30 and 365 days on all mixes using a Pascal 140-440 

porosimeter from Thermo Scientific, by intruding mercury with an increase of pressure from vacuum 

to 400 MPa. All the samples were dried in a vacuum desiccator for a minimum period of 3 days before 

testing and were broken into small pieces of nearly 5 mm size. About 3 to 4 of such broken pieces were 

tested exposing a large surface area of the sample volume giving more accessibility for intrusion into 

larger pores. The total intruded volume, critical and threshold pore sizes were evaluated from the 

results. 

3 Results and Discussion 

3.1 Fresh state characteristics 
The fresh state characteristics of the mortar in terms of the water to binder ratio to obtain the 

designated flow of 60-70% (160-170 mm spread) on the flow table, depth of penetration (indicating 

consistency) in the plunger penetration test, water retentivity and rebound from a substrate (of clay 

brick wall) are presented in Tab. 3.   

From the results of the flow table experiments, a correlation was found between the w/b ratio and the 

fineness or specific surface area of the binders. The w/b ratio of the dry hydrated lime and OPC were 

0.90 and 0.54 respectively. The lime putty mixes had a slightly higher ratio (around 1.05) than the dry 

hydrated lime due to its increased fineness in the aging period. The w/b ratio of combinations of lime-

cement and cement-pozzolan mixes are between 0.80 – 0.67 and the customised blends needed a w/b 

ratio of 0.60. The water content is increased as the surface area of the binder increases; lime-based 

mortars and the mixes with a less cement (OPC) content exhibited good cohesion in the flow table 

tests. The 100% OPC mix was very stiff and lacked cohesion with increase in water to obtain the 

designated flow. 

The depth of penetration of the mixes varied between the extremes of 6.3 cm for the 1 year aged lime 

putty mix and 2.0 cm for plain OPC. The depth of penetration was higher for all the lime-based mixes, 

indicating a higher plasticity compared to cement-based mixes. The mortars with custom blends had 

a comparable depth of penetration to lime-based mortars.  

Similarly, the highest water retention was observed for the 12 months aged lime putty mix and the 

lowest for OPC. The water retention of the mortars was seen to improve as the replacement level of 

OPC increased with other binders. The custom blend CB3 has comparable water retention of 89.22% 

as that of lime-based mixes which varied from 88.69-97.60%.  

The applicability test was conducted with the help of a trained mason, which consisted of casting a 

panel of 1.0x1.0 feet on a clay brick masonry wall. A known quantity of mortar (by weight) was used 

to cast the panel and the rebound was calculated as the weight of the material that has fallen off while 

casting and finishing. Lime-based mixes were comparatively easy to work with and had very less 
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rebound. The lime-cement mixes, C60LC2 mix and blends CB2 and CB3 had less rebound than OPC, but 

had a higher rebound than mixes with lime. 

Table 3. Fresh state characteristics of the mortar mixes analysed in this study 

Mortar 
Mix 

Actual flow 
obtained (mm) 

Water to 
binder ratio 

Depth of 
penetration 
(cm) 

Water 
retentivity 
(%) 

Rebound (%) 

PL 162 0.90 3.2 93.25 4.9 

SL-1 170 1.05 4.9 96.85 3.2 

SL-12 167 1.04 6.3 97.60 2.9 

PLA 163 0.83 4.3 93.25 2.7 

L20C 167 0.80 3.6 88.69 4.4 

OPC 170 0.54 2.0 71.42 12.0 

C50L 166 0.67 2.7 84.43 8.9 

C50FA 167 0.63 2.7 79.04 14.5 

C60LC2 166 0.66 2.9 87.34 7.8 

CB1 161 0.60 3.6 83.33 15.3 

CB2 163 0.60 3.2 85.97 9.7 

CB3 166 0.60 5.0 89.22 8.6 

3.2 Compressive and flexural strengths 
The compressive and flexural strengths of the various combinations of mortars are presented in Figure 

1 and Figure 2 respectively. The compressive strength increases with age for all the mixes as expected, 

however, a significant strength evolution is not observed after 30 days in cement-based mixes as 

compared to lime-based mixes. For the lime-based mixes (PL, SL-1, SL-12 PLA), the strength varied in 

the range of 0.68-1.16 MPa at 30days which got enhanced to 3.47-3.86 MPa at 365 days. The increment 

in strength is in around 300% whereas the cement-based (OPC, C50FA, CB1) mixes had around 35% 

strength increment at 365 days from the 30th day strength. Also, the strengths were not different in 

the lime putty mixes and in the mix with additive. The extent of carbonation of the lime-based and 

lime-cement mortars were analysed at 365 days by a phenolphthalein indicator and they were not fully 

carbonated, suggesting further strength evolution after 365 days.   

The rate of strength evolution of lime-cement (L20C, C50L) and C60LC2 mix (probably due to the high 

reactivity of the fine clay) is in the range of 125%. The mortars with blended cement CB3 had a 

sufficient strength of 6 MPa at 30 days which got increased to 11 MPa at 365 days which is within the 

maximum limit specified by  ASTM C270-14a ( Type N, 17.2 MPa) for load bearing walls. 

Flexural strength evolution of the mortars had similar trend as compressive strength. An increase of 

210% is observed for the lime-based mortars at 365 days from 30 days. For the mortars with blended 
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cements, as the replacement level of OPC clinker increased, the strength got reduced, especially at 

early ages. The maximum strength attained by CB3 at 365 days was around 3.7 MPa.  

 
Figure 1. Compressive strength of the different mortars analysed in this study 

 

 
Figure 2. Flexural strength of the mortars with different binder types analysed in the study 

3.3 Stiffness 
The stiffness of the mortars is presented as dynamic modulus of elasticity that was calculated from 

ultrasonic pulse velocity measurements (shown in Figure 3). The velocity varied around 2000 m/s for 
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lime-based systems whereas it was around 4000 m/s for OPC at 365 days. With the increasing level of 

replacement of OPC, the pulse velocity reduced to about 3000 m/s (for CB3) indicating an increased 

number of pores in the system. Similarly, the modulus was comparatively low for lime-based mixes 

ranging from 7-8 GPa while OPC was the stiffest mix with a modulus of 46GPa at 365 days. The CB3 

mortar had a stiffness of around 19 GPa at 365 days, which is still higher than the lime-based mortars, 

but significantly lower than the other cement-based systems. 

 

 
Figure 3. Dynamic modulus of the mortars made of different binder combinations 

3.4 Pull-off and rebound from substrate 
For the assessment of adhesion with substrate, panels of approximate size of around 1.0x1.0 feet were 

cast on a clay brick masonry wall with the help of a trained mason. The pull off strength was then 

tested at 365 days using a portable pull-off adhesion tester (shown in Figure 4) and the pull-off strength 

was calculated from the maximum load required to detach a steel dolly that was glued to the plastered 

surface. The failure occurred at the interface between the plaster and the brick substrate and also 

within the brick for different mixes. However, it should be mentioned that some mortars got detached 

from the surface while preparation of the test and there was a large scatter in the results. The pull-off 

strength (average of at least two tests) and mode of failure is given in Tab. 4. The lime-based mixes 

and the limestone calcined clay mix failed at interface probably due to inappropriate working of the 

plaster. For the other mixes, the fracture occurred within the substrate, which is an indication of good 

adhesion between the substrate and mortar.  
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(a)  (b)  

Figure 4. Pull-off test set-up showing (a) the portable adhesion tester and (b) steel dolly detached from the 
plaster surface 

Table 4. Pull-off strength of the mortars analysed in the study 

Sl. No Legend 
Pull-off 
Strength (Mpa) 

Fracture 

1 PL 0.19 At interface 

2 SL-1 0.22 At interface 

3 SL-12 0.24 In substrate 

4 PLA 0.21 At interface 

5 L20C 0.33 In substrate 

6 OPC 0.68 In substrate 

7 C50L 0.42 In substrate 

8 C50FA 0.36 In substrate 

9 C60LC2 0.34 At interface  

10 CB1 0.24 In substrate 

11 CB2 0.35 In substrate 

12 CB3 0.41 In substrate 

3.5 Porosity by vaccum saturation 
The total porosity of the mortars by vaccum saturation are presented in Figure 5. The lime-based 

systems have a total porosity in the range of 30-37% and are comparable to the values mentioned in 

literature [21]. OPC has the lowest porosity as expected, and as the replacement levels increased, the 

porosity was also found to increase.  This could be due to the lower amount of hydration products 

formed to fill up the initial pore volume. 
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Figure 5. Total porosity of the mortars measured by vaccum saturation 

3.6 Porosity and pore size distribution 
The performance of the mortars were compared through an assessment of total porosity and pore size 
distribution (shown in Figure 6 and Figure 7 respectively), which is an important factor governing 
compatibility, because of its direct influence on the breathability characteristics of the mortar. As 
observed in the vaccum saturation method, the porosity values are in the range of 30% for lime-based 
mixes. The total porosity of the coustom blends are comparable to that of the lime-based and lime-
cement mixes. This could be due to the altered microstructure with composite binders against pure 
systems such as OPC.  
The critical pore size of mortars made with dry hydrated lime (PL) and pure cement (OPC) indicate that 
the microstructure of these systems are significantly different, with average pore size around 1 µm in 
pure lime and 0.01 µm in OPC, confirming the incompatibility of the two systems. The 1 year slaked 
lime mix had a multimodal distrubution with pore sizes ranging from 0.2 µm to 9.7 µm. As the 
replacement in OPC mix increaced with either lime or modern pozzolans, the total porosity and critical 
pore sizes were observed to increase. The porosity of the the costom blend consisting of 20% OPC 
clinker,60% Class F fly ash and 20% Limestone (CB3) has critical pore sizes at 0.05 µm and 0.51 µm 
which are comparable to that of lime-based and lime-cement mixes.  
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Figure 6. Total porosity of the mortars obtained from MIP 

 

  
(a) (b) 

  
(c) (d) 

Figure 7. Pore size distribution of select mortars made of different binders (a) dry hydrated lime (b) 1-year aged 
lime putty (c) OPC and (d) custom blend, CB3 
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4 Conclusions  

The performance of different types of binders as potential repair materials was evaluated in this study 

for their possible use in historic masonry. Lime based binders were seen to have better fresh state 

characteristics as compared to mixes containing modern binders. However, the microstructure and 

mechanical characteristics continued to evolve even after 365 days for the lime-based systems, 

whereas the required mechanical performance could be achieved at an early age with modern binders 

by a judicious combination of supplementary cementitious materials and limestone filler. The results 

also highlight that the OPC become suitable (or compatible) for repair of historic structures only when 

there is a high degree of replacement, up to 80%. A combination with 50 - 60% fly ash and 20% 

limestone replacement in OPC clinker was seen to perform satisfactorily in the investigations, and can 

be used as a potential binder for masonry applications. The relative stiffnesses are still high for such 

mixes, probably due to the role of the cementing matrix; however, the pore size distribution and 

overall porosity are similar to the lime-based systems, which leads to an opportunity for using such 

systems for repair of historic structures. However, other functional performances like thermal 

conductivity, resistance to shrinkage cracking, resistance to environmental attack and aesthetic 

compatibility in terms of colour hue harmonisation needs to be evaluated.  
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Abstract: Research on injection grouting for the stabilisation of delaminated wall paintings and 

historic plasters mostly focuses on grouts based on aerial or hydraulic lime and on earthen-based 

grouting. Materials for the stabilisation of delaminated gypsum-based plasters have never been fully 

studied, even if gypsum has been used as a constituent material of wall paintings since ancient times. 

Grout mixtures developed during this research were specifically designed for the stabilisation of the 

11th-century gypsum-based wall paintings in the Ateni Sioni church in Georgia. Due to the gypsum 

sensitivity to water, it was important to reduce the water content of the grout; this was achieved by 

partially substituting water with an alternative liquid, i.e. ethanol. The grout mixture design involved 

laboratory testing to assess the working properties and some performance characteristics of the 

grouts. In addition to the regular tests, grouts were injected into replicas simulating the challenging 

horizontal delamination present in the vaults of the church. The research proposes gypsum as the 

binder for a grout together with the use of a water-reduced dispersion medium, aiming to stabilise 

delaminated gypsum-based plasters. 

1 Introduction  

1.1 Injection grouting 

Wall paintings, defined as paintings executed on the bearing structure, may be composed of different 

layers: from the primary support to plaster layer(s), paint layer(s), varnish layer(s) and attachment(s). 

Lack of adhesion between plaster layers resulting in delamination is a widespread deterioration 

phenomenon in wall paintings and is defined as a separation between coherent plaster layers or 

between plaster and primary support. This often results in the formation of an empty space, a void 

between the delaminating layers. This unstable situation which can result in the loss of painted plaster, 

can be fixed with the direct intervention of grouting. Grouting aims to introduce in the delamination 

an adhesive material with bulking properties to re-establish adhesion [1]. Such intervention is one of 

the most challenging in wall paintings conservation since the problem is concealed and grouting is 

irreversible [2] (p. 472). Injection grouts are mixtures composed of binder(s), aggregates, and a liquid 

(suspension medium), which is typically water; additives may be added to the formulation [3]. 

Research on injection grouting for the stabilisation of delaminated wall paintings and historic plasters 

mostly focuses on hydraulic lime/lime-based grouts (among others, [3]; [1]; [4-7]) and/or earthen-

based grouts [8, 9]. In the literature, such binders may be also used in combination (ex. earth-lime, 
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[10]). Studies on historic gypsum-based plasters rather focus on their characterisation [11, 12] and the 

design of compatible repair plasters [13-15]. To the authors’ best knowledge, there are no publications 

(in English or Italian) regarding gypsum as a binder for grouting of gypsum-based plasters where 

working properties and performance characteristics are systematically assessed. The properties of 

gypsum-based grouts have not been studied, even if gypsum is widely spread as an original material, 

and it has been used as a constituent material of wall paintings since ancient times [16, 17]. Since the 

grout introduced during the intervention becomes a non-extractable part of the stratigraphy, it is 

important to ensure compatibility and stability of the grout, as well as retreatability. The physico-

chemical compatibility with the original materials and a physico-mechanical behavior close to the one 

of the original plaster are paramount: therefore, especially for relatively unexplored binders and 

extensive interventions on site, a systematic study evaluating the physico-mechanical properties of the 

injection grout in comparison to the original is necessary before undertaking the treatment. 

1.2 Case study 

The 7th-century Ateni Sioni church (Figure 1), located in Georgia, is one of the most significant religious 

sites in the country and is listed as an immovable cultural monument of national significance. The 

church is built with various types of tuff stone, which can be found at the site around the building 

(vitroclastic tuff containing analzim, yellowish tuff and green coarse grained tuffs which are high in 

quartzite) [18]. Beside its fine architecture, the 10th-century stone reliefs on the church exterior 

facades, the 7th-century aniconic decorations and the 11th-century wall paintings on the interior walls 

of the church are extremely important. The 11th-century painting’s phase depicts stories of the New 

and Old Testament, including a large cycle of the life of the Virgin as well as numerous figures of saints 

and ornamental decorations [19] (Figure 1).   

  

(a) (b) 
Figure 1. (a) Ateni Sioni church, Georgia; view from the southeast. © Gvantsa Potskhishvili, 2015; (b) The 11th-

century decoration phase; south apse, Ateni Sioni church, Georgia. © Gvantsa Potskhishvili, 2015. 

Various types of painted plasters have been identified in the Ateni Sioni church. Analyses of plaster 

fragments, thin and cross sections were performed at the University of Applied Sciences and Arts of 

Southern Switzerland (SUPSI) with Polarized Light Microscopy (PLM) and FT-IR (Fourier‐Transform 
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Infrared spectroscopy). Results showed that a thin layer (1 mm) of lime-based plaster containing 

particles of charcoal and probably red iron oxide was applied before the gypsum-based plaster, on the 

stone primary support. The most widely spread plaster type in the church is gypsum-based. It has been 

applied over the thin lime-based plaster, on the interior walls between the 7th-8th centuries [19]. The 

gypsum plaster does not contain aggregates and is usually applied in two layers, i.e. a thinner lower 

layer and a thicker upper layer reaching up to 1 cm of total thickness. The second most common plaster 

type in the church is a lime-based plaster with straw-like organic inclusions, usually present either in 

patches next to gypsum-based plaster or overlapping it. This plaster must have been applied between 

the 8th and 11th centuries [19]. The 11th-century wall paintings are painted using a secco technique on 

both the gypsum and the lime-based plasters. Another kind of lime-based plaster, mainly found in the 

pendentives, is characterised by high hair-like fiber content and organic inclusions, and most probably 

was applied between the 8th and 11th-centuries [19]. The church underwent several changes and 

restorations over the centuries and probably suffered from an early stage of problems of plaster 

adhesion. Starting from the middle of the 20th-century, a series of restoration works were undertaken 

on site due to the continuous water infiltration coming from the stone roof and due to the structural 

instability of the dome and the substructure. The stone roofing of the church was fully replaced 

between 1957 and 1970 with the same materials and construction technique. The roofing replacement 

seems to have continued every few years till 2005-2006, as the problems of water infiltration were still 

present [20]. Regarding the wall paintings, just brief notes can be found in the literature, which report 

restoration works [19]. The first note, dated to the 1930s, reports that the paintings were partially 

cleaned and “washed” by a Russian team of restorers. Later, in the 1950s, the paintings were cleaned 

and “safely fixed/stabilised” by the Georgian painter-restorers S. Abramishvili and K. Bakuradze [19]. 

Widespread delamination was found throughout the church and is documented in the condition 

assessment performed in 2012 by Prof. Francesca Piqué and Stefano Volta and in 2015 by Gvantsa 

Potskhishvili as part of her MA research work.  

2 Definition of the problem and of the grouting performance criteria 

The wall paintings condition assessment performed in the church showed the presence of large 

lacunas, of recent losses and of severe problems of lack of adhesion (i.e. delamination). In most of the 

cases, the delamination occurs between the stone and the plaster(s), i.e. the primary and the 

secondary supports. The most severely delaminated areas, being unstable, are located in the upper 

parts of the apses, on the horizontal and semi horizontal surfaces of the vaults and in the areas where 

there are joints  between different plaster types (on horizontal, semi horizontal and vertical surfaces) 

(Figure 2). When not clearly visible, the delamination was located in the stratigraphy by tapping, and 

its severity assessed according to the vibration and the sound produced. 

A thorough graphic and photographic documentation was produced to illustrate the extent and gravity 

of this precarious situation and the need for a stabilisation intervention. One of the possible 

interventions to be designed is that of grouting.  
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Figure 2. Delamination of the gypsum-based plaster; west apse, Ateni Sioni church, Georgia. © Francesca 
Piqué, 2012. 

General performance criteria (such as physico-chemical stability, no introduction of soluble salts, etc.) 

are common to any conservation intervention [21]. Criteria which are specific to the type of 

intervention (e.g. grouting, consolidation, cleaning, etc.) are important for the design of the 

conservation treatment [21]. Working properties for grouting decorated surfaces should be sufficiently 

fluid to allow injection; in addition, minimal shrinkage upon hardening, mechanical strength similar or 

lower than that of the original materials, porosity and water vapour permeability similar to those of 

the original materials are necessary to ensure stability of the results over time [1]. Keeping in mind the 

criteria for any grouting intervention, site-specific performance criteria must then be defined case-by-

case [21], and were indeed defined for the specific case at Ateni. The desired properties for the 

grouting intervention at Ateni were outlined, including working properties, i.e. short-term 

performance (during the intervention when the grout is in the fluid state), and performance 

characteristics, i.e. long-term performance (after the intervention and over time, when the grout is set 

and hardened) [21]. The site-specific working properties and performance characteristics of the grouts 

designed in this research were defined according to the composition of the original materials (gypsum 

plaster and stone support) and the specific condition on site, i.e. specifics of the delamination. 

Delamination between gypsum-based plaster occurred on horizontal, semi-horizontal or vertical 

surfaces. The void between the delaminated plaster and support in the vault could reach up to 5 cm. 

The severity of the delamination varied between unstable and dangerously unstable, with risk of loss 

of original material. Regarding injectability, since in the Ateni Sioni church access points need to be 

created in order to inject the grout, two size catheters to attach to the syringe for injection (one 

relatively narrow and the other larger in diameter, see Table 1) were tested, in order to design a 

versatile material, allowing flexibility on site and adapt the intervention to the different situations 

eventually found. The additional desired site-specific working properties and performance 

characteristics for the grout to be used in the Ateni Sioni church, including minimal water content 

because of the sensitivity to water of the original gypsum-based plaster, are described in Table. 1.   
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Table 1. Site-specific working properties (WP) and Performance characteristics (PC) of the grout to design for the 
Ateni SIoni Church.   

Working Properties (WP)  Performance Characteristics (PC) 

Good injectability: ability of the grout to easily pass 

through two catheters attached to the syringe (3.3 

mm diameter and 4.7 mm diameter respectively) 

 Sufficient adhesion to both interfaces, primary 

stone support and gypsum plaster 

Proper flow: ability of the grout to flow for a suitable 

distance in order to reach the edge of the 

delaminated area, vertically (on brick tiles and in 

replicas with gypsum plaster) and horizontally (in 

replicas with gypsum plaster)  

  
Minimal dry density, especially for horizontal 
surfaces 

 

Minimal water content: one of the most important 

requirements because of the sensitivity of gypsum-

based plasters to water 

 Minimal hygral and thermal expansion and 

contraction 

Good initial tackiness: to both interfaces, primary 

stone support and plaster, especially important for 

the delamination present on the horizontal surfaces 

  

Minimal wet density, especially for horizontal 

surfaces 

  

Reasonable hardening time: the grout should not 

start hardening during the intervention; however, 

relatively rapid hardening time is important to limit 

the period during which the wet grout is adding 

weight to the thin plaster layer, especially on 

horizontal surfaces and a support is necessary 

  

3 Materials and methods: Site-specific grout formulation 

As stated, the most common type of plaster present in the Ateni Sioni church is a gypsum-based 

plaster. Although this type of plaster has been known as a support for wall paintings around the world 

since ancient times, the chemical and physical characteristics of gypsum and in particular its solubility 

in water [22] and the rapid hardening time are well-known potential limitations in the use of this 

material for building and/or decorative purposes [23, 24]. In the case of injection grouting, these issues 

can raise complications in terms of choice of materials for grout formulations and/or treatment 

methodology. If gypsum is chosen as the binder of the injection grout, its fast setting may be a 

hindrance for the implementation of the intervention, since the grout needs to remain fluid during the 

intervention and cannot harden too fast. This may be one of the reasons why other binders such as 

lime are generally used for the stabilisation of such plasters. In addition to this, generally it is common 

practice to use water as the suspension medium for injection grouts, which is problematic due to the 
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water-sensitive original materials present [4], such as gypsum-based plaster. Gypsum is slightly water-

soluble, even if its solubility is much lower than other soluble salts commonly found in building 

materials [25]. Therefore, since original materials at the Ateni Sioni church are water-sensitive, it was 

decided it was important to reduce the water content of the grout, partially substituting it with an 

alternative liquid, i.e. ethanol [4]. On the other hand, being gypsum the binder of the injection grout, 

water is necessary in the hydration reaction occurring during setting [25]. Stoichiometrically the 

minimum amount of water is indicated by the setting chemical reaction (1):  

 

CaSO4 · 0.5 H2O + 1.5 H2O → CaSO4 · 2 H2O. (1) 
 

The research focuses on developing a gypsum-based grout with a reduced amount of water, both to:  

i) reduce setting time of the grout with the use of gypsum (compared to a lime-based one) and use a 

material akin to the original ones, and ii) reduce solubility of the original material with the use of an 

alternative liquid beside water. The formulation of the grout proceeded in two stages:  the first one 

focused on assessing the feasibility of the use of gypsum as the binder (Stage 1, Section 3.1 below), 

and the second one focused on refining the formulation (Stage 2, Section 3.2 below).  

In the methodology for the formulation of a grout, the mix design and the testing of paramount 

properties must proceed in parallel to refine the formulation [5]. Stage 1 aimed, through preliminary 

testing, to assess the feasibility of using grouts prepared with gypsum (on its own and in combination 

with lime), while lime was used as a control (see Section 3.1). Such preliminary testing involved the 

assessment of injectability, flow, shrinkage and adhesion, as these were judged as the fundamental 

working properties required, and helpful in guiding the grout design. Based on these results, the most 

promising three formulations were identified and then further refined during Stage 2, which led to the 

two final formulations (see Section 3.2). Such mixtures were further tested beside injectability, flow 

and shrinkage  for expansion and bleeding, wet and dry density, hardening time, cohesion and 

adhesion into replicas. This multi-step formulation methodology is synthesized in Table 2; details of 

the different stages will be given in Section 3.1 and 3.2 below. Description of testing procedures and 

results will be fully reported in Section 4. 

 

Table 2. Stages in the grout formulation. 

Stage of 

formulation 
Aim Testing carried out Mixture obtained 

Stage 1 Feasibility of using 

gypsum or  gypsum-lime 

as binder  

Preliminary testing of: 

Injectability 

Flow  

Shrinkage 

Adhesion 

Mix 1 (gypsum) 

Mix 2 (gypsum-lime) 

Mix 3 (lime) 

Stage 2 
Refining of the 

formulation to fulfil the 

Grout 1 (gypsum) 

Grout 2 (gypsum-lime) 
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 site-specific 

performance criteria, 

particularly adhesion 

Full testing of: 

Injectability 

Flow  

Expansion and bleeding 

Wet and dry density 

Shrinkage 

Hardening time 

Cohesion and adhesion (replicas) 

 

 

3.1 Stage 1 of formulation and testing 
At the first stage of the grout mixture design, a wide range of materials (binder, fillers and suspension 

media) were considered according to their composition, properties and physico-chemical compatibility 

with original materials.  

The following variables were considered in  Stage 1 of design and testing. Mixes which are the result 

of this first stage are then shown in Tab. 3. 

• Binder: Gypsum was considered as the binder of the grout (Mix 1 in Table 3), due to the gypsum-

based composition of the original plaster. It is important to underline that pure calcium sulfate 

hemihydrate (CaSO4 · 0.5 H2O) without the presence of any additive (from LAGES, Lavorazione 

Gessi Speciali SPA, Italy) was used for this research; this is crucial, since commercial reactive 

calcium sulfate hemihydrate (gypsum hemihydrate) typically contains retarders and/or other 

additives to modify its properties and improve workability. Since the feasibility of the use of solely 

gypsum as the binder was still to verify and the authors wanted to assess the difference between 

gypsum and lime, two further binders were considered as well, i.e. 50% lime - 50% gypsum (Mix 2 

in Table 3) and just lime (control, Mix 3 in Table 3). The choice of the binder for Mix 2 (and later 

Grout 2, see Section 3.2) was based on the well-known historical use of these two binders mixed 

in different proportions to obtain intermediate properties, e.g. addition of gypsum to speed up the 

setting time of lime-based mixtures (ex. in stucco technology) [26]. In addition to this, the first very 

thin (1 mm) plaster layer applied on the stone at the Ateni Sioni church is lime-based, so both lime 

and gypsum are present in the stratigraphy. The lime used in both cases was slaked lime putty 

(Grassello di Calce Candor, 48-months-aged, Italy) (ca. 50% Ca(OH)2 and 50% H2O), drained of the 

excess water, i.e. just the paste was used. 

• Fillers: Several fillers were selected for the preliminary testing, depending on their chemical 

composition (reactive with lime vs. inert), particle size and morphology. Aggregates reactive with 

lime (while no chemical reaction with gypsum occurs) included pumice (from CTS, Italy) in different 

granulometry (<90 μm, <140 μm, <240 μm, <280 μm), Pozzolana Romana Gialla Micronizzata (<63 

μm) (from Opificio Bio Aedilitia, Italy), Scotchlite K1® (sodalime borosilicate glass, reactive with 

lime [4]; from 3M, <120 μm according to the technical data sheet). Quartz sand (from Taiana, 

Switzerland, 100-250 μm), inert, was also considered. Scotchlite K1®, round, hollow and non-

porous, helps to improve injectability in grouts [9, 5, 27] and aids in obtaining mixtures with low 

density; the other aggregates tend to have an angular shape, helping packing geometry and 
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therefore cohesion. Pumice 0-140 μm (1 pt/V) coupled with Scotchlite K1® (3 pt/V) was chosen as 

the best fillers combination (see Tab. 3), giving good injectability and minimal/no shrinkage. The 

other types of fillers coupled with Scotchlite K1® were discarded for the following reasons: 

1. Mixes tended to segregate when Quartz sand and/or Pozzolana were added (with all 

three binders); 

2. Flow got dramatically worse when Pumice 0-90 μm was added (with all three binders): 

mixes tended to segregate and material to accumulate at the bottom of the drip during 

the flow test, giving an inhomogeneous drip; 

3. The amount of suspension medium required to obtain a fluid grout with proper 

injectability and flow was higher when Pumice 0-240 μm or Pumice 0-280 μm were 

added to the mixes compared to mixes with Pumice 0-140 μm,  and in case of Pumice 

0-280 μm material tended to accumulate at the bottom of the drip during the flow 

test, giving an inhomogeneous drip. 

Furthermore, it was assessed that the amount of Scotchlite K1® has a significant impact on the 

properties of the grout: 2 pt/V was the minimum amount necessary in order to have sufficient flow 

and medium/low shrinkage of the mix. The mix with 2 pt/V Scotchlite K1® was compared with 

mixes with 2.5 pt/V and 3 pt/V Scotchlite K1®; the most satisfactory results were obtained for the 

mixes with 3 pt/V Scotchlite K1®, in terms of fluidity and minimal/no shrinkage. 

• Suspension medium: Solubility bench tests were carried out on a fragment of original plaster from 

the Ateni Sioni church: water vs. solutions with a different proportions of water : ethyl alcohol. 

These were added drop by drop on the original plaster, and its hardness was verified gently 

pressing it with a metal spatula and assessing the indents left on the surface. Bench tests confirmed 

that the original gypsum-based plaster is sensitive to water, even the first few drops. However, 

results also showed that the gypsum plaster is very stable and seems not to soften/visibly solubilize 

(from a macroscopic assessment) with a solution of 50% water - 50% ethyl alcohol. In this case, 

pressure with the spatula did not leave any indents on the surface. In order to further reduce the 

water amount, also solutions with water - alcohol 40%-60% and 30%-70% were tested in the grout 

design, thinking that, considering the potential (high) amount of grout injected on site, lowering 

further the amount of water would have been advantageous. However, no promising results were 

obtained compared to the solution water-alcohol 50% - 50%. Mixes with water - alcohol 40%-60% 

and 30%-70%, in fact, tended to significantly shrink and even collapse in the moulds. Therefore, 

the 50%-50% solution was chosen as the grout suspension medium. It was calculated that the 

amount of water in the gypsum grout was amply sufficient for the hydration reaction to fully occur. 

On the other hand, for the lime-based grouts, previous research has proved that lime carbonation 

and hydraulic reactions (lime + pumice) can occur also with a reduced water content (here amply 

in the minimum amount) and in presence of ethanol [4]. 

After this first formulation round (Stage 1) where injectability, flow and shrinkage were assessed, three 

preliminary formulations (see Tab. 3) were chosen, in which the only variable is the binder; the rest of 
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the components remain constant for all the formulations (in terms of typology, proportion and 

amount).  

Table 3. Preliminary formulations of the grouts. 

Mix           

Components 

Mix 1 
(Gypsum) 

Mix 2 
(Gypsum & Slaked lime) 

Mix 3 
(Slaked lime) 

pt/V Vol. 
(mL) 

Weight 
(g) 

pt/V Vol. 
(mL) 

Weight 
(g) 

pt/V Vol. 
(mL) 

Weight 
(g) 

Gypsum hemihydrate 1 100 86 0.5 50 44 - - - 

Slaked lime - - - 0.5 50 76 1 100 150 

Pumice 0-140 μ 1 100 81 1 100 81 1 100 81 

Scotchlite K1® 3 300 20 3 300 20 3 300 20 

Water –Alcohol  
50%-50% 

2.2 220 195 2.2 220 195 2.2 220 195 

 

Adhesion of such selected grouts was then assessed in the laboratory onto the two materials lacking 

adhesion in the Church of Ateni: gypsum plaster and tuff stone. To assess the adhesion to the plaster, 

a gypsum plaster prepared in the laboratory was applied on a brick tile and a boundary was placed 

around the tile itself; fluid grout was poured on the plaster and allowed to harden for 10 days. 50 mm 

diameter circular incisions were carved from the surface down to the brick. Metal plugs were glued on 

such incisions and pulled off with a dynamometer to measure the force needed for the failure to occur. 

To assess the adhesion of the grout to the tuff stone support, cylindrical plastic moulds 50mm diameter 

x 20mm height leant on the stone were filled with fluid grout (Figure 3). After 10 days of hardening, 

metal plugs were glued to the surface of the grout cylinders and then pulled off with a dynamometer. 

It was found that the adhesion properties of the gypsum-based grouts (Mix 1 and 2) were not 

satisfactory, as in both cases the failure occurred between the grout and the stone support/gypsum 

plaster with a minimal force applied. Therefore the formulations needed to be refined (Stage 2, Section 

3.2), since a good adhesion to both interfaces (plaster and stone), in fact, is one the most important 

requirement for a grout, and crucial in the case of the Ateni Sioni Church.  
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Figure 3. Assessment of the adhesion of the grout to the tuff stone support. © Gvantsa Potskhishvili, 2015. 

3.2 Stage 2 of formulation and testing 
Since in Stage 1 of preliminary testing it was found that the adhesion of the gypsum grouts was not 

satisfactory, introduction of an additive was necessary to improve adhesion, particularly considering 

the delamination occurring on horizontal surfaces, where gravity has an important role and the grout 

needs to support the overlaying stratigraphy. 

A literature review [3, 28-31] showed that two main categories of materials could be considered when 

looking at additives to improve adhesion for grouts: natural and/or synthetic. One of the most used 

synthetic material for this purpose is known to be an acrylic dispersion in water, PRIMAL® [30, 31], 

however the actual references detailing its use are limited. One of the earliest cited use of PRIMAL® 

AC-33 as an additive for grouts is for the in situ reattachment of earthen plasters in Peru, 1975-1977 

[31] (p. 53). Nowadays, the most widely used acrylic dispersions for consolidation and adhesion 

interventions are PRIMAL® CM 330 (previously E330S) and PRIMAL® B60A ER. These products, 

according to the corresponding technical data sheets, have very similar properties, especially in terms 

of solid content (CM 330: 46.5-47.5%; B60A: 46-47%), pH (CM 330: 9.5-10.5; B60A: 9.4-9.9), 

appearance and minimal film formation temperature (CM 330: 10°C; B60A: 9°C). For the given 

research, it was decided to test PRIMAL® B60A, as its use seems to be better documented as an 

additive for grouts in previous studies [30, 31]. A minimum amount of acrylic was added in order to 

minimally alter the porosity and water transport properties of the hardened mixtures, yet obtaining 

adequate adhesion.  

Table 4 shows the final formulations of the two grouts chosen for a possible implementation on site, 

subject to further testing (fully reported in Section 4). Mix 3 (just lime-based) was excluded from the 

further testing, since the objective of this research was to assess gypsum-based grouts to be potentially 

used on site and gypsum-based mixtures were preferred for a matter of chemical compatibility with 

the original plaster. Mix 3, in fact, is lime-based and it was originally included in the preliminary testing 

as a control rather than a grout developed for in situ use. The final Grout 1 and Grout 2 shown in Table 

4 have different binder, i.e. gypsum in case of Grout 1 and gypsum-slaked lime in case of Grout 2. The 

amount of pumice is slightly higher in Grout 2 with gypsum-lime, because a higher amount of aggregate 
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was necessary to obtain no shrinkage (Grout 1 with gypsum had already no shrinkage). On the other 

hand, the addition of Primal required a slight increase in solution in Grout 1 to obtain suitable 

injectability and flow: the reasons for this, the interaction acrylic-gypsum and its influence on the 

rheology of the mix should be further investigated and were beyond the scope of the present research. 

In Grout 2, on the other hand, slaked lime putty was used, which already contains 50% water and can 

aid in working properties [32, 33], including injectability and flow. The purpose was not to directly 

compare these two grouts to understand the influence of the single variables, since the change in more 

than one variable for practical purposes impedes such comparison. These modifications to the grouts 

were made to ensure their satisfactory working properties and performance characteristics, in order 

to design mixes to be used effectively on site. 

 

Table 4. Final formulations of the grouts. 

4 Testing program and results 

As seen in Section 3, this research involved firstly testing of basic properties (such as injectability, flow 

and shrinkage) in parallel to the design of mixtures, to then move to a more thorough assessment of 

working properties (in the fluid state) and performance characteristics (in the hardened state) of the 

final grouts. This included injection into replicas simulating the horizontal delamination present in the 

ceilings and vaults of the church. The laboratory testing procedures adopted are described below and 

results are summarised in Table 5. 

 

Injectability 

Injectability of the grouts was assessed by evaluating the ability of a grout to pass through a syringe 

and/or through a syringe with a catheter attached to it, when approximately the same pressure is 

applied on the syphon by hand (adapted from [5]). A 60 mL syringe with two different catheters 

(diameters 3.3 mm and 4.7 mm) was used for the test. 30 mL grout was placed in the syringe and 

injected, firstly through the syringe and after through the syringe plus catheter. This procedure was 

Mix 

Components 

Grout 1 

(Gypsum) 

Grout  2 

(Gypsum & Slaked lime) 

pt/V 
Vol. 

(mL) 

Weight 

(g) 
pt/V 

Vol. 

(mL) 

Weight 

(g) 

Gypsum  hemihydrate 1 100 86 0.5 50 44 

Slaked lime - - - 0.5 50 76 

Pumice 0-140 μ 1 100 81 1.2 120 104 

Scotchlite K1® 3 300 20 3 300 20 

Primal B60A (47%) 0.02 2 2.05 0.02 2 2.05 

Water -Alcohol 

50%-50% 
2.4 240 210 2.2 220 195 
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performed at least three times for each syringe/catheter setting for each grout. According to how 

many mL of grout was passing through in a set amount of time (5 seconds), the grout was assessed as 

‘easy’ (>20 mL), ‘medium’ (10-20 mL) or ‘difficult’ (<10 mL) to inject. Both grouts showed an ‘easy’ 

injectability through the tip of the syringe and the 4.7 mm catheter, and ‘medium’ injectability through 

the 3.3 mm catheter. 

 

Flow 

A brick tile (tuff would have replicated better site conditions, but it was not available) with vertical 

grooves was positioned vertically, and 10 mL grout was injected from the top to let it flow through the 

vertical channels present on the tile (adapted from [34] (p. 75)) (Figure 4). Approximately the same 

pressure on the syphon was applied each time to have as similar testing conditions as possible. 

Distance and time of flow were recorded, and the homogeneity and body of the drip were observed 

and evaluated (Figure 4). The test was repeated at least 10 times for each grout. The average flow 

distance (cm) and the average time taken for the grout to flow (s) were recorded, and the flow rate 

(cm/s) was calculated. Grout 2 (50% gypsum-50% lime) showed a longer flow distance and higher flow 

rate compared to Grout 1 (gypsum-based). Both produced a homogeneous drip with a good body.  

 

 

Figure 4. Grout 1 and Grout 2 injected in the vertical channels incised in the brick tile. © Gvantsa Potskhishvili, 
2016. 

Expansion and bleeding  

In this research, the standard test (ASTM C940-10) to measure expansion and bleeding was modified 

using a smaller amount of grout (30 mL instead of 800 mL). The test was carried out in plastic syringes 

without the syphon, and the tip of the syringe was blocked with a tape; the syringe was fixed in a 

vertical position so that it was stable. 30 mL of grout was placed in the syringe and the top of the 

syringe was covered with cling film to impede evaporation. The grout in the syringe was observed 

every 10 minutes for one hour, to assess if expansion and/or bleeding occurred. The two grouts 

showed neither expansion nor bleeding. 
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Wet and dry density 

Density (wet and dry) of the grouts was calculated with the formula density=mass/volume (g/cm3). 

Wet density is the density of the freshly prepared grout; dry density is the density of the hardened 

grout. To assess wet and dry density of the grouts, 30 mL of freshly prepared grout was placed in a 

Petri dish and weighed over time till the weight did not vary more than 0.01 g in three consecutive 

daily readings (adapted from [5]). Grout 1 and 2 showed similar wet and dry density, Grout 1 (gypsum-

based) having a slightly lower wet density and Grout 2 (50% gypsum- 50% lime) having a slightly lower 

dry density.  

 

Shrinkage 

The shrinkage was qualitatively assessed with a porous support. 30 mL of freshly prepared grout was 

placed into a gypsum plaster cup (adapted from [34] (p. 83)), previously pre-wetted with 5 mL of water: 

alcohol 1:1 solution, and the system was covered with a gypsum plaster disc to reproduce a real case, 

in which the grout hardens in a pocket and it is not directly exposed to air [5]. After hardening, the 

surface was firstly observed to detect cracks and/or shrinkage close to the plaster cup walls, and the 

grout was then gently excavated with a spatula close to the walls, in order to observe the shrinkage in 

depth [5].  Both grouts showed no shrinkage, neither at the surface nor in depth. 

 

Hardening time 

The hardening time of the grouts was measured by assessing it with the Vicat needle apparatus. The 

Vicat needle apparatus is typically used to measure the “setting time” of cement-based mortars 

(standard UNI-EN 196-3); just the bell-shaped needle (to assess the setting end) was here considered. 

Different definitions of hardening and setting are used in conservation and in materials technology 

[35] and in this research, the conservation definitions are considered. 30 mL of freshly prepared grout 

was placed in a gypsum plaster cup (previously pre-wetted with 5 mL of water: alcohol solution 1:1); 

measurements were taken approximately every 10 minutes, observing the depth of penetration of the 

Vicat bell-shaped needle and the mark left by it. Grouts were considered hardened when only the 

central point of the bell-shaped Vicat needle was marked on the surface of the specimen after the 

measurement. The time the grouts took to harden was recorded. Grout 1 (gypsum-based) hardened 

in 1 hour, while Grout 2 (50% gypsum- 50% lime) hardened in 2 hours and a half. 

 

Cohesion and Adhesion 

The specific system was designed to assess the cohesion and adhesion of grouts as well as their bulking 

property/filling capacity in replicas simulating a delamination between a tile (fired brick; tuff would 

have replicated better site conditions, but it was not available) and a gypsum-based plaster. For this 

purpose, replicas were prepared as follows: a layer of gypsum-based plaster was placed into a concave 

mould simulating the delamination profile (approximately 3 cm thick in the deepest point); holes were 

carved in the plaster as access points for the injection to be performed later. Once the plaster was dry, 

it was removed from the mould and attached to the brick tile using the same gypsum-based plaster, 

so that a pocket was left between the support and the concave layer of plaster. Injection of a freshly 
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prepared grout into the replica was performed through the hole(s) with a syringe and a catheter 

attached to it (diameter of the catheter 4.7 mm). 

The testing procedure included: 

• Pre-wetting of the internal surface of the void with a solution of water and ethyl alcohol (1:1); 

• Injection of the grout into replicas positioned vertically and horizontally respectively; replicas were 

positioned horizontally (support facing up and plaster facing down as in a ceiling) to imitate 

delamination of the plaster present on the semi-horizontal and horizontal surfaces in the church 

(Figure 5); 

• Monitoring of the intervention with an infrared thermography (IRT) imaging technique (AGEMA 

Thermovision 570 camera). Thermo Images were taken at the beginning, before the intervention, 

after the pre-wetting, immediately after the injection and 30, 60 and 120 minutes after the 

injection. The image taken after one hour from the injection showed that the surface was almost 

evenly homogenous in terms of temperature;  

• Letting the grouts harden for two weeks in the laboratory with relative humidity ~70% and 

temperature ~23°C; 

• Cutting the replicas and observing their cross-sections to assess cohesion of the grout, adhesion 

and bulking properties. 

Neither Grout 1 nor Grout 2 showed shrinkage: the adhesion to both the support and the plaster was 

very good, and no cracks were observed. The grouts resulted well cohesive and filled all the gap, 

showing excellent bulking properties (Figure 6). 

 

  

(a) (b) 

Figure 5. Injecting the grout into the replica positioned horizontally (a) and vertically (b). © Gvantsa 
Potskhishvili, 2016. 
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(a) (b) 
Figure 6.  (a) Cross-section of the replica; Grout 1 has been injected into the replica positioned horizontally. © 

Gvantsa Potskhishvili, 2016; (b) Cross-section of the replica; Grout 1 has been injected into the replica 
positioned vertically. © Gvantsa Potskhishvili, 2016. 

Table 5. Summary of the working properties testing results. 

Working properties 

Grout 

Injectability Flow Density Shrinkage Hardening 

Syringe  

60 mL 

Syringe & 

catheter 

ø4.7 mm 

Syringe 

& 

catheter 

ø3.3 mm 

Average 

time 

(sec.) 

Average 

distance 

(cm) 

Flow 

rate(cm/s) 

Wet 

(g/cm3) 

Dry 

(g/cm3) 
In replicas (Hour) 

Grout 1 

(Gypsum 

hemihydrate) 

Easy Easy Medium 12 26 2.1 0.86 0.44 No ~ 1 hour 

Grout 2 
(Gypsum 
hemihydrate & 
Slaked   lime) 

Easy Easy Medium 9 35 3.8 0.89 0.42 No 
~ 2 hours 

30 min 
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5 Discussion and Conclusions 

The objective of this research was to develop an injection grout(s) to address the severe delamination 

of the plaster afflicting the 11thcentury wall paintings in the Ateni Sioni church in Georgia. The focus 

was to produce a material compatible with the original gypsum- and lime-based plasters of the church 

and suitable for the type of deterioration encountered. Two grouts (one gypsum-based and one 

gypsum-lime-based) with a composition similar to that of the original materials (lime and gypsum-

plasters and the tuff stone primary support) were developed following a thorough testing procedure 

and according to the set site-specific requirements. Bench tests revealed that the original gypsum-

based plaster is susceptible to water and therefore grouts with a reduced water content were 

developed. To achieve this, water in the suspension medium of the grout was partially substituted by 

ethyl alcohol. Based on numerous bench tests it was concluded that a 50% water- 50% ethyl alcohol 

solution does not seem to damage the original plaster and gives the best results in terms of grout 

properties. At the same time, the amount of water present is sufficient for the chemical reactions to 

occur [25, 4] and produces a well-cohesive grout. Due to the unsatisfactory adhesion property of the 

initially formulated Mix 1 and Mix 2 (Stage 1), it was necessary to consider the addition of a synthetic 

adhesive (Stage 2). Tests demonstrated that the addition of an acrylic water dispersion, Primal B60A, 

0.4-0.5% in weight on the overall mixture, significantly improved the adhesion of both the 

formulations. Overall, Grout 1, gypsum-based, showed to have satisfactory injectability and flow. No 

expansion and no bleeding were detected. It showed similar wet and dry densities compared to the 

other grout, gypsum-lime-based, tested in this research. Such grout showed excellent ability to fill 

voids of different thicknesses without shrinking (results obtained through replica test) as well as good 

adhesion to both the interfaces in the replicas (gypsum and brick tile) and good internal cohesion. 

Grout 1 also proved to have an appropriate hardening time (1 hour) to be used for in situ 

implementation, long enough for the grout to be comfortably used, and quick enough to stabilise the 

delamination rapidly (not having the wet grout loading the stratigraphy of the ceiling for too long). 

Grout 2, gypsum-lime based, similarly to Grout 1, showed satisfactory injectability and flow properties. 

Grout 2 has longer flow distance and higher flow rate compared to Grout 1, which could be 

advantageous in case of a ceiling/vault delamination where the grout needs to travel horizontally. No 

expansion and no bleeding were detected. In terms of density, Grout 2 showed similar results to Grout 

1. Also in this case, the grout had satisfactory results in filling the gaps of different thicknesses, as well 

as good adhesion to both the interfaces in the replicas, and good cohesion. The hardening time, as 

expected, was longer than the one of the gypsum-grout. The fact that hardening time is longer leads 

to the wet weight of the grout to be borne by the original materials in stratigraphy for longer, and this 

may be a problem for thick horizontal unstable delamination. The results obtained for Grout 1 

(gypsum-based) proved that gypsum, in combination with fillers (Pumice and glass microspheres), an 

adhesive (Primal B60A) and a suspension medium (water: ethyl alcohol), has satisfactory working 

properties and performance characteristics for the in situ implementation of the grout. Furthermore, 

a second grout formulation (Grout 2) with 50% gypsum and 50% slaked lime used as the binder (also 

in combination with fillers Pumice and glass microspheres, and small amounts of  adhesive -Primal 

B60A- and a suspension medium -water: ethyl alcohol) showed equally satisfactory results, and can be 
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also further implemented in situ, according to the need of the particular areas. For example, Grout 2 

may be a better option for less critical areas which require,  though, a better flow of the grout (ex. 

horizontal delamination not dangerously unstable where the grout needs to travel far), while, Grout 1 

with a faster hardening time may be preferable for dangerously unstable areas requiring a faster 

stabilisation. 
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Abstract: Heritage air lime mortars are highly porous, flexible and allow the egress of moisture 

from the structure by the property of breathability. Commercial dry hydrated lime mortar is widely 

used to repair heritage structures. The binder is manufactured by adding water to the crushed 

quicklime; hydrated lime gets converted to calcium carbonate (CaCO3) by absorbing atmospheric 

carbon dioxide. CaCO3 exhibits different morphology such as calcite (most stable form), vaterite (least 

stable form) and aragonite, depending on the local conditions of temperature, pH, carbon dioxide 

concentration etc. Acicular aragonite can be present during the initial stages of carbonation. 

Amorphous Calcium Carbonate (ACC) could also exist initially as small spheres.  

The present study focuses on carbonating dry hydrated lime mortar in accelerated carbonation 

condition (3% CO2) to investigate the effect of CO2 concentration in the morphology of calcium 

carbonate formed. The study examines the extent of carbonation at various ages of the mortar 

specimens using the Phenolphthalein indicator test and X-Ray Diffraction (XRD). Morphology of the 

calcium carbonate crystals is examined using Scanning Electron Microscopy (SEM). The study is 

expected to provide insights into the relationship between CaCO3 polymorphism and carbonation 

condition in dry hydrated lime mortar mixes. 

1 Introduction 

Lime-based mortars are extensively used in the construction of heritage masonry structures in India. 
However, the repair and restoration of these structures using lime mortar poses certain challenges, 
including increased time required for hardening by carbonation of the mortar. Complete carbonation 
of the mortar in a structure could even take centuries. Temperature, relative humidity, porosity and 
water to binder ratio are some of the factors that influence this process [1]. The carbonation reaction 
in a lime mortar system can be chemically represented as follows: 
 
Ca(OH)2 + H2CO3 → CaCO3 + 2H2O                                                 (1) 
 
Initially, atmospheric carbon dioxide combines with moisture during the carbonation reaction to form 
carbonic acid. Subsequently, calcium hydroxide reacts with carbonic acid to form calcium carbonate. 
This exothermic reaction liberates about 74 kJ/mol of heat. As progressive carbonation modifies the 
mortar properties, laboratory experiments that investigate them require accelerated carbonation that 
could stabilize the properties at a faster rate [2]. Portlandite, present as hexagonal plate-like 
structures, carbonates to calcium carbonate, crystallizing as calcite, vaterite, or aragonite. At low 
relative humidity, Amorphous Calcium Carbonate (ACC) forms initially, which gets converted to 
metastable and unstable phases [3]. ACC dissolves and reprecipitates as polar {213̅4} scalenohedral 
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calcite, under excess [Ca2+] and high pH. These further interact with Ca2+ and get stabilized. At ambient 

temperature and pressure, calcite displays a rhombohedral habit, {101̅4}. The transition of 
scalenohedral to rhombohedral calcite is by dissolution and precipitation processes favoured by the 
drop in pH due to portlandite consumption and CO2 dissolution in pore solution. Other crystal habits 

observed are {213̅4} or {213̅1} scalenohedra, {0112̅} acute rhombohedron, {101̅0} prism and {0001} 
tabular. When the pH is above 10.5, calcite crystals are directly formed without forming vaterite [4]. 
Vaterites are metastable phases that exist as spherulites, whereas aragonites appear to be prismatic 
or needle-like crystals [2]. The higher CO2 concentration and lower RH resulted in better-defined crystal 
morphology and a more integrated matric-aggregate appearance [3].  
Carbon dioxide concentration is critical to the progress of carbonation [1]. The consequences of 
accelerating the carbonation process in the strength and durability of the lime mortar need to be 
investigated. Hence, the current paper investigates the evolution of calcium carbonate morphology 
when lime mortar is subjected to accelerated carbonation at 3% CO2 concentration.  

2 Materials and methods 

Dry hydrated lime powder of 90% purity was used to study the morphological evolution of calcium 
carbonate crystals in lime mortar. Binder to aggregate ratio of 1:3 by mass was followed, and standard 
sand of grades I, II, and III was mixed at equal proportions to cast cubic specimens of 50 mm size. The 
water to binder ratio of 0.8 was chosen such that a flow of 165 ± 5 mm is achieved in the flow table 
test conducted as per IS5512. Such a flow provides adequate workability on-site for mortar 
applications. The cubic specimens were cast and kept at room temperature and relative humidity for 
seven days after de-moulding. The specimens were stored in an accelerated carbonation chamber with 
3% CO2 concentration, 27 °C and 60-80% relative humidity till the age of testing.  
The extent of carbonation at different ages was tested using the phenolphthalein indicator. The 
specimens were epoxy-coated at all sides except one to facilitate one-dimensional penetration of 
atmospheric CO2 through the uncoated surface. They were broken at various ages along a plane 
parallel to the CO2 penetration, ensuring minimal smudging of the sample powder, and the indicator 
was sprayed on the cut surface. The uncarbonated parts of the specimens with pH > 9 turned pink on 
the application of the indicator. Subsequently, the carbonated regions of the specimens were collected 
for mineralogical and morphological analysis. X-Ray Diffraction (XRD) was carried out for mineralogical 
characterization of the specimens at different ages. MiniFlex Rigaku benchtop powder X-Ray 
Diffraction equipment with CuKα radiation (1.5405Å) generated at 45kV and 15mA was used for X-Ray 
Diffraction. Peaks between the 2-theta (θ) values of 3° and 90° were captured with a step size of 0.01° 
and at a scanning rate of 10° per minute. The diffractograms were qualitatively analyzed using the 
XPert HighScore Plus software. The carbonated sample chunks were sputter-coated with Au for 
adequate conductivity prior to the microstructural analysis. Scanning Electron Microscope with a Cu 
detector and Smart lab Studio-II Miniflex software was used for the analysis. Secondary electron 
images of the specimens were obtained at 50 kX and 100 kX magnification using an accelerating voltage 
of 5 kV. The micrographs were analyzed to identify the morphological evolution of calcium carbonate 
crystals in the samples. The mechanical strength of the mortar cubes was determined using Universal 
Testing Machine. 
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3 Laboratory experiments 

3.1 The extent of carbonation and mechanical strength 
The phenolphthalein indicator test was conducted to determine the extent of carbonation of 
specimens at different ages. The penetration depth is observed to be more than half the dimension of 
one side of the cube of side 50 mm by the end of 14 days of accelerated carbonation. The photographs 
taken after phenolphthalein indicator test at 0, 2, 6, 8, 12 and 14 days of accelerated carbonation are 
shown in Figure 1 and the results are presented in Table 1. 
 

 
Figure 1: Depth of carbonation at a) 0 days, b) 2 days, c) 6 days, d) 8 days, e) 12 days, and f) 14 days in the 

accelerated carbonation chamber 
 
Table 1. Depth of carbonation at different ages of specimens in accelerated carbonation chamber at 3% CO2 
concentration 

Day 0 2 6 8 12 14 

Depth of carbonation 

(mm) 

0 0.2 10.4 11.2 24.1 25.5 

 

The results indicate that at 3% CO2 concentration atmosphere, 50 mm cubic specimens get completely 

carbonated within two weeks. 

The progress in carbonation is also reflected in the compressive strength results. Seven days of 
accelerated carbonation of 50 mm mortar cube in 3% CO2 concentration atmosphere showed 2.15 MPa 
and 14 days of accelerated carbonation showed an increased compressive strength of 3.07 MPa. 
Increased carbonation and better crystal growth with increased duration of carbonation resulted in 
improved compressive strength. 

3.2 Mineralogical characterization 
The carbonated regions of the specimens determined after the phenolphthalein indicator test were 
collected for mineralogical characterization. The results obtained from X-Ray diffraction of carbonated 
regions of samples at 7 days and 14 days in the accelerated carbonation atmosphere (AC-7 and AC-14, 
respectively) are shown in Figure 2. From the qualitative analysis, it is observed that calcium carbonate 
is the major component in the sample. Traces of quartz observed in the diffractogram can be attributed 
to the sand in the mortar, which got powdered to particle size less than 75 µm during the sample 
preparation process.  

a b c d e f 
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Figure 2: Diffractograms of carbonated regions of samples in accelerated carbonation atmosphere for 7 days 

and 14 days in 3% CO2 concentration 

3.3 Morphological characterization 
Secondary electron images obtained from a scanning electron microscope were analyzed to 
understand the morphological changes in the calcium carbonate crystals. The carbonated parts at 
different ages of accelerated carbonation (4 days, 6 days, 8 days, 12 days, and 14 days) were used for 
the morphological analysis. The micrograph of the 4-day old sample in an accelerated carbonation 
chamber at 1 µm resolution indicates the presence of small spheres of size less than 1 µm, which could 
be amorphous calcium carbonate. Clusters of such spheres can be seen in Figure 3. Four-day old 
samples also show carbonated regions with different morphology. Figure 3 also indicates the 
transformation of spherical amorphous calcium carbonate into scalenohedral calcite crystals. 
However, the micrograph shows poorly defined crystal structure regions, which could be inferred as a 
transition phase. As the carbonation duration increases, the crystal structure gets more defined, as 
shown in Figure 4. After storage in the carbonation chamber for six days, scalenohedral calcite is 
abundant in the sample's carbonated region. As suggested in the literature investigating calcite 
morphology in an environment with high CO2 concentration, rosette-shaped structures are observed 
in Figure 4 [1]. After eight days of storage, the carbonated region shows a mixture of different 
morphologies of calcium carbonate. Scalenohedral calcite is prominent in a few regions, whereas 
needle-like and prismatic shapes are found in several other locations, which could be the aragonite 
polymorph of calcium carbonate. The micrographs of the 12-day old samples also show the presence 
of scalenohedral calcite crystals (Figure 6). As the carbonation age increases, morphology changes 
from scalenohedra to plate-like. This transition can be observed in the micrographs of the carbonated 
regions of the 14-day old specimens (Figure 7). The sample shows a variety of morphology for the 
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calcite crystals. Scalenohedral crystals are present along with the plate-lite crystals. Small spheres of 
amorphous calcium carbonate are formed on the plate-like calcite crystals. These morphologies are 
different from those seen in the specimens carbonated in the natural atmosphere for four years (Figure 
8). The skeletal calcite morphology is evident from the micrograph of the naturally carbonated mortar. 
Tabular calcite morphology is predominant in this system. The scalenohedral crystals and the 
spherulites get transformed into tabular calcite crystals by prolonged carbonation in the natural 
atmosphere. The observations indicate that the carbonation atmosphere, mainly the concentration of 
carbon dioxide and duration of carbonation, influences the morphology of calcium carbonate crystals 
in the lime mortar. 
 

 
Figure 3: Micrograph of the carbonated region of the lime mortar specimen after four days of accelerated 
carbonation 

 

Figure 4: Micrograph of the carbonated region of the lime mortar specimen after six days of accelerated 
carbonation 
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Figure 5: Micrograph of the carbonated region of the lime mortar specimen after eight days of accelerated 
carbonation

 
Figure 6: Micrograph of the carbonated region of the lime mortar specimen after 12 days of accelerated 
carbonation 

 

Figure 7: Micrograph of the carbonated region of the lime mortar specimen after 14 days of accelerated 
carbonation 
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Figure 8: Micrograph of the carbonated region of the lime mortar specimen after 4 years of natural carbonation 

4 Conclusions 

The study focuses on observing the evolution of calcium carbonate morphology in an accelerated 
carbonation atmosphere of 3% CO2. Phenolphthalein indicator test and X-Ray diffraction were used to 
determine the extent of carbonation of samples at different ages of accelerated carbonation. The 50 
mm cube specimens were completely carbonated within 14 days of accelerated carbonation in a 3% 
CO2 atmosphere. Improved mechanical strength of cubes at the age of 14 days compared to the 
strength at seven days indicates a better crystal development with increased duration of carbonation, 
which was confirmed through microscopic analysis.  
Secondary electron images indicated that the morphology of calcium carbonate crystals changes with 
the duration of carbonation. The initial microstructure is prominently composed of spheres. From a 
poorly defined crystal structure, the shape of CaCO3 crystals change to scalenohedral and then to plate-
like as the carbonation duration increases. The microstructure is composed of calcium carbonate 
crystals of different morphologies even after complete carbonation. The presence of diverse 
morphology indicates that the evolution of morphology to the most stable form continues after the 
complete carbonation of the lime mortar. Analysis immediately after the complete carbonation of the 
specimens indicates that accelerated carbonation produces calcium carbonate crystals of morphology 
different than that developed through prolonged natural carbonation. The study revealed that the 
morphology of calcium carbonate crystals changes with the concentration of carbon dioxide and 
duration of carbonation.  

 
5 References 

[1] D. Ergenç and R. Fort, "Accelerating carbonation in lime-based mortar in high CO2 
environments," Constr. Build. Mater., vol. 188, pp. 314–325, Nov. 2018, doi: 
10.1016/j.conbuildmat.2018.08.125. 

[2] B. A. Silva, A. P. Ferreira Pinto, A. Gomes, and A. Candeias, "Effects of natural and accelerated 
carbonation on the properties of lime-based materials," J. CO2 Util., vol. 49, no. May, p. 101552, 
2021, doi: 10.1016/j.jcou.2021.101552. 

523



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

[3] D. Ergenç, L. S. Gómez-Villalba, and R. Fort, "Crystal development during carbonation of lime-
based mortars in different environmental conditions," Mater. Charact., vol. 142, no. May, pp. 
276–288, 2018, doi: 10.1016/j.matchar.2018.05.043. 

[4] Ö. Cizer, C. Rodriguez-Navarro, E. Ruiz-Agudo, J. Elsen, D. Van Gemert, and K. Van Balen, "Phase 
and morphology evolution of calcium carbonate precipitated by carbonation of hydrated lime," 
J. Mater. Sci., vol. 47, no. 16, pp. 6151–6165, 2012, doi: 10.1007/s10853-012-6535-7. 

 

 
 

524



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

AN INVESTIGATION OF THE SALT WEATHERING RESISTANCE OF 

HERITAGE REPAIR MORTAR MIXES   

Anupama V.A.1, Divya Rani S. 2, Swathy Manohar 1,* and Manu Santhanam 1,** 

(1) Indian Institute of Technology Madras, India 
(2) Indian Institute of Technology Madras, India 
(3) Indian Institute of Technology Bombay, India 
(4) Indian Institute of Technology Madras, India 

Abstract: Coastal heritage monuments experience severe deterioration due to their continuous 

exposure to salt, moisture, wind and temperature variations. The mechanism and extent of damage 

on the structural components depend on the temperature, humidity and the nature of salt the 

structure is exposed to. The deleterious agents degenerate the structural components and curtail their 

durability. Hence, repair mortar design needs to accommodate resistance to salt-laden atmosphere. 

The present study proposes different repair moratr mixes and examines their resistance to accelerated 

weathering. Five mortar samples - dry hydrated lime, lime slaked for one year and one month, lime 

with cement replacement (20% and 50%) were considered. Physicomechanical characterization of the 

mortars was carried out before exposing them to accelerated weathering conditions. Mortars cubes 

of size 50 mm x 50 mm were subjected to alternate wetting-drying cycles by immersing in 10% 

anhydrous sodium sulphate solution followed by drying. The mineralogical alterations in the mortar 

were studied using X-Ray Diffraction and Thermogravimetric Analysis. The results suggested that the 

replacement of lime with cement increased the weathering resistance of the mortar mix. The study 

contributes to the understanding of the influence of slaking age of lime and cement content on the 

weathering resistance of the repair mortar mixes.  

1 Introduction 

The incompatibility issues of replacing ancient lime mortar with cement mortar or mortars with other 

modern materials have been established recently through many case studies and research [1-3]. The 

incompatibility generally arises between the physical, chemical or mechanical properties of the ancient 

and new repair materials. In the case of a phenomenon such as salt weathering, which is identified as 

the most crucial damaging mechanism for heritage masonry structures exposed to coastal 

environment, the governing incompatibility issues arise from physical properties such as porosity, 

density and feasible moisture transport [4]. The pore structure is one of the most prominent 

differences between lime and cement mortar. The performance of these materials with respect to salt 

crystallization is expected to be drastically different and needs detailed investigations. Cement mortar 

being less permeable than the  porous  lime mortar, tends to trap moisture inside the pores if used as 

a repair mortar over ancient structures. Also, the more rigid nature of cement mortars, when applied 

over flexible heritage masonry, can cause cracks due to the restrain offered by the cement.  
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Even though the incompatibilities between cement mortar and lime mortar are agreed upon and 

addressed, there are strong concerns that encourage exploring the alternate systems for lime mortar, 

predominantly because of the reasons such as lack of expertise in manufacturing lime concrete, lack 

of standards and enough research studies on lime mortar, the long maturity period required for lime 

mortar compared to cement mortar etc. Considering these factors, there is an increase in demand for 

lime-based repair mortars in heritage conservation and rehabilitation. This paper investigates the 

difference in the performance of various repair mortars, with varying combinations of lime and cement 

with respect to salt crystallization. The salt weathering resistance of the repair mortars proposed are 

monitored using accelerated salt crystallization tests at a macro level, which was further investigated 

in detail at a micro level, noting the microstructural alterations that could happen with various mortars 

during salt exposure. The study would provide options for alternative lime-based systems that have 

good salt weathering resistance and investigate the role of the composition change in the mortar 

system in controlling the salt weathering resistance at a micro-scale through microanalytical 

characterization tools. 

2 Materials and methods 

Lime mortar cubes of side 50 mm were cast with five different binder formulations to study the salt 

weathering resistance of the repair mortar mixes. Mortar mixes using river sand as aggregate and  dry 

hydrated lime powder (confirming to Class C as per IS 712) (L1), lime putty slaked and aged for one 

month (SL1), lime putty  slaked and aged for one year (SL2), dry hydrated lime with 20% OPC (53 grade, 

confirming to IS 12269 (2004)) (LC20) and dry hydrated lime with 50% OPC (LC50) are used with a 

binder to aggregate ratio of 1:3 in the study. The water to binder ratio was selected based on the flow 

achieved in the flow table test conducted as per IS5512. A 165 ± 5 mm flow provides required 

workability for mortar applications on site. The binders used in the study, their corresponding 

notations, binder to aggregate ratio, water to binder ratio and the flow obtained are shown in Tab. 1. 

The mortar cubes were cast, and after de-moulding, they were naturally carbonated at a CO2 

concentration of 0.04% for four years. 

Table 1. Different binder compositions and their details. 

Notation Binder Binder:aggregate Water:binder Flow (mm) 

L Dry hydrated lime 1:3 0.9 162 

SL1 Lime slaked for 1 month 1:3 1.05 170 

SL2 Lime slaked for 1 year 1:3 1.04 167 

LC20 80% lime and 20% OPC 1:3 0.80 167 

LC50 50% lime and 50% OPC 1:3 0.67 166 

 

Phenolphthalein indicator  was used to determine the extent of carbonation of the mortar cubes. The 

cubes were broken, ensuring minimal smudging, and the indicator was sprayed on the fractured 
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surface. The carbonated regions of the cubes with pH < 9 turned colourless on the application of the 

indicator. The specimens were tested for compressive strength and their density was determined using 

Helium Pycnometry. The ultrasonic pulse velocity test was conducted to indirectly link the 

compactness of the mixes with their compressive strengths. 

Accelerated weathering of the mortar specimens was conducted as per the recommendation of RILEM 

Technical Committee TC 271-ASC for Accelerated Salt crystallization (RILEM V 1a (1980)). The cubes 

were immersed in the 10% anhydrous sodium sulphate solution for 2 hours after taking their initial 

weights. They were oven-dried for 19 hours at 105°C, followed by 3 hours of air-drying. At the end of 

one cycle of 24 hours, the weights of the cubes were measured. The cubes were subjected to the 

weathering cycles until they degraded or crumbled. Visual inspection observed surface changes on the 

cubes, and their mass gain/loss was monitored until the final accelerated weathering cycle. 

Representative powder samples from each of the specimen sets, collected by grinding and passing 

through 75-micron sieve, were subjected to X-Ray diffraction for mineralogical characterization. 

MiniFlex Rigaku benchtop powder X-Ray Diffraction equipment with CuKα radiation (1.5405 Å) 

generated at 45 kV and 15 mA was used for X-Ray Diffraction. Peaks between the 2-theta (θ) values of 

5° and 80° were captured with a step size of 0.01° and at a scanning rate of 10° per minute. Qualitative 

analysis of the diffractograms was carried out using the XPert HighScore Plus software. Broken 

fragments from the mortar cubes were used for microstructural analysis using a Scanning Electron 

Microscope with a Cu detector after sputter coating with Au for adequate conductivity. Secondary 

electron images of the specimens, obtained at 50 kX and 100 kX magnification using an accelerating 

voltage of 5 kV, were analyzed for microstructural and morphological evolution using Smart lab Studio-

II Miniflex software.  

3 Laboratory experiments 

3.1 Physicomechanical characterization 

Four years of natural carbonation has fully carbonated the mortar specimens, except LC50, which has 

the highest percentage of cement among the tested mixes. The phenolphthalein indicator turned 

colourless at the fractured surfaces of all lime-based mixes and the mix with 20% of cement, indicating 

complete carbonation. Residual portlandite in LC50 and the partial carbonation indicate the compact 

matrix with comparatively lesser porosity and permeability than the lime-based mixes. This is evident 

from the compressive strength test results, where the lime mixes with cement content showed much 

higher strength values than the pure lime-based mixes. Though a significant difference is not observed 

among the strength values of lime-based mixes, SL2 with an increased ageing period showed a slight 

increase in compressive strength. LC20 and LC50 showed much higher compressive strengths of 8.48 

MPa and 19.31 MPa, respectively. The increased compressive strength is indicative of the compact 

microstructure even though LC50 was not completely carbonated. The ultrasonic pulse velocity results 

also support the strength results. Wave velocity through the LC50 specimen is much higher than the 

velocity through other specimens. The results from Helium Pycnometry show comparable density 

values for all the mortar mixes before weathering. Hence, it could be inferred that the increase in 

compressive strength of LC20 and LC50 could be potentially due to the additional hydration products 
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in the mixes containing cement. Densification of the microstructure might not be the reason for 

increased compressive strength. Porosity studies and microstructural analysis are essential for a 

conclusive agreement on matrix densification. The average density of the mixes is observed to be 

increasing post weathering. The density increase is evident in the lime-based mixes with a lesser 

compact microstructure than LC20 and LC50. Accelerated weathering could result in the crystallization 

of salt within the pores of the mixes, resulting in increased density. Salt crystallization could be much 

favoured in lime-based systems resulting in a density increase. The physicomechanical properties of 

the mortar mixes are consolidated in Tab. 2. 

Table 2. Physicomechanical properties of the lime mortar mixes. 

Notation Binder 

Average density (g/cc) 
Compressive strength 

(MPa) 

Average velocity 

(km/s) Before 

weathering 

After 

weathering 

L Dry hydrated lime 2.83 3.02 2.51 2270.84 

SL1 Lime putty aged for 1 

month 

2.97 3.16 2.37 2496.12 

SL2 Lime putty aged for 1 

year 

2.84 3.09 2.77 2288.92 

LC20 80% dry hydrated lime 

and 20% OPC 

2.73 2.99 8.48 2862.4 

LC50 50% dry hydrated lime 

and 50% OPC 

2.97 3.06 19.31 3372.06 

 
3.2 Accelerated salt weathering 
The mass variations of the mortar specimens subjected to accelerated salt weathering cycles are 

shown in Figure 1. The slight increase in the mass of the specimens during the initial weathering cycles 

is attributed to the crystallization of salts within the mortar pores. Sulphate exists as thenardite 

(Na2SO4) or mirabilite (Na2SO4.10H2O), depending on the temperature and humidity conditions. Above 

32.4 °C, thenardite is the stable phase. However, below 32.4 °C, the stability of the phases depends on 

the relative humidity. When the relative humidity is lesser than the critical relative humidity (RHcr), 

thenardite is stable, whereas above RHcr, mirabilite is the stable phase. The transformation from 

thenardite to mirabilite is accompanied by volumetric expansion, which could be detrimental to the 

mortar when crystallization occurs within the mortar pores. The accelerated weathering methodology 

favours the formation of both the sulphate phases and the transformation of thenardite to mirabilite. 

Salt crystallizations cause the initial weight gain in the specimens. When the hoop stress exerted by 

the salt crystals on the pore walls exceeds the tensile strength of the pore walls, cracks initiate, causing 

gradual weathering. The cubes deteriorate and ultimately crumble with the prolonging number of 

weathering cycles. The resistance of the mortar mixes is determined by the number of weathering 
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cycles each mix could resist. Figure 1 shows that lime-based mortar mixes exhibit lesser salt weathering 

resistance than those with cement content. LC50 survived the most number of cycles whereas SL1 and 

SL2 survived the least number of cycles. The higher strength of pore walls and the more compact 

microstructure might be providing additional resistance to the cement-containing mixes. Though the 

results indicate that slaking could not improve the weathering resistance, the influence of slaking for 

an extended period is to be studied. It is also observed that the lime-based mixes show a higher 

reduction in the mass prior to complete degradation compared to the mixes containing cement. 

 
Figure 1. Mass variations in the mortar specimens subjected to accelerated weathering cycles. 

3.3 Mineralogical characterization 
The inherent calcite peaks were identified for all the samples before subjecting them to accelerated 

weathering studies and are shown in Figure 2 a. Figure 2 b shows the X-ray diffractograms of the 

samples after being subjected to the weathering with sodium sulphate salt. In addition to the inherent 

minerals present in the samples, thenardite (sodium sulphate anhydrate) is seen as the most 

predominant weathering product in most of the samples, which was expected from the sodium 

sulphate expsoure. Sampling for XRD was done from 1 cm away from the exposed surfaces of the 

cubes, and powdered and sieved through 75 µm. It was observed that thenardite (sodium sulphate 

anhydrate) was seen in the case of all the mortar samples, except LC50 – which has the highest 

replacement of lime with cement. This could possibly be because of the less permeable and dense 

microstructure that could happen with cement hydration preventing entry and deposition of salt 

crystals into the core of the material. However, systems with very high lime content being highly 

porous and permeable compared to the cement systems allow easy mobility and precipitation of salt 

crystals into the material, as shown in Figure 2 b.  
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Figure 2. Diffractogram of the mortar mixes (a) before accelerated weathering and (b) after accelerated 

weathering. 

3.4 Morphological characterization 
Secondary electron images of the mortar samples revealed the morphological differences of crystals 

in different binder systems and the changes in the crystal morphologies due to accelerated weathering. 

Generally, calcium carbonate crystallizes as calcite (most stable), vaterite (least stable) and aragonite. 

Amorphous calcium carbonate could also be present as a transition phase that gets converted to the 

metastable phases or the most stable form, calcite [5]. Different crystal habits observed are 

scalenohedra, rhombohedra, prism and tabular. When the pH is above 10.5, calcite crystals are directly 

formed without forming vaterite [6]. Vaterite could exist as kidney-shaped encrustations or globular 

grains. The presence of prismatic carbonates with (ikaite) and plate-like calcium carbonate druses 

incorporating water in the lattices (aragonites) indicate rapid crystallization [7]. Figure 3 shows the 

difference in the microstructure of the mortar made with dry hydrated lime before and after 

accelerated weathering. The skeletal calcite morphology is evident from the micrograph of the mortar 

before weathering (L-NW). Tabular calcite morphology is predominant in the microstructure of dry 

hydrated lime mortar. The agglomeration of the matrix post weathering is a general observation from 

the micrographs, irrespective of the type of binder. Morphological changes in the SL1 and SL2 mortars 

are shown in Figure 4 and Figure 5 respectively. The carbonate morphology is different from that 

observed in dry hydrated lime mortar. The microstructure is abundant with globular morphology of 

calcium carbonate in both SL1 and SL2 along with the plate-like crystals. Agglomeration of crystals is 

observed post weathering, where the plate-like crystals are stacked closer together (Figure 5). 

530



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

Microstructures of LC20 and LC50 mortars are composed of different crystal morphologies; plate-like, 

globular and fibre-like habits can be observed in their micrographs (Figure 6 and Figure 7). The matrix 

is observed to be more compact compared to the lime-based systems. The growth of small salt crystals 

on the calcite crystals is evident in the micrograph of LC50 mortar (Figure 7). 

 
Figure 3. Micrograph of dry hydrated lime mortar before weathering (L-NW) and after weathering (L-W). 

 

 
Figure 4. Micrograph of SL1 mortar, before weathering (SL1-NW) and after weathering (SL1-W). 
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Figure 5. Micrograph of SL2 mortar, before weathering (SL2-NW) and after weathering (SL2-W). 

 
Figure 6. Micrograph of LC20 mortar, before weathering (LC20-NW) and after weathering (LC20-W). 

 
Figure 7. Micrograph of LC50 mortar, before weathering (LC50-NW) and after weathering (LC50-W). 
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4 Conclusion 

The study proposes various lime-based repair mortars for heritage masonry and evaluates the 

variation in their salt crystallization resistance. Salt weathering is stimulated by the accelerated salt 

crystallization test according to RILEM V 1a, exposing various lime-based mortar samples to an 

anhydrous sodium sulphate solution. The study indicates that cement addition to the lime-based 

systems positively influences the mortar's compressive strength and salt weathering resistance. There 

is a significant increase in the number of weathering cycles endured by the mortars with higher cement 

content. There was no significant improvement in the weathering resistance of the lime-based mortars 

due to increased slaking duration. However, the study needs to be extended to mortars subjected to 

ageing for a longer duration to obtain a conclusive understanding. The increased density of weathered 

mortar samples could be due to the crystallization of sulphate salts within the mortar pores. 

Diffractograms and micrographs indicate the presence of sulphate salt in the weathered mortar. 

Porosity analysis could confirm the increased density of mortars post weathering. Microstructural 

changes observed through micrographs indicate that weathering agglomerates the matrix and changes 

calcite morphology. A more compact microstructure and a higher pore wall strength might improve 

the mortars' weathering resistance with cement addition by reducing the accessibility of the salt ions 

into the microstructure. 
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STABILIZATION IN THE CHAPEL OF NIKETAS THE STYLITE, CAPPADOCIA, TURKEY  
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(1) Department of Conservation and Built Heritage, University of Malta, Msida, MSD 2080, Malta 
(2) Graduate school of Humanities and Anthropology and Research Center for West Asian Civilization, Faculty of 
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Evler Mah. Kültür Merkezi Binası No:1, Nevşehir/Merkez, Turkey 

Abstract: The rock-cut chapel of Niketas the Stylite (Cappadocia, Turkey) is decorated with 7-
8th C CE painted gypsum plasters on a tuff support. A 2015 survey found that detached areas of plaster 
required stabilization through injection grouting. This paper presents the rationale behind the 
preliminary development of calcium sulfate hemihydrate (HH, CaSO4·0.5H20)-based injection grouts 
for this purpose and their testing in the field.  
Research into gypsum-based conservation materials is limited compared to lime, and there are very 
few examples of the development of proprietary gypsum grouts for the stabilization of wall paintings 
on gypsum plaster. This study therefore reviews the existing literature, and explains the rationale 
behind the selection of materials for the conservation of the paintings, including a discussion of the 
potential risks and benefits associated with the use of lime and gypsum binders.  
Field testing focused on the development of HH-based grouts formulated with a range of aggregates 
and fluidizers. The grout mixes were tested against clearly-defined working properties and some of the 
performance characteristics for the intervention. Existing field-testing protocols were adapted as 
necessary to the working conditions, context and materials of the site and paintings.  

1 Introduction 

Between 2014-2016, the University of Tsukuba (Japan) and Turkish Ministry of Culture & Tourism 

carried out a collaborative project to conserve the rock-cut chapel of Saint Niketas (also known as 

Üzümlü church) in Kızıl Çukur, Ürgüp, Cappadocia, Turkey (Figure 1). As part of this project, led by Prof. 

Yoko Taniguchi, a survey of the wall paintings within the Chapel highlighted the need to stabilize 

detached areas of painted plaster, mainly through non-structural injection grouting1,2.  

The chapel’s wall paintings are executed on a gypsum (calcium sulfate dihydrate, DH) plaster, and the 

selection of a compatible grout binder – primarily the choice between lime or gypsum – was the first 

major treatment design decision to be made. This issue has been confronted and widely researched in 

the context of lime-based plasters and mortars, and to a certain extent for earthen materials3,4, but is 

still comparatively under-researched for gypsum plasters5,6.   

At the time of this study (2015), research into traditional gypsum wall painting and architectural 

plasters, and compatible gypsum-based repair materials, was limited 7–9. Only three previous studies 

were found which mentioned the development of proprietary gypsum-based grouts for conservation 
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purposes10. Since then, research into gypsum plasters has advanced, but mainly in the areas of repair 

plasters and the study of original technology; grout research still lags behind5,11.  

This study therefore was an early attempt to address this issue, though the central aim was the 

development of a compatible grout for the wall paintings in the Chapel of Niketas. Despite the 

methodological limitations of field testing, this study highlights key questions surrounding the use of 

gypsum-based grouts for the conservation of gypsum-based original plasters.  

2 The site and paintings  

2.1 Site 

The rock-cut Chapel of Niketas is carved into the base of a volcanic tuff cone formation in the Red 

Valley (Kızıl Çukur) near Ürgüp, Cappadocia, Turkey. The site takes its name from Niketas the Stylite, a 

Christian ascetic who lived at the site12,13. The complex is one of only 2 surviving stylite sites in 

Cappadocia, and houses some of the earliest wall paintings in the region (late 7th-early 8th C CE)14. 

 

 
Figure 1: The chapel of Niketas (center) in the Red Valley, Cappadocia. 

2.2 Painting technique and deterioration 

The walls and ceilings of the chapel are decorated with painted scrolls and abstract foliate motifs, 

including a grapevine pattern (from which the site derives its informal name, Üzümlü, meaning ‘grapes’ 

in Turkish), saints and the Crucifixion, on a bright white plaster background1. The plaster is applied 

directly to the excavated walls of the tuff cone, composed primarily of feldspar with some quartz and 

small quantities of mica and clays. Fragments of pumice and other rock types are also bound within 

the tuff matrix15. The plaster layer is very thin (2-5 mm) and bright white, with no signs of aggregate. 

XRD analysis confirmed that plaster is composed of gypsum (calcium sulfate dihydrate, CaSO4·2H2O)1,16. 

Cracking of the plaster layer and detachment from the rock substrate was fairly extensive, and mainly 

associated with structural cracks within the rock fabric (Figure 2), corresponding with geologic joint 

sets in the surrounding tuff formation1,15. There were no signs of other sources of deterioration, such 

as water infiltration or rising damp, and no indications of salt activity1.   
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(a) 

 
(b) 

Figure 2. (a) Structural cracks and associated cracking of painted plaster; (b) Detachment and lifting of plaster. 

3 Conservation needs 

Stabilization of vulnerable areas of cracked and detached plaster was recommended. This required the 

use of an injection grout, a fluid mixture with bulking properties, which could flow within and fill the 

voids between plaster and substrate, thereby reintroducing contact between the surfaces17. A partial 

treatment was planned to focus only on detachments which appeared unstable and at risk of loss, 

rather than treating all detached or cracked areas. Similarly, the treatment did not aim to completely 

fill voids between plaster and substrate, but only to introduce sufficient grout material to stabilize 

selected areas. The grouting intervention was complemented by the application of edge repairs, to 

further stabilize and seal exposed plaster edges, using a gypsum-based plaster which was developed 

concurrently with the grout1.   

4 Choice of grout binder  

Compatibility between original and intervention materials is a requisite for any conservation 

treatment, and it is generally acknowledged that using repair materials of similar chemical composition 

to the originals is one of the best ways of achieving this goal17,18. Currently, research focusing on the  

development and testing of compatible gypsum-based materials for the repair of historic gypsum 

plasters is limited compared to lime and earthen materials, but growing rapidly5,8. 

Inherent properties can make gypsum challenging or even risky for use as a conservation material, 

especially as a grout component (discussed in more detail in the next section). However, there are also 

potential risks associated with the use of lime for the conservation of gypsum plasters in systems 

where lime was not an original component:   

• Lime and gypsum-based materials have significantly different set properties (e.g. mechanical 

strength, porosity, hygroscopicity, water transport properties) which may result in very different 

behavior over time19–21;  
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• Introducing lime into a system containing gypsum and hydraulic materials (present in the tuff 

substrate) can lead to the formation of salts such as thaumasite/ettringite and deterioration over 

time8,19,22,23; there are precedents for conservation treatment design with this in mind 8.  

Based on these considerations, gypsum was chosen as the binder for the injection grout for the 

conservation of the wall paintings in the Chapel of Niketas. 

4.1 Challenges associated with the use of gypsum as a conservation material 

Chemical and physical properties, the production process and even nomenclature can complicate the 

use of gypsum as a conservation material. Gypsum exists as a natural material and also as an artificial 

product, in a number of hydration states with widely varying properties and associated terminology9,24. 

Calcium sulfate dihydrate (DH) (CaSO4·2H2O; also referred to as gypsum and dihydrate) and calcium 

sulfate anhydrite (AH) (CaSO4; insoluble or natural anhydrite) are both naturally-occurring, stable 

forms. DH can be heated to produce calcium sulfate hemihydrate (HH) (CaSO4·0.5H2O; bassanite or 

Plaster of Paris), a metastable and reactive form24. When mixed with water, HH undergoes an 

exothermic hydration reaction to reform DH25.  

Different DH firing conditions produce HH variants (α-HH or β-HH) which are chemically identical but 

difficult to distinguish analytically24,26, and which have different setting times and set properties. 

Variations in traditional or industrial HH composition can also result from naturally-occurring 

impurities in raw DH materials (e.g. calcium carbonate, clays, AH) which affect working properties and 

long-term performance of gypsum-based repair materials8,20,27,28. The type of HH is often not reported 

by suppliers; manufacturers of industrial gypsum will often combine α- and β-HH, and possibly other 

additives, to obtain specific properties19; impurities may go undetected or uncharacterized. Some of 

these issues may be counteracted by preparing one’s own HH or sourcing directly from a manufacturer; 

analysis may also help characterize and screen HH products for impurities before use. However, these 

options may not be available to all conservators/in all working contexts.   

Fast setting times/short working times may be one of the greatest challenges in employing HH as a 

conservation material. The HH hydration reaction proceeds in stages, with an induction period 

between initial water/HH contact and the point when the water/HH slurry first begins to thicken; this 

generally begins ~5-20 min after mixing with water5,6,28,29. The mixture viscosity then increases to the 

point of solidification25,26,28,30. Grout working time will be equivalent to the induction period, since the 

subsequent increase in viscosity will drastically alter grout properties. This may be particularly 

problematic if a large area of plaster or painting requires treatment and therefore a large batch of 

material needs to be prepared in order to work efficiently. Finally, gypsum expands slightly (0.15-0.3%) 

during exothermic hydration reaction to DH31, a behavior which could help to ensure the conformance 

to surfaces and the bulking of voids, but could also be problematic in some circumstances.   

4.2 Previous studies 

The aforementioned lack of relevant research is a further complication in the use of HH as a 

conservation material5,6, but especially for the design of grouting interventions.   

At the time of this study (2015), only three previous studies were found which focused on the 

development of gypsum-based grouts for the conservation of historic gypsum plasters. Only one 
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reported on the preparation of a proprietary HH-based injection grout for the conservation of a wall 

painting on gypsum plaster10. A 2014 conference paper briefly described the gypsum-grout 

stabilization of  decorative architectural tiles, but the type of gypsum was not specified32. A third study 

described the injection of an estrich gypsum (a reactive form of CaSO4 and CaO produced by high firing 

temperatures) and CaO slurry in methanol to stabilize detached areas of an estrich gypsum floor 

plaster33,  followed by injection of water to induce binder setting. While the creativity of the treatment 

design was noteworthy, the use of an estrich gypsum binder limited its relevance for the Niketas study.  

Since 2015, only a few additional studies mention the preparation of proprietary HH-based injection 

grouts for the conservation of wall paintings on gypsum or architectural gypsum plasters2,34–37. Similar 

to the previous examples, most do not provide details of the design, composition or testing of these 

grouts. An exception is the 2016 study by Potskhishvili38 (undertaken shortly after the Niketas project 

but published for the first time in the current volume), who designed and tested HH-based injection 

grouts for the stabilization of wall paintings in Georgia.   

Approaches and materials selection in the Niketas project therefore drew upon the findings from the 

single previous study which had developed a HH-based grout for wall painting treatment, and research 

into the development of CHS-based plasters for conservation and industrial applications, e.g.7,8,21,39,40. 

5 Treatment design 

5.1 Intervention criteria 

The required grout working properties and performance characteristics were clearly defined at the 

outset of treatment design, and guided the selection of materials and subsequent test methodologies 

(Table 1). Original materials, deterioration characteristics, the extent and aims of the intervention, and 

site working conditions were all considered when establishing intervention criteria.   

Table 1: Performance criteria established for the Niketas grouting intervention. 

Working property Description 

Injectability Must pass through an 18 G needle (inner diameter 0.838 mm) 

Separation time Slow enough to allow delivery and flow of homogenously distributed mixture 

Working time Sufficient to allow preparation and delivery of mixture before setting begins  

Flow Must be able to enter openings ~1-4 mm wide and flow 1-2 cm within voids 

Performance characteristic Description 

Retreatability Partial filling of voids to allow future treatment 

Bulking Sufficient to fill spaces (1-4 mm wide, 10-20 mm deep) between plaster and stone 

Volume stability Minimal expansion; no slumping; no cracking 
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Table 1: Performance criteria established for the Niketas grouting intervention. 

Separation  No fractionation or film formation 

Adhesion Should bond well with plaster and stone but fail under mechanical stress 

Cohesion/mechanical strength Mechanical strength lower than original plaster and stone 

Hygrothermal response Similar to original materials 

Working properties were largely dictated by application requirements, such as the size and shape of 

voids to be filled (1-4 mm wide, extending 10-20 mm behind plaster surface) and access points (~2-4 

mm at the widest) for delivering grout into these voids via syringe injection. Working time was also of 

critical concern, due to the rapid setting of HH, and many design choices aimed at modifying this 

property.  

Mechanical strength criteria were also prioritized, since plaster detachment in the Chapel is associated 

with geologic activity, and therefore potentially ongoing movement. A grout with higher mechanical 

strength than the original plasters may induce further cracking and detachment of original materials 

under stress. 

5.2 Component selection 

Injection grouts are composed of a binder, aggregates and suspension medium/a17. Additives, often 

organic, are sometimes used to further modify properties, though with potentially negative side 

effects5,28,41. Some of these ingredients can also act as HH set retardants which can help to achieve 

longer working times5,6,8,21,28. All components will of course affect grout working and set properties in 

various ways, and may play overlapping roles. The components for the Niketas test grouts were 

selected based on the pre-established intervention criteria. 

A locally-available HH (purchased in the town of Nevşehir and therefore referred to as Nevşehir HH), 

was selected for economic and logistical reasons. FT-IR and XRD analysis confirmed its composition; 

preliminary tests indicated an initial setting time of 17 minutes. 

Water and ethanol were selected as suspension media. Water is necessary for the HH hydration 

reaction to go forward, and an excess may also prolong working time28,29. Ethanol was included for its 

potential to improve flow by reducing surface tension, and to minimize risk to water-sensitive original 

materials and potential soluble salt mobilization.  

Aggregates were not a requisite grout ingredient since gypsum does not shrink during setting. 

Nonetheless, aggregates were included in the Niketas grout mixes to reduce weight, increase flow, and 

reduce density and therefore mechanical strength. Two silica-based aggregates, Poraver® expanded 

glass spheres42 and Scotchlite™ K1 glass microspheres43 were chosen for their morphology, particle size 

distribution and low density.  

Additives were included to increase viscosity, water retention, and flow; and to promote the 

suspension of components in the fluid mix7. They may also increase working times5,6,28. Based on 

previous use of cellulose ethers as HH additives in industry and conservation8,39, two low-viscosity, 

well-characterized and commonly-used cellulose ethers were chosen:  Tylose® MH 300 P244–46 (in a 2% 
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w/v solution in water) and Klucel™ G47 (3% w/v in a 75% ethanol: 25% water solution). The 

concentrations were decided based on previous studies, and after initial trials indicated that these 

concentrations produced solutions with roughly similar viscosity, tack and dried adhesive strength.  

The selected materials are summarized in Table 2 along with details of their composition, reasons for 

selection and predicted disadvantages.  

 

Table 2: Materials selected for inclusion in grout formulations. 

Material Composition Reasons for inclusion Disadvantages 

Binder: Imparts cohesion between grout components and adhesion to substrate and detached plaster. 

Nevşehir gypsum  HH,      CaSO4·0.5H2O Locally-available, inexpensive Potential batch variability 

Suspension medium: Provides flow, dispersion and suspension of grout components. 

Water H2O; local bottled drinking 
water 

Water required for HH hydration 
reaction and as solvent for additives 

Sensitivity of original 
materials, possible 

mobilization of salts 

Ethanol CH3CH2OH Reduced risk of water-sensitive original 
material/salt mobilization. May improve 

flow by reducing surface tension.  

Reduces water available for 
HH  hydration reaction/may 

interfere with reaction48 

Aggregates: Influence flow; provide bulking; reduce weight; reduce density; reduce mechanical strength. 

Poraver® 
expanded glass 

Porous soda-lime-silica glass 
spheres ; 40-250 µm42 

Very fine particle size; 
spherical shape; lightweight; 

reduce density and 
mechanical strength set 

mixtures.   

Alkaline (pH 8-12)42,43, 
aqueous slurry ; 

buoyancy can lead to 
separation.  

Scotchlite™ K1 
microballoons  

Hollow soda-lime-borosilicate glass 
spheres; median diameter 65 µm43 

Additives: Influence flow; improve suspension of mix components; increase water retention. 

Klucel™ G 
Hydroxypropylcellulose; soluble in 

ethanol and water47 

Weak adhesives; low 
viscosity47; commonly 
Used in conservation; 
remains soluble over 

time44 

Film formation, reduced 
porosity, increase 

Hardness/adhesion5,28 
Hygroscopic44 Tylose® MH 300 P 

Methylhydroxyethylcellulose; 
soluble in water46 

6 Test methodology 

Because of the lack of previous studies into the development of proprietary HH-based injection grouts 

at the time of the Niketas project, there were no established HH-specific laboratory or field methods 

which could be drawn upon for testing and evaluation. Methods developed for the field testing of lime-

and earth-based grouts were therefore adapted as necessary to the material and working context18,49. 
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The characterization of certain properties, such as expansion and hygothermal activity, could not be 

usefully assessed. The goal therefore was to develop a grout according to the properties which could 

be usefully evaluated in the field, while more rigorous laboratory testing would be carried out at a later 

stage, as needed.   

Testing proceeded in three stages:  

1. Working properties: Evaluated during mixing, after drawing into a syringe, and during injection 

through an 18 G needle. 

2. Set properties in cups: Grout properties during and after setting were evaluated in isolation, by 

injecting into plastic cups and drying for 2 days before evaluation.   

3. Working and set properties in situ: The final stages of testing were performed in situ. Grouts were 

applied to a tuff substrate in working and environmental conditions similar to those of the 

conservation intervention. Pre-cast gypsum lozenges (1:1 vol water:Nevşehir HH) were adhered to 

an external wall of the chapel by applying a gypsum plaster (also developed during the project) 

around lozenge edges (Figure 4, section 7). Voids between the preexisting irregularities of the tuff 

substrate and the flat lozenge surface were pre-wet with a 50% ethanol in water solution, followed 

by injection of the test grout. The grouts’ set properties within the voids were assessed two days 

after application, by removing the lozenges from the wall by hand.  

Table 3 summarizes the set properties which were assessed and the methods used. Two properties, 
adhesion and flow, could only be evaluated during the in-situ tests.  

Table 3: Grout properties assessed and methods of evaluation 

Working property Test/assessment method 

Injectability Assessed ability of grout to pass through syringe with 18 G needle 

Separation during use Timed the separation of components in syringe 

Working time Tactile assessment of time at which mixture viscosity first began to increase 

Flow Assessed extent of travel and deposition behind gypsum lozenges 

Performance characteristic Test/assessment method Cup test In situ test 

Bulking Visual assessment of dried grouts  Y Y 

Volume stability Visual assessment of dried grouts for slumping, 
cracking, deformation  

Y Y 

Separation  Visual assessment of dried grouts for signs of 
component separation  

Y Y 

Adhesion Assessment of manual strength required to detach 
lozenge from substrate & examination after removal 

 Y 

Cohesion/ mechanical strength  Shore A durometer readings; manual pinch test  Y Y 

 

Most of the test methods were qualitative and somewhat subjective. Nonetheless, there are many 

precedents for the successful development of conservation grouts evaluated primary through field 
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testing, using similar methodologies4,18,49–51. During the Niketas testing, procedures were established 

to minimize error (same operator and tools were used throughout each test) and the tests provided 

sufficient information about grout behavior to allow for the elimination of under-performing mixes.  

Set grout mechanical strength and cohesion were evaluated manually, via pinch test or compression 

with the point of a metal spatula, and hardness was quantified using a Shore A Durometer. The 

durometer is a handheld device which measures material hardness through resistance to indentation 

by spring-loaded needle depression, based on a relative and dimensionless scale of 0 (extra soft) to 

100 (extra hard)52–54. The Shore A device is normally used for measuring the hardness of a polymeric 

materials53, but has also been used as a simple method for the field evaluation of construction 

materials55. Cup-cast samples were tested by placing the durometer perpendicular to the back of the 

demolded sample; the best-performing in situ grouts were measured directly on the wall. Three 

readings were taken and the results averaged. Hardness of the original plaster was not measured, due 

to risk of damage or destabilization, and tuff hardness was not measured either, so results could only 

be evaluated based on mix intercomparison.   

The testing program proceeded in an iterative manner: a first series of grouts was designed according 

to the expected performance of the selected components, and evaluated. Based on these results, the 

composition of the next set of test grouts was decided and tested. This process was repeated until a 

grout had was formulated which met all of the pre-established performance criteria. In all, 31 

formulations were evaluated over 4 rounds of testing before an acceptable grout was produced. The 

process took 7 days to complete.  

7 Results 

Most grout components were measured by volume, and ratios established as parts/volume. The 

volume of HH was kept constant throughout (10 mL) while non-binder quantities varied. All grout 

formulations contained gypsum, aggregates, and water. Initial mixes which contained only these 

components separated and released water too quickly, and therefore all subsequent mixes were 

formulated with a fluidizing additive (0.1-0.8% w/volume total mix). About half of the mixes contained 

ethanol, as medium and/or additive solvent (24-40% v/v); Poraver® and Scotchlite™ were used in 

combination or on their own. Liquid:solid ratios by volume ((water + ethanol):(gypsum + aggregate)) 

varied from 1:0.7 – 1:2. Examples of mix formulations and test results (including of the best-performing 

mix, #31) are provided Tables 5 and 6, sections 7.2 and 7.3.  

7.1 Working properties 

The initial setting of the unmodified Nevşehir HH began at around 17 minutes after mixing with water. 

When mixed with other grout components, working times were generally extended to about 20-25 

minutes, which was deemed acceptable given the limited extent of the planned treatment. Further 

increases in working times would have required significant increases in additive or the use of a 

chemical set retardant, which was undesirable.  

Higher liquid:solid ratios (1:0.7 - 1:1.1 v/v) led to separation shortly after mixing, and the hollow, 

buoyant Scotchlite™ microspheres were particularly prone to separation. Most mixes showed at least 
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some separation within 1-2 minutes of aspiration into the syringe, but this could usually be controlled 

by shaking the syringe to redistribute materials. Compaction in the syringe during injection was a 

problem with most mixes, possibly due to the porosity and restricted particle size distribution  of the 

Poraver® microspheres.  

Larger liquid proportions clearly increased fluidity and injectability; higher additive and ethanol 

concentrations were also linked to improved working properties but the correlation was not as clear.  

7.2 Results of cup tests 

Many of the set properties of the cup-cast mixes corresponded with the observed working properties 

(Table 5). Separation of grout components and significant volume instability were observed in set 

grouts with liquid:solid ratios between 1.07 – 1:1.1 range, and generally worse in mixes with higher 

quantities of ethanol. The separation of glass microballoons during setting/drying led to the formation 

of a white, friable surface skin, while higher additive concentrations (0.4-0.8% w/v total mix) resulted 

in dense, rubbery surface films. Ethanol and higher fluidizer concentrations were also often associated 

with volume instability during setting (slumping; cracking parallel and perpendicular to surface) (Figure 

3). However, this behavior may not accurately reflect how the grouts would perform in situ: mixtures 

cast in plastic do not rapidly desorb liquid as they would when applied to a porous tuff substrate, and 

therefore remain fluid longer, leaving more time for components to separate. Nonetheless, given the 

problems associated with ethanol content, and the lack of significant improvements in flow, ethanol 

and, by extension, the Klucel™ solution, were removed from subsequent testing formulations.  

Table 5: Selection of working property and cup test results  

Mix 
# 

Formulation 
Working 

properties 
Set performance in cup 

HH 
(mL) 

P 
(mL) 

S 
(mL) 

W 
(mL) 

E 
(mL) 

% A 
(w/v) 

Inj Sep 

2 10 10 5 9.5 12.5 0.4 ++ + 2 mm surface skin; large horizontal crack; spongey 

7 10 15  11.5 23 0.3 +++ + Separation. Spongey surface skin; slumped 3 mm 

8 10 15  12 10 0.5 -- ++ Very thin white layer on surface but well-adhered 

12 10 10  11.5 10.5 0.4 + ++ Fluffy, cracked surface;  slumped 2 mm 

13 10 10  9.5 6.5 0.5 -- +++ Good, but some fractionation at surface 

16 10 10  13 0 0.3 + +++ Very good; slight fractionation; no slumping 

P: Poraver®; S: ScotchliteTM; W: water (suspension medium + Tylose® solvent); E: ethanol (suspension medium + 
Klucel™ sovent); %A: % dry solid additive (Klucel™ or Tylose®) in total mix (g/mL). Inj: injection; Sep: separation. 
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Figure 3. Separation, film formation, volume instability and cracking observed in grouts 2, 7, 12 (left) due to 

excess ethanol and/or additive, compared with 16 (right). 

7.3 Results of in situ tests 

About 1/3 of the total number of mixes was applied in situ. Ethanol and Klucel™ G were not included 

in these tests.  

 
(a) 

 
(b) 

 
(c) 

Figure 4: In situ tests. (a) Attachment of lozenge to tuff wall; (b) Grout injection; (c) Removal 2 days after 
injecting Mix #16, showing flow distribution; grout remained attached to the lozenge but removes a layer of 

tuff. 

 

Most of the mixes had good bulking properties and volume stability. Adhesion and mechanical 

strength, which could only be evaluated at this point of the testing, revealed major differences 

between the mixes. In some cases, the adhesive bond between the tuff and/or gypsum lozenge was 

stronger than the cohesive/shear strength of the grout, resulting in removal of a layer of tuff while the 

grout remained adhered to the lozenge (Figure 4). This may be due to factors such as greater surface 

roughness and greater porosity of the tuff substrate. However, exterior tuff surfaces are likely to be 

more deteriorated, and therefore less cohesive, than tuff surfaces within the Chapel.    

There was a clear correlation between the quantity of Tylose® and the strength of adhesion to the 

substrate; mixtures with acceptable ranges of hardness and adhesion contained the lowest 

concentrations of fluidizer, between 0.1-0.2% Tylose® per total volume of mixture. The results of the 

hardness testing, when performed on the in situ mixes, roughly correlated with the adhesion tests and 

higher Tylose® concentrations. Table 6 provides some results of grout formulations tested in situ,  

including the best-performing mix, #31. 
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Table 6: Selection of in situ test results  

Mix 
# 

Formulation Working properties Performance characteristics 

HH 
(mL) 

P 
(mL) 

S 
(mL) 

W 
(mL) 

T soln 
(mL) 

% T 
(w/v) 

Inj. Sep. Flow  
Shore A 

Hardness 
(HA) 

Adhesion/ cohesion 

16 10 10  8 5 0.30 - NR NR 67.3 Very hard; well-
adhered, removed 

rock 24 10 10  10 3 0.18 + - ++ 85.3 

23 10 10 5 10 3 0.16 + ++ ++ 58.2 

Good: well adhered, 
but failed during 
removal, did not 

remove rock 

26 10 10 2 11 2 0.11 - NR ++ 58.2 

27 10 15 3 14 3 0.13 - NR - NR 

31 10 12 2 14 2 0.10 ++ ++ ++ NR 

P: Poraver®; S: ScotchliteTM; W: water; T soln: 3% Tylose® in water. %T: %Tylose® dry solid in total mix (g/mL). 
Inj: injection; Sep: separation. NR: not recorded. 

8 Discussion 

Field-testing of a grout designed for the conservation of the Niketas chapel wall paintings 

demonstrates that it is possible to prepare gypsum-based injection grouts with good working times 

without the use of set retardant additives, and to test their performance in the field, following methods 

established for grouts based on other binders (e.g. lime and earth). The results of this field-testing 

campaign laid the groundwork for labortatory-based development of the Niketas grout, described in 

Taniguchi 20172.   

Grout performance was largely dependent on liquid:solid ratios (where liquid = suspension media + 

additive solvent volume; solid = HH + aggregate volume). It was found that grouts with L:S ranges: 

• 1:1 – 1:2 were too thick (poor injectability, poor flow); 

• 1:0.7 - 1:1.1  were too thin (separation during use; separation and volume instability during setting 

in cups); 

• 1:0.7 - 1:1.5 performed best overall, particularly mixes in the 1:1.3 – 1:1.5 range.  

Discrepancies in these patterns usually related to the type and ratio of aggregate used, but may also 

result from imprecisions in the measuring methodology (parts/volume rather than parts/weight). In 

some mixes, an increase in fluidity appeared partially related to ethanol content. Ethanol was excluded 

from testing due its connection with volume instability and separation in cup-cast samples, but this 

may also have been an effect of methodology. In fact, subsequent studies have reported the successful 

formulation of HH-based grouts containing ethanol37,38 and further research on the behavior of ethanol 
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in HH mixes would be valuable, including potential implications of reducing the amount of water 

available for the HH hydration reaction48.  

Most examples of HH-based conservation grouts, including the Niketas test grouts, incorporate 

polymeric organic additives to modify rheology and working times10,34,37,38. However, as has been 

shown in with lime-based grouts, organic additives may have negative impacts on set grout properties 

and long-term performance (chemical instability, film formation, reduction in porosity, and increases 

in mechanical strength)28,41,44. Future work might assess the possibility of controlling rheological and 

setting properties though the careful selection of aggregates and balancing with fluid proportions, to 

produce more compatible and stable HH-based conservation grouts41.  

Laboratory testing is required to fully assess the long-term performance characteristics of the 

proposed HH-based Niketas grout. To date, only Potskhishvili38 has assessed set properties such as 

porosity and capillary absorption in a HH grout. Characteristic properties of gypsum systems, such as 

expansion and heat evolution upon setting, and instability in high/fluctuating RH environments9,56,57, 

have yet to be addressed in any grout development studies. 

9 Conclusions 

The Chapel of Niketas project provides an example of relevant and representative in situ testing for 

the development of a gypsum-based injection grout for the stabilization of wall paintings on gypsum 

plaster. Despite a reliance on field testing, the study demonstrates the feasibility of preparing and 

working with gypsum-based injection grouts for the stabilization in situ wall paintings on gypsum 

plaster, and highlights some of the main challenges/open questions to address in future research into 

HH-based conservation grouts.  
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Abstract: Development of new solutions for masonry mortars is heavily reliant on laboratory-
based experimental procedures. This study provides insights into the properties of masonry mortars, 
prepared by four distinct compaction methods, based on existing standards: tamping, tapping, jolting 
and vibrating. The particular mortar mix under study has been designed in volumetric proportions of 
1:1:6 with air lime, cement and sand, respectively. Evaluation of differences among compaction 
methods is based on bulk density, mechanical strength, porosity and water absorption measurements 
at 7 and 28 days. Density and strength testing results indicate statistically significant differences, where 
mechanically compacted mortars are denser and stronger than their manually compacted 
counterparts. Similar development is observed through assessment of mortar porosity. The variation 
is noticeable in gel and capillary pore range as shown by mercury intrusion, while open porosity 
evaluated by vacuum immersion also indicates some distinction between manual and mechanical 
compaction, with the latter producing less porous mortars. On the other hand, capillary water 
absorption results reveal higher coefficients for jolted and vibrated samples, hinting at different pore 
interconnectivity in mechanically and manually compacted mortar specimens.  

1 Introduction 

Even though masonry construction has been paramount to humankind since around 8000 years ago, 

it still remains a crucial field for new developments and preservation of historic structures [1]. In both 

cases masonry is often composed of building blocks connected together by mortars, where lime-based 

materials have been and still are of primary importance [2, 3]. 

Robust experimental methods are needed to ensure that laboratory-developed lime-based products 

are representative of real-life structures. In the case of masonry mortar preparation in the laboratory, 

a specimen of 160x40x40 mm³ is considered a standard mortar prism for strength testing, and this 

property is the only requirement based on Eurocode 6 [4]. However, there are more properties of a 

masonry mortar impacted by the compaction of the prismatic mortar specimens. Current standard for 

masonry mortars EN 1015-11 [5] describes two manual compaction procedures: the first involves 

compaction of the mortar by stroking it with a tamper, while the alternative suggests tilting the mould 

at a 30° angle and tapping it on the table. Even though these manual compaction methods are 

prescribed in the masonry mortar-specific standard, researchers sometimes [6, 7, 8, 9] opt for 

machine-compaction similar to what is described in cement-specific standard EN 196-1 [10]. This 

standard also presents two compaction methods: the former involves compacting the mortar on a 

jolting table, while the latter suggests using a vibrating table. Inevitably, due to the nature of these 
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compaction procedures, they introduce different levels of compaction energy into the mortar mixes, 

thus affecting properties such as hardened density, porosity, mechanical strength, water absorption 

capacity and susceptibility to potentially harmful substances. All these properties are important not 

only in characterising laboratory-produced mortars, but also with regards to their real service life in 

modern masonry construction and conservation and repair of historic structures.  

This study describes an experimental campaign designed to compare the four different mortar 

compaction methods mentioned above. Lime-cement mortar mixes are cast in prismatic moulds, 

compacted and cured for 7 and 28 days to evaluate the time-dependent change of properties. At the 

respective ages, differently compacted mortars are measured and weighted, allowing the calculation 

of their density. Various tests are performed, including mechanical strength, water absorption by 

capillarity and mercury intrusion porosimetry supplemented by open porosity test to evaluate the 

broader range of pore sizes. This setup could allow drawing conclusions not only regarding how 

different compaction methods fare in comparison with one another, but also which is the most 

representative compared to real-life masonry applications in new building, repair and conservation. 

However, the curing times used in this study are insufficient to assess any developments in mortar 

properties arising from the carbonation of air lime. 

2 Materials and methods 

2.1 Mortar mix and preparation  
A mix of 1:1:6 parts by volume of air lime, cement and sand was selected as the main mortar 

composition for this study. Lime is high-calcium hydrated lime CL90S, conforming to the requirements 

of EN 459-1 [11], provided by Lhoist [12]. It was paired with limestone cement CEM II / A-L 32,5 R as 

specified in EN 197-1 [13], supplied by Tarmac [14]. CEN standard sand, based on EN 196-1 [10], was 

chosen wittingly to limit the variability of aggregates when preparing different mortar batches. In 

addition to dry components, regular tap water was used; the amount was adjusted to achieve mortar 

consistency of 175±10 mm flow table value as specified in EN 1015-11 [5]. Exact quantities, based on 

bulk densities of the above-mentioned materials, are presented in Table 1 below. 

Table 1. Composition of lime-cement mortar.  

Lime:Cement:Sand 
(by volume) 

Lime 
(g) 

Cement 
(g) 

Sand 
(g) 

Water 
(g) 

w/b ratio 
(by mass) 

w/b ratio (by 
volume)  

Flow table 
value (mm) 

1:1:6 57 141 1350 208 1.05 0.765 170 (±4) 
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2.2 Compaction methods 

2.2.1  Manual compaction 

• Tamping 

Based on masonry-specific standard EN 1015-11 [5], the process of tamping involves stroking fresh 

mortar layers 25 times using a tamper rod. Compaction is achieved through impact loading, which is 

highly dependent on the operator.  

In practice, compaction by tamping was performed by the same operator for all mortar batches, 

minimizing potential differences in tamper strokes. The tamper rod was a metal cylinder with a 

diameter of 20 mm. Extra detail was devoted to covering the full area of fresh mortar layer to limit the 

unevenness and formation of possible air pockets. This was practically achieved by consistently 

alternating strokes from one side of the imaginary centreline to the other, along the length of the 

prismatic mould while counting the strokes.  

• Tapping 

Proposed as an alternative to tamping, the action of tapping requires no extra tools. Fresh mortar 

layers are compacted by tilting the mould at an angle of approximately 30° and tapping it on the 

working surface (i.e. table or bench) 10 times.  

Based on experience, successful execution of this method required tilting and tapping both sides of 

the mould alternately. Similarly, a simple guide marking the 30° angle was made to perform 

compaction in a more controlled pattern. The working surface was a wooden laboratory bench and 

the time required to complete compaction was approximately 30 seconds.  

2.2.2  Mechanical compaction  

• Jolting 

Contrary to EN 1015-11 [5], cement-specific standard EN 196-1 [10] proposes the use of mechanical 

compaction methods for cement-based laboratory mortars, still applied in the case of masonry, as 

mentioned previously. Of these compaction methods, jolting is most common, making use of a jolting 

table – a mechanical apparatus which secures the mould and shakes every mortar layer for a total of 

60 times, one every second. This procedure is automated and the apparatus exerts the same force 

with every jolt. 

• Vibrating 

Another way of compacting fresh masonry mortar mechanically is by means of a vibrating table. In 

contrast to jolting, a vibrating table operates at a constant frequency with the mould placed on top for 

a total of 120 seconds. The operation starts immediately after filling the first mortar layer, while the 

second is added after 60 seconds. 

The vibrating table used in this study was a portable vibrating table from Testing [15]. The technical 

specifications and geometry were different from those described in EN 196-1 [10]. 
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2.3 Curing conditions  
After preparation, mortars were immediately placed into curing chamber with relative humidity at 

95±5% and temperature of 20±2°C [5]. Demoulding was performed at 2 days and the mortars were 

kept in the same conditions for 5 more days. After a week, mortars were either tested for respective 

properties, or transferred to 60% relative humidity and 20°C room until the age of 28 days. 

2.4 Mortar properties 
2.4.1  Density 
Densities of mortar prisms were obtained at 7 and 28 days. The actual dimensions of prisms were 

measured with a Vernier scale, allowing calculation of volume; mass was measured on a laboratory 

balance (0.05 g precision). Division of mass by the calculated volume resulted in bulk densities of 

mortar samples. A total of 6 samples were prepared for density evaluation on two separate occasions. 

2.4.2 Mechanical strength 
Flexural and compressive strengths were measured at 7 and 28 days with a walter+bai combined 

testing machine [16], following EN 196-1 [10] standard loading protocol. A total of 6 samples were 

prepared for strength testing on two separate occasions. 

2.4.3  Porosity 
Mercury intrusion porosimetry (MIP) is a non-standardized, yet widely applied method to evaluate 

pore volume, size and distribution in a mortar matrix [17, 18, 19]. For this experimental campaign, the 

samples for MIP were extracted from the intact mortar prism pieces, remaining after mechanical 

testing. Only mortars aged for 28 days had sufficient structural stability to extract the samples, 

indicating an adequately developed microstructure for pore detection. The microstructure was 

preserved by solvent-exchange method with isopropanol, designed to stop further hydration and 

carbonation of the samples [20, 21]. 

Method to measure porosity by immersion under vacuum, adopted from RILEM CPC 11.3 [22], was 

applied to estimate the total open porosity of mortar samples. However, the drying step was 

performed at the end of the experiment for the purpose of preserving the microstructure during 

testing. This test was chosen in order to complete the gel and capillary porosity by MIP with macro-

porosity estimation. A total of 3 samples were prepared for the test. 

2.4.4 Water absorption  
Water absorption by capillarity was tested according to EN 1015-18 [23]. The number of measurement 

times was increased in order to produce a typical water absorption curve. A total of 3 samples were 

prepared for the test. To aid the expression of results, water absorption coefficients were computed 

using the following equation: 

𝑪 =
𝑴𝟗𝟎 −𝑴𝟏𝟎

𝑨√𝒕𝟗𝟎 − 𝒕𝟏𝟎
 

 
(1) 

Where: 
M10 – absorbed water after 10 minutes, kg; 
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M90 – absorbed water after 90 minutes, kg; 
A – area of the submerged face - 0.0016 m2; 
t10 – 10 minutes; 
t90 – 90 minutes; 
C – coefficient of water absorption, kg/(m2min0.5). 
 

2.4.5  Statistical analysis 
To aid the comparison between compaction methods, statistical analysis of variance (ANOVA) was 

performed on results of density and strength (based on 6 mortar samples) as well as water absorption 

and open porosity (based on 3 samples). Statistically significant differences were further processed 

with Tukey’s honestly significant difference (HSD) test and where outliers were found and removed 

from the dataset by modified Thomson Tau test – with Tukey-Kramer test. 

3 Results 

3.1 Density 
Bulk density is a useful property which aids the comparison of previously discussed compaction 

methods. Despite being the easiest parameter to calculate and assess, bulk density provides the first 

insights into the level of compaction attainable with different methods. It could help to indicate the 

variation of air voids and pores, hint at their size and predict the strength of mortars.  

Recorded in Table 2, bulk density results at 7 days are based on calculations of average values from 6 

mortar samples, prepared on two separate occasions for each method of compaction, further 

supplemented by the standard deviations and coefficients of variation. Based on the results, 

mechanically compacted samples have higher density than manually compacted ones, but the 

difference between jolting and vibrating is larger than that between tamping and tapping. 

Table 2. Bulk densities of mortars at 7 days. 

Compaction method Manual Mechanical 
 

Tamping Tapping Jolting Vibrating 

Bulk density avg. (kg/m3) 2180.6 2168 2237.1 2216.1 

Standard deviation (kg/m3) 36.6 29.4 17.5 39.4 

COV (%) 1.7 1.4 0.8 1.8 

  
Similarly, density results at 28 days are presented in Table 3. These values are based on different 

samples than those recorded in Table 2, but equivalently, the variability is assessed from 6 samples 

prepared on two different occasions per compaction method. As expected, bulk densities are lower 

than those at 7 days due to water evaporation, but the overall trend is still observed – both manual 

compaction methods produce similar results, while higher bulk densities are achieved by mechanical 

compaction methods.  The difference between jolting and vibrating is more prominent as well.  
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Table 3. Bulk densities of mortars at 28 days. 

Compaction method Manual Mechanical 
 

Tamping Tapping Jolting Vibrating 

Bulk density avg. (kg/m3) 1980.6 1989.3 2027.4 2053.4 

Standard deviation (kg/m3) 7.3 12.7 17.5 16.3 

COV (%) 0.4 0.6 0.9 0.8 

 

3.2 Mechanical strength 
Strength is arguably the most important property of a masonry mortar, at least from quality control 

point of view (according to existing regulations), with compressive strength being the only elective 

parameter in Eurocode 6 [4]. However, the experimental procedure involves both flexural and 

compressive testing of a mortar specimen at the same time, therefore these results are paired 

together. 

Results of compressive strength are displayed in Figure 1. At the age of 7 days, the strength ranges 

from 4.39 MPa to 5.21 MPa. When tested at 28 days, mortars show developed compressive strength 

of 7.25-8.4 MPa. Particularly striking in Figure 1 is the peaking compressive strength of vibrated 

specimens at 28 days. Such a result indicates that vibrational compaction is completely unmatched for 

the compressive strength, when even jolted samples yield results closer to manual compaction 

methods. 

 
Figure 1. Compressive strength of mortars at 7 and 28 days of age. 

 
As in the case of compressive strength and Figure 1, comparable trends can be observed in flexural 

strengths, where manual compaction methods produce samples with lower bending strengths than 
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mechanical compaction methods. At the age of 7 days, as presented in Figure 2, lime-cement mortars 

have flexural strength in the range of 0.92-1.12 MPa and at 28 days in the range of 1.66-1.83 MPa. 

Manual compaction methods are more comparable to one another than mechanical methods, 

although the difference between the latter two is not as pronounced as previously observed for 

compressive strengths in Figure 1. 

 

 
Figure 2. Flexural strength of mortars at 7 and 28 days of age. 

 
Results in Figures 1 and 2 present standard deviation bars which are more noticeable when compared 

to standard deviation values in case of densities. Still, this variation is expected due to the destructive 

nature of the experiment and many different factors influencing the result.  

Overall, mechanical strength values are within the range reported in literature for similar mortar mixes 

[7], with some sources reporting slightly lower values [6, 9], but these results would be considerably 

influenced by the choice of binder and aggregate materials and actual mix design quantities.   

3.3 Porosity 

3.3.1  Mercury intrusion porosimetry 

Figure 3 presents the results of cumulative porosity as estimated based on the volume of intruded 

mercury. The graphs indicate rather insubstantial changes in the gel and capillary porosity for manually 

tamped and tapped, as well as mechanically jolted mortar samples. These compaction methods yield 

samples with porosity of ~18-19%. 

Notable difference is observed in vibrated samples, where the amount of both gel and capillary pores 

is considerably lower, with ~16% in estimated total porosity. 
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The results shown in Figure 3 indicate significantly lower porosity values by mercury intrusion than 

those reported in literature for 1:1:6 mortar mix designation [18].  

 
Figure 3. Cumulative intrusive porosity of differently compacted mortars at 28 days. 

3.3.2 Porosity by immersion under vacuum 
The results of open porosity in mortar samples are based on the percentage of water uptake under 

vacuum, as expressed in Figure 4. It reveals the slightly higher values of total porosity of manually 

compacted samples, compared to mechanical methods. However, between the latter, vibrated 

samples are showing larger average result as well as broader standard deviation than jolted ones.  

Contrary to porosity evaluation by mercury intrusion, the open porosity results are closer to those 

achieved by other researchers [6, 18]. 
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Figure 4. Open porosity of differently compacted mortars at 28 days. 

 

3.4 Water absorption by capillarity 
Water absorption of differently compacted mortar samples is presented in Figure 5 with the aid of 

curves, constructed from absorbed water mass measurements at 0, 1, 3, 5, 10, 30, 90, 180 and 1440 

minutes. Furthermore, the water absorption coefficients, as specified in EN 1015-18 [23], are 

calculated based on Equation 1. 

Unexpectedly, the results presented in Figure 5 suggest that mechanically compacted samples absorb 

more water more rapidly than manually compacted ones, despite having lower porosity. This is also 

confirmed by water absorption coefficients, where lowest values are produced by tamped samples, 

followed by tapped, vibrated and jolted specimens. 
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Figure 5. Water absorption of mortars at 28 days. 

 
3.5 Statistical analysis 
ANOVA results with Tukey-Kramer HSD are presented in Table 4 below. Generally, in all measured 

properties the differences between compaction methods were significant, with specific pair-wise 

differences highlighted in the table. Evidently, the results of tapping and tamping are not significantly 

different, contrary to all the manual-mechanical method pairs, where 5 out of 8 measured properties 

indicate significant difference. Comparison of jolting and vibration also demonstrates significantly 

different results for density and compressive strength measurements at 28 days. 

 
 
 
 
 
 
 
 

0

2

4

6

8

10

12

14

16

0 10 20 30 40 50 60

W
at

e
r 

ab
so

rp
io

n
, k

g/
m

2

Square root of time, min^0.5

Tamped

Tapped

Jolted

Vibrated

Ctamped = 0.91 kg/(m2min0.5)

Ctapped = 1 kg/(m2min0.5)

Cjolted = 1.2 kg/(m2min0.5)

Cvibrated = 1.16 kg/(m2min0.5)

559



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

Table 4. ANOVA with Tukey-Kramer HSD results.  
  

Density Compressive 
strength 

Flexural 
strength 

Porosity Water 
absorption 

Age 7 28 7 28 7 28 28 28 

Pair Statistically significant difference found? 

Tamping Tapping No No No  No No No No No 

Tamping Jolting Yes Yes No  No Yes No  Yes Yes 

Tamping Vibration No Yes Yes Yes Yes Yes No No 

Tapping  Jolting Yes Yes Yes No Yes No Yes No 

Tapping  Vibration No  Yes Yes Yes Yes Yes No No 

Jolting Vibration No Yes No  Yes No No No No 

 

4 Conclusion 

This study presents a comparative analysis of laboratory-produced masonry mortars, compacted using 

four different methods, namely manual tamping and tapping and mechanical jolting and vibration, all 

of which are specified in masonry and cement-specific standards. It should be noted that while all 

discussed compaction methods are used in laboratory practice, the choice is rarely justified. Even so, 

if the topic of debate concerns controlled and repeatable laboratory mortar production, the results of 

the present study indicate no particular superiority or inferiority of any compaction method with 

regards to these aspects. Within the scope of this work, all methods have led to similar variations in 

measurements of specific properties. This was unanticipated in view of the less controlled nature of 

manual compaction. 

On the other hand, analysis of mortar properties elucidates the distinction between manual and 

mechanical compaction. Lower results for density and strength of mortars compacted manually 

present an expected outcome of the hand-operated process, which remotely mimics the bricklaying 

construction. By contrast, mechanical compaction methods introduce significantly higher compaction 

energy into fresh mortar mixes, resulting in denser and stronger mortar specimens. Nonetheless, the 

results of open porosity evaluation also suggest better performance by the jolted and vibrated 

specimens, albeit the difference being not particularly convincing when compared with tamped and 

tapped samples. In relation to micro-porosity, the trend breaks as jolted mortars produce similar pore 

size distribution to manually compacted mortars, while vibrated stand out by showing lower amounts 

of gel and capillary pores. Counterintuitively, water absorption by capillarity reveal larger rates and 

capacities of less porous mechanically compacted samples, than of those compacted manually. Even 

though mostly statistically insignificant, such phenomenon is not easily explicable, hindering the 

correlation with other observations in mortar properties. 
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Additionally, a pronounced difference of compressive strength results attainable by jolting and 

vibration raises potential concern regarding the suggestion to use these mechanical compaction 

procedures as alternatives. Especially noteworthy in this sense are the similar results in mortars 

produced by manual tamping and tapping, rationalizing the notion to use them interchangeably. 

Pairing this fact with representative properties and acceptable variability among different mortar 

batches could suggest that manual compaction methods are more suited for laboratory-prepared 

masonry mortar specimens. 

However, it is important to note that the choice is heavily dependent on the intended application. 

Unsurprisingly, masonry-specific compaction methods produce results which are more comparable to 

real-life masonry structures due to mostly manual nature of brick working. Likewise, enhanced mortar 

properties achievable by mechanical compaction are inherent to cement mortars, directly linked to 

concrete research. Since concrete requires compaction in most applications, this practice is likely 

reflected in laboratory setting with mortars. Although in this study mechanical compaction methods 

appear to be less comparable to one another and produce similar variability as manual methods, such 

outcomes have to be treated carefully. A note of caution is due here since there are multiple sources 

of potential error: availability and choice of equipment, operator-dependent inputs, machine-

dependent faults, calibration, environmental conditions, quality and storage of raw materials are only 

a few considerations. The present study has laid grounds for further investigations, which could 

consider these factors along with the variable mortar composition and comparative evaluations based 

on field mortars. 
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THE CHALLENGE ON DEVELOPMENT OF REPAIR MORTARS FOR 
HISTORICAL BUILDINGS IN SEVERE MARINE ENVIRONMENT: PAIMOGO 
FORT, A CASE STUDY  
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(1) Laboratório Nacional de Engenharia Civil, Lisboa, Portugal 

Abstract: The Paimogo fort, listed as a public interest property in 1957, is one of the several 

Portuguese military fortifications built near the ocean, in the 17th century. Within the scope of the 

restoration project developed by the Municipality of Lourinhã and its partners, for the revitalization 

and safeguarding of the Paimogo's fort, an extensive characterization of the original mortars was made 

and new repair mortars are being developed by National Laboratory for Civil Engineering.  

In this paper the development of the durable and compatible repair mortars for this case study is 

described. Some compositions based on the original mortars’ composition and characteristics, are 

briefly described and their main physical and mechanical characteristics are analysed and compared in 

successive ages. Applications of the same mortars on porous composite substrates were subjected to 

real environmental conditions in the Fort external area to check their performance and durability. 

The experimental results showed the importance of the in situ applications, since distinct behaviour 

was found. Moreover, it reveals that all the studied mortars absorb high volume of water and have 

low strength and higher deformability, when compared to the original ones. Thus, the choice of the 

formulations for application as a substitution render of the Fort walls is still in process of evaluation. 

Their performance and durability are being studied at longer ages and the formulations will be fine-

tuned for further evaluation. 

1 Introduction 

Portugal has an extensive coastal area where several military fortifications were built with the 

intention to protect the Portuguese coastline territory from the constant military threat from the 

ocean.  

These historical constructions located near the ocean, have been subjected during centuries to a very 

aggressive environment of salty water spray, high humidity, intense sun radiation, thermal shock, 

strong wind and, sometimes, even to waves’ strength. Renders, whose main function is the protection 

of walls, are particularly exposed to such actions.  

Samples collected from several forts located in Lisbon and coastal surroundings show clearly that the 

original mortars used for masonry and renders were mechanically resistant and durable lime mortars. 

Usually, they were based in calcitic air lime and additions or aggregates that promoted pozzolanic 

reactions [1],[2]. Lime lumps were generally found as well as more unusual materials, such as ceramic 

elements and coal. The aggregates were commonly composed by sand-to-gravel sized mineral grains 

and fossil fragments [2][4] and usually came from local beaches or fluvial sand deposits available 

nearby the fortifications [5][6]. 
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Paimogo fort is one of these Portuguese fortifications, built in 1674 and located in the cliffs of Paimogo 

beach, near Lourinhã city (approximately 75 km from Lisbon). The fort is classified of public interest 

since 1957 and, as other coastal forts from the 17th and 18th centuries, has proved to be very well 

constructed, with well-selected materials and craftsmanship.  

Within the scope of the “Coast Memory Fort” EEA Grants project, promoted by Lourinhã Municipality, 

which aims to safeguard and revitalize the Paimogo fort, an assessment of the conservation condition 

of the building and an analysis of the original materials was carried out. 

The tests results showed that the old masonry walls were made with stone from local quarries and 

lime baked in the artisanal ovens of the region. The original mortars are of air lime and sand of siliceous 

and limestone nature, with varying proportions, depending on the type of mortar, between 1:1.5 and 

1:4 (lime: aggregate mass proportions), which are much richer in lime than is usual in other types of 

old constructions. Moreover, it was also identified that the aggregate is free of clay and that all mortars 

presented high mechanical strengths (ranging between 2.5 and 5 MPa in compression) [7][8]. 

However, most of the original air lime renders and plasters have been removed in an intervention of 

2006 and replaced by a hydraulic lime mortar, which presents nowadays some degradation, especially 

erosion and loss of cohesion (Figure 1). 

  

Figure 1. State of conservation of the Paimogo fort. 

Thus, in the scope of this project, new repair mortars are being developed for the preservation of the 

fort, based on the compositions and characteristics obtained for the original mortars and taking into 

account the raw materials of the region.  

The mortars to use in this kind of interventions must have special properties to assure durability to the 

very aggressive environment, as well as keeping compatibility characteristics: The mortars must have 

high mechanical strength to resist erosion of the ocean wind and salt crystallization pressure, 

moderate elasticity modulus to accommodate deformations due to thermal variations, moderate 

capillary coefficient and high water vapour permeability to retard the entrance of water and allow a 

quick drying. Besides, they should not have high contents of salts, to avoid the increase of salt 

contamination into the walls [9][10].  

Therefore, to choose substitution renders for these constructions is a challenging situation. A Lime-

white cement mortar applied in two thin coats of 1:1:6 and 1:2:9 (cement :  lime : siliceous aggregate 

volume proportions), was used in a similar case, with acceptable results for the last thirty years [11] 

(Figure 2a), however it is well known that cement must be avoided whenever possible, because it 

favours salt damage due to its content on alkaline ions [12]. The use of lime mortars with industrial 
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pozzolanic additions, were also an alternative, however the results presented in a similar case in a 

fortification in Lisbon, after twenty years, are not encouraging (Figure 2b).  

  

(a) (b) 
Figure 2. Forts in the coast area of Lisbon subjected to rehabilitation, where different repair solutions were 
used: (a) repair mortars of lime-white cement mortar; (b) repair mortars of lime with industrial pozzolanic 

additions. 

Since many lime lumps were found in the original mortars, the addition of quicklime to the hydrated 

lime mix was considered an option. According to the method proposed by Antoine-Joseph Loriot, from 

the late seventeenth century, the mortars made with this kind of mix would be “weatherproof and 

water resistant”, providing volume stability, mechanical strength, and durability, avoiding cracks, as 

the drying of the excess water of the mix is consumed by the quicklime instead of evaporated, which 

should provide a balance in volume variation [13]. However, recent studies didn’t confirm Loriot’s 

assumptions and showed cracking and degradation problems in mortars with this type of mix [14]. 

In this study, lime-based mortars are proposed and characterised with the aim of selecting a durable 

and compatible mortar to be used in the restoration of the fort. Three compositions, based on the 

original mortars’ composition, are described and their main physical characteristics – as capillary 

absorption and open porosity – and mechanical characteristics – as flexural and compressive strength, 

dynamic elastic modulus and surface hardness – are analysed and compared in successive ages. 

Applications of the same mortars on porous composite substrates (bricks with large joints of lime-

based mortars) were subjected to real environmental conditions in the fort external area, to check 

their performance and durability.  

2 Materials and methods 

2.1 Mortars composition and mixing 

The mortars formulations selected for this study were chosen considering three main aspects:  

• the compatibility with the ancient masonry and original renders from the physical, mechanical and 

chemical points of view [15]; 

• the physical compatibility concerning the severe exposure to ocean spray and salts deposition 

(porosimetry) [16][18]; 

• the materials available in the region and technology accessible to common construction workers. 
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The options selected were mortars composed by air lime (Ca) and composed by mixing air lime and 

quicklime (Ca+Cv30%), which the optimum amount of quicklime was previously tested in laboratory. 

Additionally, an air lime and white cement mortar (Ci+Ca) was also considered, having well known 

behaviour due to its application in a similar environment [11]. In this first phase of tests the aggregate 

used for all the formulations was natural siliceous sand, from Tagus River. The mortars compositions 

are summarized in Error! Reference source not found.. 

 

Table 1. Mortars composition.  

Samples  

identification 
Binder Aggregate 

b/a ratio 

(by volume) 

w/b ratio 

(by weight) 

Flow diameter 1 

(mm) 

Ca 
CL90-S 

(ρ=360 kg/m3) 

Natural siliceous 

sand (0-2mm) 

(ρ=1450 km/m3) 

1:2 1.9 154 ± 1.9 

Ca+Cv30% 

CL90-S 

(ρ=360 kg/m3) 

+ 

CL90-Q (R5, P2) 

(ρ=730 kg/m3) 

(1+0.3):2.6 1.7 
169 ± 5.0 

145 ± 4.0* 

Ci+Ca 

CEM II/B-L 32.5R 

(ρ=930 kg/m3) 

+ 

CL90-S 

(ρ=360 kg/m3) 

1:3:12 1.8 155 ± 2.7 

ρ – loose bulk density; 1 Determined according to standard EN 1015-3 [19]; * flow diameter after 10 min rest. 

 

The Ca and Ci+Ca mortars were prepared in accordance with European standard EN 1015-2 [20], using 

a mortar mixer Controls 65-L0005. However, with the use of quicklime in the formation of Ca+Cv30% 

mortar, it was necessary to adapt the mixing process for this composition, as follows:  

1. Mix all the dry solid content of the Ca+Cv30% mortar, as given in Error! Reference source not 

found.; 

2. Add the predetermined amount of water to the dry solid mix into the mixer, over a period of 

30 s, with the mixer running at low speed. Then continue mixing, at the same speed, for further 

4 min and 30 s; 

3. Rest of the mix for 10 min; 

4. Complete the mixing, at low speed, for 5 min. 

The consistence of each mortar was optimised by experimental application on a brick with the criteria 

of using the minimum mixing water to allow good workability, independently of the flow table value 

(Figure 3). This method resulted in different kneading water ratios for the different mortars (Error! 

Reference source not found.).  
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(a) (b) (c) (d) 
Figure 3. Assessment of the workability: (a) flow table; (b) applicability; (c) behaviour on a common ceramic 

brick; (d) behaviour on a traditional porous brick. 

The mortars were cast in 40 x 40 x 160 mm3 normalized steel moulds and cured for 7 days in the moulds 

at 20 ± 2 C and 65 ± 5 % RH. In the first 3 days a sprinkling with water was performed on the mortar 

surface of each specimen every 24 h. After being removed from the moulds, the specimens were cured 

at the same conditions of temperature and relative humidity until the test date. 

Additionally, the same mortars compositions were applied on common ceramic bricks and on 

traditional porous bricks and subjected to the same laboratory cure conditions of the prismatic 

specimens. The bricks used and their hygric characteristics are identified on Table 2. 

Furthermore, the same mortars were applied, with a thickness of 20 ± 2 mm (based on the medium 

thickness usually applied in service), on porous composite substrate (traditional porous bricks with 

large joints of lime-based mortars) - mini wallettes (Figure 4a); afterwards, the mortars were also 

sprinkled with water for the first 3 days, and stored and cured under the same controlled conditions 

of temperature and relative humidity as the prismatic specimens (Figure 4b). After 15 days, the 

applications were exposed to real environmental conditions at the fort external area, with exposure 

to West, since this is the direction of the prevailing winds and faced forward to the ocean (Figure 4c). 

During the curing period on the fort (september to december), the natural climatic conditions were 

characterized by temperature between 15 and 26 ᵒC, quick showers and some periods with hot sun 

and strong wind (average of 20 km/h, with some wind gust of 50 km/h). The relative humidity of the 

air ranged between 60 and 100%.  
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Table 2. Characteristics of the bricks used (average values).  

Test 

Substrate 

Common ceramic brick 

(30 cm x 20 cm x 11 cm) 

 

Traditional porous brick 

(23 cm x 11 cm x 7 cm) 

 

Water permeability under low pressure by 

karsten tubes (absorbed water after 30 min) 1 

(ml/cm2) 

0.2 0.7 

Capillarity coefficient 2 

(kg/m2 min0.5) 
0.6 ± 0.1 2.4 ± 0.4 

Open Porosity 3 

(%) 
nd 34 ± 3.6 

1 based on a RILEM specification [21]; 2 determined according to EN 772-11 [22]; 3 determined according to EN 
1936 [23]. 
 

   

 

(a) (b) (c) 
Figure 4. Applications and cure conditions of the mini wallette: (a) application of the mortars on the 

experimental mini wallettes; (b) laboratory water sprinkling; (c) exposition to real environmental conditions of 
the fort external area. 

2.2 Methods 

To monitor the physical-mechanical changes in the mortars owing to the hardening process, the mortar 

samples were analysed in laboratory after 28 and 90 days.  

Flexural (Rt) and compressive (Rc) strengths were measured according to the EN 1015-11 standard [24] 

(Figure 5a) and the dynamic elastic modulus (E) was determined by the resonance frequency method, 

following the EN 14146 standard [25] (Figure 5b). The water absorption by capillary action test was 

performed based on the EN 15801 standard [26], where the prismatic specimens (40 x 40 x 160 mm3) 

were placed in a container on non-absorbent small bars, with one of the 40 mm x 40 mm faces in 

contact with tap water (approximately 10 mm deep) (Figure 5c). The drying process of the specimens 

based on EN 16322 [27], was conducted immediately after the absorption test (with the specimens 
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completely saturated with water), by measuring the weight loss over time, until the samples reached 

equilibrium with the environment conditions (Figure 5d). The porosity of a mortar is of great importance 

as it has a significant effect on the performance of the materials in relation to water, salt weathering 

and chemical weathering and, therefore, on the mortar’s durability. Thus, the porosity changes were 

evaluated through the total open porosity (Po) by immersion and hydrostatic weighing, based on 

EN 1936 Error! Reference source not found. (Figure 5e). 

     
(a) (b) (c) (d) (e) 

Figure 5. Laboratory performed tests: (a) mechanical strengths; (b) elastic modulus; (c) water absorption by 
capillary; (d) water drying; (e) open porosity. 

 

The tests performed on the bricks (common ceramic and traditional porous bricks) and on the mini 

wallettes to evaluate the behaviour and characteristics of the applied renders, were analysed after 28 

and 90 days using the following techniques:  

• Shore Hardness (with a Shore A Durometer): The test consists of the evaluation of the surface 

hardness, and indirectly of the cohesion, of an applied render using a Shore A durometer with a 

point which is pressed against the surface by the action of a spring with a standardized force 

(Figure 6a). The penetration of the point gives a measure of the surface hardness. The test is based 

on the ISO 7619-1 [28] and ASTM D2240 [29]. This evaluation has been found in previous studies 

to have a good correlation with the surface cohesion [30]. 

• In order to evaluate the deterioration and the presence of anomalies (cracks, discontinuities and 

loss of cohesion) in the specimens, ultrasonic pulse velocity testing was used, based on EN 12504-

4 [31]. This technique is based on measuring the speed of propagation of longitudinal ultrasonic 

waves (P-waves), through the specimens, using, in this case study, the transducers positioned on 

the same surface (indirect transmission), with a minimum distance of 20 mm between them and 

successively increasing the distance by displacing one of the transducers (Figure 6b). The ultrasonic 

pulse velocity is determined as the slope of the distance/time line obtained with the 

measurements. 
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(a) (b) 
Figure 6. Tests performed in situ: (a) Shore Hardness; (b) ultrasonic test. 

3 Results and discussion 

The results of the laboratory tests on the prismatic specimens are summarized in Table 3 and Figure 7. 

The test results on the bricks and on the mini wallettes (performed at laboratory and in situ, 

respectively) are synthesised in Table 4. 

Table 3. Physical and mechanical results obtained in laboratory on prismatic samples (average values).  

Test Ca Ca+Cv30% Ci+Ca 

Bulk density 

(kg/m3) 

28 days 1679 ± 2.8 1715 ± 4.6 1746 ± 6.9 

90 days 1704 ± 5.4 1742 ± 5.1 1766 ± 3.4 

Modulus of elasticity 

(MPa) 

28 days 1716 ± 30 2043 ± 52 2444 ± 94 

90 days 2367 ± 43 2908 ± 68 2853 ± 109 

Flexural strength 

(MPa) 

28 days 0.41 ± 0.04 0.36 ± 0.09 0.34 ± 0.01 

90 days 0.45 ± 0.01 0.54 ± 0.01 0.41 ± 0.03 

Compressive strength  

(MPa) 

28 days - - 0.69 ± 0.03 

90 days 0.62 ± 0.01 0.65 ± 0.05 0.85 ± 0.04 

Open Porosity  

(%) 

28 days 28 ± 0.1 27 ± 0.3 28 ± 0.2 

90 days 28 ± 0.2 27 ± 0.3 28 ± 0.0 

Capillarity coefficient  

(kg/m2 min0.5) 

28 days 3.3 2.5 3.7 

90 days 3.0 2.3 3.6 
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(a)  (b) 
Figure 7. Capillary water absorption curves of the prismatic specimens: (a) water absorption; (b) water 

desorption. 

Table 4. Results of tests performed on the applications on a substrate (laboratory and in situ) (average values) 

Test Ca Ca+Cv30% Ci+Ca 

Laboratory Fort Laboratory Fort Laboratory Fort 

C  T  T   C  T  T   C  T  T   

A Shore 

Hardness1 

28 

days 

88 ± 4 87 ± 6 86 ± 4 90 ± 2 88 ± 6 90 ± 5 87 ± 3 92 ± 3 86 ± 5 

90 

days 

86 ± 5 85 ± 5 89 ± 6 90 ± 3 88 ± 5 nd 88 ± 3 90 ± 4 88 ± 5 

Modulus of 

elasticity 

- US (MPa) 

28 

days 

1755 1359 1435 1917 1223 1124 2874 2511 2391 

90 

days 

1961 1570 2262 2216 1153 nd 2908 3688 2807 

1 Unit measurement scale SHORE A from 0 to 100: 70 to 87: normal; > 88: very stiff. 
C – Common ceramic brick; T - Traditional porous brick (the same bricks used in the mini wallettes at the fort 
exposition) 

3.1 Physical and mechanical behaviour 
The bulk density (Table 3) is an easy to determine property able to give indirect comparative 

information about a range of other physical and mechanical characteristics. The results show that the 

bulk density of the Ci+Ca mortar, as expected, present the highest value of the bulk density.  

However, despite the higher bulk density of Ci+Ca mortar, the Ca+Cv30% mortar leads to lower open 

porosity values (Table 3), which can be related to the lower water content of this mix but also to adding 

quicklime to the mix, that could absorb the excess of mix water, thus making it less porous. The open 

porosity values between Ca and Ci+Ca mortars are similar. 

In general there is a slight increase in the bulk density with the carbonation process for all mortars 

composition, however variation in open porosity values are not detected. 
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In what concerns the mechanical performances of the prismatic specimens (Table 3) it is observed that 

Ca mortar is the most deformable, however with strength values of the same order of magnitude as 

Ca+Cv30% mortar.  

The highest mechanical behaviour was obtained with the Ci+Ca mortar, however, at 90 days, the 

Ca+Cv30% mortar shows a significant evolution, comparing to Ci+Ca mortar. This good behaviour of 

the Ca+Cv30% mortar may confirm the literature [13] argument that adding quicklime to slaked lime 

reduces the drying shrinkage and consequently the microcracking during the drying process, thus 

increasing the mechanical strength.  

Considering the applications on different substrates at laboratory (Table 4), the Ca mortar showed the 

most deformable mortar with common ceramic brick as well as the one with lower Shore hardness. 

However, the Ca+Cv30% mortar does not show the same pattern of mechanical behaviour of the 

prismatic specimens: In this case the use of a more porous substrate (traditional porous bricks) 

increases its deformability and decreases the surface hardness (Table 4). Moreover, it is possible to 

observe that the air lime mortars (Ca and Ca+Cv30%) became more deformable, with lower values of 

modulus of elasticity, when applied on substrates with higher water absorption. The same tendency is 

observed by the Shore A Hardness which shows that using a more porous and absorbent substrate 

tends to reduce their cohesion. These facts may be due to the reduction of the mix water available for 

the slaking and carbonation processes, which is absorbed at large scale by the porous substrate, 

accelerating the drying of the mortars and hindering the hardening lime reactions. This faster drying 

rate also generates high stress in the matrix and, as consequence, microcraking occurs which leads to 

a decrease of the mortars’ performance (Figure 8). 

However, the Ci+Ca mortar shows an opposite behaviour to the air lime mortars, with better 

performances when applied on more porous substrates.  

  

Figure 8. General microcracking on matrix at Ca+Cv30% mortar. 

In the characterization performed on the mini wallettes in situ (Table 4), only the Ca mortar showed 

an improvement of its performance when exposed to real environment conditions of the fort, when 

compared to the applications subjected to the laboratory conditions, which was attributed to a 

possible blockage of the original pores due to the presence of salts crystals inside them. The pore 

structure of the Ca mortars, with a large volume of macropores [32], and its deformable structure 

could accommodate the precipitation of salts inside the large pores, not producing sufficient stress to 
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damage the pore structure; consequently decrease the porosity and enhance the mechanical strength 

[2]. 

On the other hand, contrasting with the good performance presented by prismatic samples, the fort 

exposition leaded to a reduction of the Ca+Cv30% mortar performance. The applied mortar was found 

detached from the substrate when measurements were to be made at 90 days (Figure 9) and this 

anomalous behaviour was attributed to the reduction of cohesion of the mortar. Even with reduction 

of the mortar’s characteristics, the Ci+Ca mortar shows the highest values on the mechanical 

assessment. 

 

Figure 9. Lack of adherence of the Ca+Cv30% mortar exposed to real environmental conditions of the fort 
external area with failure pattern mainly adhesive fracture. 

3.2 Water behaviour 
Concerning water behaviour, the Ci+Ca mortar showed the highest capillary water absorption 

coefficient (Table 3) and induces higher values of water absorption (Figure 7a). Moreover, the drying 

occurs slower (Figure 7b) than the air lime mortars. This fact may be due to reduced water vapour 

permeability, related with the hydraulic compounds, which slows down the evaporation of the water. 

The Ca+Cv30% mortar showed a better behaviour from this point of view, with lower capillary water 

absorption coefficient and water content, both at 28 and at 90 days. Furthermore, the drying occurs 

faster, which seems to be related to the pore structure of this mortar with an increase of the capillary 

pores range. 

Considering the capillary water absorption coefficient obtained in the old mortars (between 0.35 and 

1.70 kg/m2.min 1/2) [7], these new mortars show results much higher which can make them more 

vulnerable to degradation. However, it is expected that a progressive slow decrease of the capillary 

porosity of the air lime-based mortars occurs with time, by the progression of carbonation and of 

reactions of dissolution and re-carbonation of the matrix [2]. 

A new phase of tests is now being carried out, with a fine-tuning of the aggregate, using a different 

grain size distribution and substituting part of the silicious sand by limestone aggregate from the 

region. 
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4 Conclusions  

Paimogo fort is one of the several Portuguese coastal fortifications built in the 17th century to protect 

the country from military attacks. Located in the cliffs of Paimogo beach, near Lourinhã City, the fort 

is classified of public interest since 1957. 

In 2006, the original air lime renders and plasters of the fort have been removed and new hydraulic 

lime mortars were applied, which present nowadays high degradation, especially erosion and loss of 

cohesion. Thus, new repair mortars are being developed for new application in this severe marine 

environment. 

The work carried out showed the importance of in situ applications and tests to evaluate the 

performance of mortars. The application on substrates (with different rates of absorption) and the 

humidity and thermal environmental conditions modify the results obtained by comparison with those 

obtained in the laboratory characterization. 

In general, the air lime mortars applied on the substrates with higher water absorption (traditional 

bricks) showed a decrease of their mechanical characteristics when compared to applications on 

common bricks. On the other hand, mortars composed by air lime and low content of cement showed 

an opposite behaviour, generally with an increase of characteristics when applied on higher absorption 

bricks by comparison with common bricks. These facts may be due to different speeds of the occurring 

reactions needing water, as air lime reactions (carbonation and slaking) are known to be slower than 

the hydraulic reactions of cement, so the available water may be absorbed by the porous substate 

before it is used in lime reactions. Another factor may be the different water retention ability of the 

mortars which, with the same porous substrate, can be able to retain a larger ratio of the kneading 

water available for the carbonation, slaking and hydraulic processes. 

The exposition to the real environment conditions of the fort with salty water spray, high humidity, 

intense sun radiation, thermal shock and strong wind, on the contrary, enhances the behaviour of the 

mortars with coarser pores, as are the lime mortars. The improvement of the air lime mortars 

mechanical characteristics in this cure conditions can be attributed to the reactions of dissolution and 

re-carbonation of the matrix that partially fulfil pores. Another strengthening factor may be the 

possible blockage of the macropores (due to the presence of salts crystals inside the pore structure) 

without causing sufficient stress to produce damage, due to the large pores and to the low modulus 

of elasticity of the mortars. 

The three mortars compositions studied (air lime - Ca, air lime with quicklime – Ca+Cv30% and air lime 

with cement – Ci+Ca) at 28 and 90 days showed, in general, good appearance, without cracking at 

laboratory and in situ conditions and the air lime mortars show some potential of improvement in the 

real environmental conditions of the fort. However, their low mechanical characteristics and high rate 

of water absorption can compromise the durability of these renders and of the masonry. 

A new phase of tests is now being carried out, to enhance the mortar formulations based on air lime, 

in order to improve their performance and durability, taking into account the raw materials and the 

compatibility requirements for this case study. 
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Abstract: Various tests have been developed to evaluate the reactivity of some pozzolans to 

study the feasibility of using an accessible deposit, without the need of importing or transporting 

materials. Pozzolanicity tests mostly require sophisticated and expensive laboratories. For some 

conservation projects, this type of analysis is out of reach due to the complexity of analysis, their 

elevated costs, and the time it takes to carry them out. A. D. Cowper in 1927 describes a simple and 

on field test to determine if a material has pozzolanic activity, but it is not deeply explained why 

samples of materials with possible hydraulic action can be tested, after seven days in a qualitative 

indication of hydraulicity. In this research, pozzolanicity reaction and flocculation process are 

reviewed, the Cowper Test is implemented, and new simple procedures are added to corroborate the 

Cowper Test efficiency. The increase of volume due to flocculation, sedimentation velocity, 

observation in microscope, changes in pH and changes in refractive index are applied and discussed. 

This is a contribution to transit from a qualitative test into a semiquantitative, it is expected to be the 

fundament that can lead into a future on field quantitative method for determining pozzolanicity. 

1 Introduction 

1.1  The air lime mortars with pozzolanic additions in the conservation field 

In Mexican historic buildings restoration, an addition of cement (usually at least of 10%) in the air 

lime/aggregate mortar is a common recommendation [1] to modify the air lime mortar properties by 

inducing the setting in humid environments or in low presence of CO2, reducing time or to increase 

compression strength resistance. This practice leads into a range of complications in the conservation 

field, because of the incompatibility between historic and repair mortars that inevitably causes 

damage to the original stone and/or lime mortar systems. Repair mortars should be a weaker material 

than masonry so that they can accommodate in differential movements and be a sacrificial material in 

weathering. Therefore, interventions made with cement are not weak or soft enough for historical 

materials, creating mechanical incompatibility [2] Cement mortars tend to have less permeability than 

lime mortars, which interferes with the evaporation and diffusion of moisture in historical materials. 

Cement mortar introduction results in humidity trapped inside the materials; normally the moisture 

outflow is given by the lime joints, however, with cement joints, evaporation occurs through the 

masonry pieces that weakens deeply due to the dissolution and recrystallization of soluble materials. 
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The presence of soluble salts in Portland cement is another factor that significantly affects historical 

materials. 

In the presence of moisture and in accordance with the point described above, the salts migrate to the 

masonry, recrystallizing and damaging the structure of the materials promoting disintegration, 

weakening and loss of the material. The rigidity of cement mortars inhibits the natural movements of 

historical structures. The historical material fails and cracks before such movements, due to hardness 

and stiffness differences, promoting greater deterioration[2]. 

To confer hydraulic properties to air lime mortars, pozzolans are added to develop formulated aerial 

lime mortars; term established by the European Standards of Building Lime [3] referring to lime with 

hydraulic properties mainly consisting of air lime and/or natural hydraulic lime with added pozzolans. 

The property that made pozzolan precious in the classical age and still quite useful today is the ability 

of the vitreous material to react with lime and water[4] where the setting reaction does not require 

the presence of air, so it can occur in a humid environment, even under water, or in the centre of a 

thick wall. Such characteristics allow the use of a construction technique named by Vitruvius opus 

caementicium[5], something very similar to modern concrete technology. In the course of history and 

in various parts of the world, other volcanic materials were found to possess the same properties as 

the Italian pozzolans. 

The “ASTM c618” standard defines pozzolans as aggregates for mortars of siliceous or alumino-

siliceous origin, which by themselves have little or no cementing value, but when they have been finely 

divided and in the presence of water, they react chemically with the hydroxide of calcium Ca(OH)2 at 

room temperature to form compounds with cementitious properties [6]. 

In terms of physical and chemical properties, pozzolans confer to the air lime mortar the desired 

characteristics found by adding cement to them, like setting in humid environment or low presence of 

CO2, reduced setting time and increased compression strength resistance. Beside the compatibility in 

material properties between historical and repair mortars, this practice also generates a sustainable 

practice by reducing environmental impact, promoting local  consumption and safeguarding traditional 

constructive culture. 

The challenge of developing formulated lime mortars in an on field conservation project is the lack of 

certainty that some material found regionally can be useful. Pozzolans, having different origins, have 

a variable chemical composition and their reactivity not only depends on this but also on their vitreous 

structure and their degree of fineness [7]. The degree to which a pozzolan reacts with lime is known 

as pozzolanicity. The pozzolanicity of a material can vary significantly, even among the same class of 

materials. 

Various tests have been developed to evaluate the reactivity of some pozzolans to study the feasibility 

of using an accessible pozzolanic deposit. Many tests, specified in both the literature and international 

standards, require sophisticated and expensive laboratories. For the development of some projects, 

this type of analysis is out of reach due to the complexity of analysis, their elevated costs, and the time 

it takes to carry out the studies. 

The practical test for pozzolanic properties proposed by A. D. Cowper in 1927 has been selected 

because of its simplicity, economy and efficiency, and because it has not been especially widespread, 
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even though it presents results after seven days without the need of a specialized laboratory. This 

method analyses, in a qualitative way, samples of materials with possible hydraulic reaction [8]. 

However, in several references, the pozzolanicity test proposed by Cowper has been discarded 

because it releases only qualitative results and, even tough, it can be inferred that Cowper understood 

the chemical reaction and the physical changes in the materials, it is not explained deeply why the 

phenomenon occurs. 

The objective of this research is the review, explanation, implementation and of the Cowper Test and 

the innovation of semiquantitative procedures to verify it, in a simple and on field perspective to 

complement the released information when determining if a material can be used as a pozzolanic 

addition due to its reactivity.  

1.2  Pozzolanicity reaction tests 

As it has been discussed previously, pozzolanicity depends not only on mineralogic composition but 

also in the molecular structure and the particle finesse. For developing pozzolanicity standardized 

tests, sophisticated and expensive equipment is required as well as time, because there are wide 

properties to look for, with special variables that unlock the pozzolanic process. In addition, natural 

pozzolans can vary in its properties even in the same deposit, so in a day-to-day basis, in a normal 

conservation project, determining pozzolanicity can be a very complex task. Tests are required to 

analyse the viability of a potential pozzolanic deposit and to provide quality control [9]. 

The practical test for pozzolanic properties designed by Cowper to determine if a material has 

pozzolanic activity can be carried out in field or in a laboratory with simple equipment in 7 days. 

2 Methods  

2.1 The Practical Test for Pozzolanic Properties 

A.D. Cowper in his book “Lime and Lime Mortars” published in 1927 compiles a simple a qualitative 

test which he denominates Practical Test for Pozzolanic Properties and states the following [8]: 

…A simple practical test to determine whether a given sample of burnt clay or other material 

possesses pozzolanic properties, and (to some extent) to obtain a measure its relative activity 

as compared with other samples, is that utilized in connection with the investigation by the 

addition of pozzolanas to combine with free lime. This consists in adding a small quantity of 

the material, finely powered, to rather less its weight of slaked lime, in a tube or small narrow 

bottle, and covering it to a depth of a couple of inches with pure water; shaking up every 12 

hours for a week; and then observing the appearance of the tube (shortly after shaking) and 

the bulk of the sediment, as compared with a fresh mixture or with another pozzolana 

similarly treated. The actual quantities recommended are 0.5 gm. powdered pozzolana, 0.3 

gm. slaked lime, and 20 cc. distilled water, in medium sized test tubes. 

The interaction between the solution of lime in water and the pozzolana will give rise to hydrated 

calcium alumino-silicates of complex or indefinite chemical structure;  these hydrates will be 

formed in the colloidal condition, and are much more bulky than the lime, with the result 
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that after seven days the tube will contain an increased volume of solid matter as measured 

by the height it extends up the tube, also the rate of settlement, owing to its flocculent 

nature, will be slower; the activity of the pozzolana can therefore be judged by inspecting 

the tubes at different times after shaking. In comparison, the volume of the solid matter in a 

similar tube immediately after mixing will be much smaller, and it will settle almost 

immediately. 

There are several questions to be solved after reading what Cowper states, it explains mostly what 

happens but not why. Why do we need the pozzolans finely powdered? Why does the pozzolan reacts 

with lime? Why does it need shaking? Why does the hydrated calcium alumino- silicates are bulkier? 

What happens during the seven days? Why are flocs formed? Why does they settle on a slower rate? 

 

It is also necessary to innovate the test by complementing from a qualitative observation to a 

semiquantitative measurement of volume increase, to verify the floc formation and to define the 

settlement speed. Transferring the test from qualitative to semiquantitative allows to manage the 

procedure, to eradicate the subjective appreciation, and it will allow to study patterns of results and 

to use measurable data to formulate facts. To understand why the Practical Test for Pozzolanic 

Properties performs it is necessary to review the chemical and physical aspects of the pozzolanicity 

reaction and relate it to the floc formation dynamic.  

2.2 The Pozzolanicity Reaction  

Pozzolans mainly consist of amorphous silica and probably also amorphous alumina Si-O and Al-O [4], 

the vitreous particles react with water and slaked lime - calcium hydroxide Ca(OH)2  because  the high 

alkalinity of the hydroxyl anions break the bonds of silicates and aluminates to form silicon hydroxide  

[SiO(OH)3]-  and  aluminium hydroxide [Al(OH)4]- which have a negative charge [10]. This hydroxides 

with negative charges, that repel between the two negatives, in contact with Ca2+ ions, of positive 

charge, react joining negative and positive particles to form a more stable form of hydrated silicates of 

C–S–H type, and C–A–H hydrates. 

The hydrated calcium silicate C-S-H is a gel formed by a flocculation process. The small particles of the 

silicon and aluminium hydroxide have a negative surface charge, so they repel each other. This 

rejection prevents the particles from agglomerating, causing them to remain in suspension (Figure 1 

a). Calcium Ca2+ ions can be adsorbed onto the particles and balance the charges (Figures 1 b). The 

introduction of this positive opposite charges allows the joining particles to form stable, suspended 

submicron flocs [11] by stabilizing the suspended particles, achieving a collision between them by 

shaking the suspension and then the growth of masses or flocs occurs. The ions can act as an 

agglutinating nucleus of the particles in suspension, coalescing the particles until they have a 

flocculated texture, the cations, in this case the hydroxides, attenuate the repulsions forces between 

particles allowing their union (Figure 1 c) [12]. The approach of the particles creates the effective range 

of attractive Van Der Waals forces to lower the energy barrier to flocculation and loose floc formation. 

Aggregation, binding and strengthening of the flocs proceed until visibly suspended macro flocs are 

formed[11] (Figure 1 d). 
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It is known that the silicate compounds tend to dissolve more rapidly as in comparison with the 

aluminate compounds (which need more calcium ions, too) therefore C-S-H gels precipitate firstly [10]. 

 

 
 

(a) (b) 

 

 

(c) (d) 

Figure 1. C-S-H formation is a two-step particle aggregation process in which many small particles form a 

small number of large flocs: coagulation and flocculation. Coagulation process involves small particles which 

have negative surface charges.  (a); The introduction of opposite charges allows the joining particles to form 

stable, suspended submicron flocs (b); Flocculation process requires mixing to promote particle collisions 

and the formation of submicron flocs (c); The approach of the particles by attractive Van Der Waals forces 

lower loose floc formation. Aggregation, binding, and strengthening of the flocs proceed until macro flocs 

are visibly suspended in suspension (d) [11]. 

 

Not only the siliceous composition is important for the pozzolan effect, but also other data must be 

considered, such as a high specific surface and an amorphous vitreous state: 

The physical surface and finesse degree of the particles influences the speed reaction [7].  And it is 

necessary to notice that the presence of hydrated layers of water on the surface of interacting particles 

could lower the Van der Waals interaction energies, even by a factor from 5 to 50, depending on the 

thickness of the hydrated layers and the radius of the particle [13]. To comply with the specification 

"ASTM C432-59T", pozzolans must have finesse: retained in 30 mesh (ASTM) 2% max. (590μm mesh) 

and retained in 200 mesh (ASTM) 10% max. (74μm mesh) [14].  

About the amorphous vitreous state, the “ASTM c618” standard specifies that N natural pozzolans are 

derived from volcanic minerals and rocks, except for diatomaceous earth[6]. During volcanic eruptions 

and with rapid cooling of the magma, glassy phases with a disordered structure composed mainly of 

aluminosilicates are formed as an amorphous vitreous state. Due to the presence of gases, the 

solidified matter frequently acquires a porous texture and the aluminosilicates, with a disordered 

structure, will not remain stable when exposed to a lime solution [15] 
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The addition of pozzolans that have the mineralogical compounds, the vitreous state and the finesse 

degree can form C-S-H (hydrated calcium silicate) gel that promotes a setting process in air lime 

mortars in humid environments or low presence of CO2. This performance is known as hydraulicity.  

3 Methods to support the Cowper practical test for pozzolanic properties 

3.1 Refractive Index to study the degree of flocculation 

As stated before, the pozzolans combined with lime water tend to form flocs whose particle size 

distribution (PSD) can be used for its characterization. To determine particle size, various techniques 

can be used, from surface analysis techniques such as optical microscopy of transmitted or scattered 

light and scanning electronic microscopy in which the study of these deposited on a surface is carried 

out, obtaining two-dimensional images, or by means of atomic force microscopy with images that 

provide information not only on their morphology but also on their roughness, since it performs a 

three-dimensional analysis of the sample. Another of the techniques used is dynamic light scattering 

(DLS), in which the dynamics of particles immersed in a liquid are studied by means of the interaction 

of the solution with a monochromatic point light source such as a laser.  

An alternative methodology proposed by this working group also consists of using a monochromatic 

light source, which, when passing from one medium to another, changes its speed and direction 

between two mediums of different density. This difference between the speed of light in a vacuum (c) 

and when it enters a medium (v) is known as the refractive index. 

 

𝑛 =
𝑐

𝑣
 (1) 

 

The change of the path of light according to geometrical optics can be modelled as straight-path rays 

that change direction when passing from one medium to another [16] . This description of the path of 

light follows two laws: the law of reflection and the law of refraction. 

The law of reflection implies the reflection of light when interacting with matter and states that: 

 

𝜃𝑖 = 𝜃𝑟 (2) 

 

where θi is the angle of incidence and θr is the angle of reflection, measured with respect to an axis 

normal to the surface from the point of incidence. While the refraction of light is described by Snell's 

law. 

 

𝑛𝑖 sin 𝜃𝑖 = 𝑛𝑅 sin 𝜃𝑅 (3) 

 

where ni and nR correspond to the incidence and refractive indices of media 1 and 2, respectively, and 

θi and θR are the angles between the media just at the point where they change direction[17]. 
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With the above information as a preamble, the following experimental design is established based on 

the work carried out by Ronald Newburgh and collaborators [18]   

a)  b)  

Figure 2. Scheme of the system to study the degree of flocculation of mortars, in this the beam of light from 

the laser hits point A and hits point B when the container is empty a) once the solution is placed this beam 

hits point C b). 

 

According to a trigonometric analysis, the ratio of heights of the incident light beam with and without 

solution nR =ni (h/h´) is determined, providing the refractive index of the solution, which will be related 

to the concentration of flocs in the solutions. 

3.2 Digital Microscopy observation to confirm floc formation 

A digital microscope is like a traditional optical microscope, only now it has a built-in docking and 

charging device in the camera that is used to view samples and specimens extensively through a 

monitor or computer screen [19].  

It is necessary to recognize the limitations and the objective of this test. It is not intended to study this 

compound in greater depth through the application of new techniques, developing different structural 

models that try to explain the structure of hydrated calcium silicate, such as the electron microprobe 

(EMP), scanning electron microscopy (SEM) and transmission (TEM), infrared (FTIR) and Raman 

spectroscopy, gel permeation chromatography (GPC) and nuclear magnetic resonance (NMR)[20].  

This optical microscope observation aims to corroborate how the pozzolana samples changes in 

contact with calcium hydroxide by confirming the formation of flocs by comparing samples at 7 days 

and freshly prepared samples. Optical microscopy allows to observe the shapes and textures of the 

samples. Thus, this paper presents the applicability of conventional optical microscopy in the study of 

floc formation as evidence of c-s-h formation. 

The observation will be carried out with the means available in field. A YOMYM, 2MP resolution and  

8 LEDs with USB 2.0 port digital portable optical microscope with a 1000X magnification (figure 3a) will 

be used. The calibration will be made with the Microscope Micrometre Calibration Ruler in the section 

the measures the round-shaped particle diameter measuring tape in um as unit (Figure 3b). 
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a) 

 
b) 

 
c) 

 

Figure 3. Observation with portable optical microscope (a); calibration with Microscope Micrometre 

Calibration Ruler (b); extraction of the floating products after the agitation 

 

The tests will be done with a freshly made mixture and with another one of 7 days later to compare. 

The observation will be made with the extraction of the floating products after the agitation (Figure 

3c). 

3.3 pH variation qualitative test 

Boffey and Hirst in “The use of pozzolans in lime mortars” establish the pH variation qualitative test 

which states that reactive silica (in a pozzolan) will combine with lime in a saturated limewater solution 

and reduce the alkalinity of the solution. By testing the pH of the solution at regular intervals, the rate 

of pH reduction and thus the rate of pozzolanic activity can be monitored [21].  

An Oakton® Waterproof PD 450 pH/DO Portable Meters will be used for this test. It has a ±0.01 pH 

accuracy (Figure 4) [22]. The measures will be taken in a fresh produced mix, at 7 and 14 days. 

 

 
Figure 4. Oakton® Waterproof PD 450 pH/DO Portable Meters form measuring pH of samples. 

3.4 Sedimentation Velocity  

Sedimentation velocity refers to the rate of deposition or descent at which a particle settles within a 

heterogeneous mixture. Mixtures of various phases can be mechanically separated by the effect of 

gravitational force (sedimentation); the requirement for this separation to occur is that the different 

components have different densities and that they do not dissolve in each other [23].  
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Starting from a simplified assumption where there is a laminar flow, the sedimentation rate could be 

determined with Stokes' Law based on the balance of forces, where information such as diameter of 

the particle, density differences between solid and liquid and dynamic viscosity of the mixture are 

needed [23].  

The focus of this research group is to provide tools to confirm Cowper proposal with on field 

semiquantitative alternatives, so we need an alternative to use Strokes’ Law.  As Cowper establishes 

the qualitative observation that the mixture sediments more slowly after 7 days, this research group 

proposes to implement a semiquantitative measure of this test by determining the velocity in which 

the particles settle after agitation. The information will be by observation and with the measures of 

time and distance. 

�̃� =
𝛥𝑥

𝛥𝑡
=

𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

𝑡𝑖𝑚𝑒 𝑐ℎ𝑎𝑛𝑔𝑒
 (4) 

 

Sedimented samples will be needed and the measures of water level and sediment (Figure 5a and b), 

samples will be agitated at equal intervals of time (figure 5c), the time needed for sedimentation since 

agitation stops (Figure 5d), until the mixture reaches the initial point before agitation is monitored 

(Figure 5e).  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 5. Measures of water level and sediment (Figure 5a and b); samples will be agitated at equal intervals 

of time (figure 5c); time needed for sedimentation since agitation stops (Figure 5d); until the mixture 

reaches the initial point before agitation (Figure 5e). 

Measurements will be performed with a Vernier Mitutoyo dial calliper to measure the length, and a 

chronometer to measure time.  The test will be performed in fresh day 1 and at day 7 to verify the 

change of the settlement speed.  

3.5 Statistical treatment 

The data obtained from laboratory analyses will be processed using the methods for obtaining the 

Combined Uncertainty Uc which is an estimate of the standard deviation equal to the root of the total 

variance obtained by combining all the uncertainty components [24].  

The tests will be executed 5 times.  

 

𝑢𝑐 = √𝑢𝐴
   2 + 𝑢𝐵

   2  (5) 
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Where  

𝑢𝐴 =
𝑠

√𝑛
 

(6) 

Where  

S= Standard deviation  

N= Number of samples  

UB
   2 = Measurement  resolution 

 

𝑆 =  √
Σ(𝑥𝑖 − �̅�)2

𝑁 − 2
 (7) 

Where  

𝑥𝑖 = 𝐷𝑎𝑡𝑎 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 

�̅� = 𝑑𝑎𝑡𝑎 𝑎𝑣𝑒𝑟𝑎𝑔𝑒  

Results will be expressed like  
�̅� ±  𝒖𝒄 
 

(8) 

4  Set up of the experiments 

Natural pozzolans have mineralogical variants with diverse reactive constituents, it is possible, in a 

very generic way, to group them into volcanic glasses, volcanic tuffs and diatomaceous earths [25]. 

A diatomaceous earth consists of hydrated opaline or amorphous silicas that originate from the 

skeleton of small water plants, where their internal walls have a silica film [15] . 

To perform the Practical Test for Pozzolanic Properties, four different materials will be analysed:  

Limestone, and natural pozzolans as pumice, well known in Mexico as Tepojal, diatomaceous earth 

and volcanic slag, well known in Mexico as Tezontle. The limestone will be used as a control material 

that produces no reaction, because it is not a pozzolan. It is expected that the limestone sample won´t 

have changes so it will be possible to compare what happens when there is no c-s-h formation.   
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Table 1. Materials to be tested in the Practical Test for Pozzolanic Properties 

Identification  Name Characteristics 

1 Limestone 

(Control) 

It is a yellowish-white sedimentary rock mainly composed of Calcium 

Carbonate (CaCO3), although it may contain contaminants such as Iron 

and Magnesium [26]. 

2 Tepojal. Pumice Stone of volcanic origin, igneous extrusive and pyroclastic. Greyish white 

or yellowish in colour. Composed mainly of silica trioxide and aluminium 

trioxide [27]. 

3 Diatomaceous 

earth 

Sedimentary rock formed by microfossils of algae characteristic of 

lacustrine areas, usually bright white although they may be coloured. Its 

chemical composition is mainly opaline or hydric silica and may contain 

small amounts of inorganic components such as alumina, iron, earth, and 

alkali metals [28]. 

4 Tezontle.  

Volcanic slag 

Igneous volcanic rock, extrusive. Also known as volcanic slag or basalt 

lava. Porous texture and black or reddish-orange colour. It is rich in highly 

vesicles volcanic glass which gives it high porosity and low density [29]. 

 

The lime to be used in the test is paste Lime Vitrubio NL 90 Reference L-240717-01. 

4.1  Preparation 

An amount of finely powdered pozzolan (0.5 g) will be added into slaked lime (0.3 g) in a test tube and 

it will be covered with 20 cc of distilled water. Over the course of a week, the tube is shaken every 12 

hours and its appearance after shaking is compared to that of a fresh mix just made [8]. 

Table 2. Materials, sieve, and measurement for preparing the samples. 

Pozzolana 
Sieve 

Pozzolana 
Weight 

Slaked 
lime 

Distilled water 

1 Limestone (Control) 200 5 gr 3 gr 200 ml 

2 Pumice 
43%  200 

57%    80 
5 gr 3 gr 200 ml 

3 Diatomaceous earth 200 5 gr 3 gr 200 ml 

4 Tezontle 200 5 gr 3 gr 200 ml 
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5 Results 

5.1 The Practical Test for Pozzolanic Properties 

After seven days, the results about the volume increase are: 

1. Limestone: Absence of volume increase (Figure 4 a,b) 

2. Pumice: Absence of volume increase (Figure 4 c,d) 

3. Diatomaceous earth: Volume increase (Figure 4 e,f) 

4. Tezontle: Volume increase (Figure 4 g,h) 

 
(a) 

 
(b) 

 

 
(c) 

 
(d) 

Figure 4. Limestone day 1 (a); limestone day 7 
Absence of volume increase (b) 

 Figure 4. Tepojal day 1 (c); Tepojal day 7 Absence 
of volume increase (d) 

     

 
(e) 

 
(f) 

 

 
(g) 

 
(h) 

Figure 4.  Diatomaceous earth day 1 (e); 
Diatomaceous earth day 7 Volume increase (f) 

 Figure 4. Tezontle day 1 (g); Tezontle day 7 
Volume increase (h) 

 

5.2 Refractive Index to study the degree of flocculation 

The refractive index of vacuum, water, and agitated samples 1, 2, 3 and 4 were taken to compare 

between them (Figure 6a). The lime-pozzolan-water mix was prepared in a 100 ml proportion and 7 

days were allowed for flocculation to occur. It was stirred at equal intervals and left to settle for two 

minutes. The superior 50 ml of the suspension was used for this test.  
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Water refractive index will be the reference of how the suspension changes with the presence of flocs 

in the suspension. The measure of the refraction of the laser ray was taken in the inside part of the 

glass to avoid differences produced by the glass (Figure 6b). A Vernier Mitutoyo dial calliper was used 

to measure the length differences between vacuum, water, and suspension 1, 2, 3, and 4 (Figure 6c).  

 

   
(a) (b) (c) 

Figure 6. The refractive index of vacuum, water, and agitated samples 1, 2, 3 and 4 were taken (Figure 6a). 

The measure of the refraction of the ray was taken in the inside part of the glass to avoid differences 

produced by the glass (Figure 6b). The length differences between vacuum, water, and suspension 1, 2, 3, 

and 4 were taken (Figure 6c). 

 

The system was calibrated, at each round of measures, to position the ray at the vacuum height as a 

constant, which will be h and every suspension height will be h´. The data is reported with the average 

of five measures with combined uncertainty. 

Table 3. Refractive Index results 

 Water 1 Limestone 2 Tepojal 3 Diatomaceous earth 4 Tezontle  

Refractive Index 1.60 ± 0.05 1.56 ± 0.04 1.51 ± 0.04 1.29 ± 0.04 1.32 ± 0.04 

 

The results show that there is a considerable variation in the refractive index between the suspensions. 

Where diatomaceous earth and tezontle show a difference compared to water, which confirms the 

presence of flocs.  

5.3  Digital Microscopy observation to confirm floc formation 

After seven days, the results about the microscope observation, it was possible to confirm that: 

1. Limestone: Absence of flocs (Figure 6 a,b) 

2. Pumice: Absence of flocs (Figure 6 c,d) 

3. Diatomaceous earth: Present flocs (Figure 6 e,f) 

4. Tezontle: Present flocs (Figure 6 g,h) 
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(a) 

 
(b) 

 

 
(c) (d) 

Figure 6. Limestone day 1 (a); limestone day 7 (b)  Figure 6. Tepojal day 1 (c); Tepojal day 7 (d) 

  

 

  

(e) (f)  (g) (h) 
Figure 6. Diatomaceous earth day 1 (e); 

Diatomaceous earth day 7 (f) 
 Figure 6. Tezontle day 1 (g); Tezontle day 7 (h) 

 

5.4 pH variation qualitative test 

The pH measurement was done at day 1, at day 7 and at day 14. Five measures of each sample where 

taken. In the graphics the average is stated. The results show an increase of the pH in all the samples 

(Figure 7), not as it was expected in the pH variation qualitative test proposed by Boffey and Hirst [21]. 

 
Figure 7. Increase in the average value of pH in all the samples. 

 
 

5.5 Sedimentation Velocity  

The sedimentation velocity was done at day 1 and at day 7. Five measures of each sample where taken. 

The results show a decrease in diatomaceous earth and tezontle (Table 4) which denotes the presence 

of flocs. 
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Table 4. Sedimentation Velocity results 

 DAY 1 DAY 7 

1 Limestone 1.6 cm/min 1.3 cm/min 

2 Tepojal  1.3 cm/min 1.4 cm/min 

3 Diatomaceous earth 0.7 cm/min 0.02 cm/min 

4 Tezontle 2.5 cm/min 0.14 cm/min 

6 Discussion 

In this study, the use of the pozzolana was obtained in Mexico´s Valley. Any analysis or conclusion 

resulting from this research, on pozzolanic material without generalizing, refers only to this type of 

material. 

With the qualitative observation of the The Practical Test for Pozzolanic Properties it was possible to 

determine that at seven days, as it was expected, the limestone didn´t have a volume increase because 

it is not a pozzolan. It was useful to us it as a control sample. The pumicite (tepojal) didn´t show a 

pozzolanic reaction. This confirms that pozzolanicity has different variables such as the origin, the 

mineralogic composition, the vitreous state, and the particle size. In this case, tepojal could be 

considered a pozzolan, and it could be inferred that there was no reaction because 57% of the sample 

was in an 80 mesh, and that probably interfere in the reaction. In the case of the diatomaceous earth 

a volume increase of the sample occurred at day seven, as well as it happened with the tezontle.  

The complementary tests proposed in this study confirms in a semiquantitative way what initially was 

done by observation and inference by Cowper Test.  

The refractive index corroborates the presence of a pozzolanic reaction by showing the presence of 

flocs. It is necessary to work in the precision of the measure because there can be variations according 

to the agitation of the mixture. It is important to keep adjusting the procedure because it is 

determinant to confirmation flocculation.  

The observation in digital microscope, also confirmed the pozzolanic reaction in the Diatomaceous 

earth and the Tezontle and not in the limestone and tepojal, in a very simple and on field test. It will 

be important to confirm what it was observed with other more accurate methods to contrast them. 

The pH variation qualitative test didn´t show the results that were expected and proposed by Boffey 

and Hirst [21]. The possible answer to this phenomenon is that in the process of c-s-h formation there 

are also silicon and aluminium hydroxides that react with the calcium of the calcium hydroxide. The 

hydroxides of silicon, aluminium or calcium have a high pH. It could be possible that there are free -

OH; there is a change in compounds but if some of them don´t have enough calcium to convert into c-

s-h they will remain hydroxides, so the levels of pH won´t decrease. It necessary to continue studying 

this procedure to determine if an increase in the amount of calcium hydroxide in the mixture will 

promote the drop pH drop.  

592



6th Historic Mortars Conference 

21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

The sedimentation velocity test also confirmed the pozzolanic reaction in the Diatomaceous earth and 

the Tezontle and not in the limestone and tepojal. The speed in which the suspension sediments 

depend on the floc size. This is also a useful on site analysis that will be interesting to compare with 

other more accurate methods to validate what it has been proposed here.  

7 Conclusion 

The macroscopic physical changes of materials that produces a pozzolanic reaction can be observed in 

a qualitative way at seven days, and by measuring this transformation, we can determine a 

semiquantitative estimation of pozzolanicity. We can conclude that by this test, in 7 days and with 

limited resources, we can confirm the pozzolanic reactivity in the Diatomaceous earth and in the 

volcanic slag Tezontle.  

This is a first contribution to transit from a qualitative test into a semiquantitative one. The research 

process allows to formulate deeper questions and the need of other analysis to confirm data and we 

expect to continue with an investigation that can lead into a on field quantitative method for 

determining pozzolanicity. 
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Abstract: Although, the salt crystallization is one of the most common causes of the 

deterioration of lime-based mortars, testing of their resistance to the soluble salt action has not yet 

been standardized. The problems following the development of the globally accepted testing method 

are, among others: defining the type of mortar samples, ways of samples’ contamination, the type and 

the concentration of the salt solutions used, environmental conditions during testing, determination 

of the damage development and the durability assessment. Another task of the testing method is to 

explain and connect the processes developing in the materials when they are applied in laboratory and 

real conditions. In this paper, soluble salt resistance testing of lime mortars on the composite samples 

is presented. The main focus of the paper is on the determination of the salt distribution in this type 

of samples after the five wetting and drying cycles. Samples consisted of two lime rendering layers 

(inner – 1/3 and outer -1/1), both prepared according to the experiences found in the literature for 

these types of lime mortars when applied on historical structures, placed on the natural stone bases. 

They were cured in laboratory conditions for 90 days, before drying and exposing to soluble salts 

action. Two types of 10% salt solutions were used for the test: sodium-chloride and sodium-sulfate. 

Salt contamination was performed by capillary action only in the first cycle, while in the other cycles 

samples were wetted by deionized water. After the finalization of the cycles, the detached pieces of 

mortar and efflorescence were removed from the samples. One of the samples from both groups were 

then cut in two halves, from which one was used for X-Ray Fluorescence (XRF) and another for Scanning 

Electron Microscopy with Energy Dispersive X-Ray Analysis (SEM – EDX) characterization. For the XRF 

analysis samples were divided into four layers, and then crushed and sieved through 0.5 mm sieve 

before testing. For the SEM-EDX analysis the polished thick cross sections were prepared. The paper 

presents the results of these two analyses, and discusses the advantages and disadvantages of their 

application for this purpose. Mineralogical analysis of the samples was performed using XRD analysis. 

It was shown that XRF analysis provides more precise quantification of the elements within one 

sample, while SEM-EDX analysis gives possibilities for testing of layers with smaller depth within one 

cross – section. 

1 Introduction 

Salt crystallization is considered to be one of the most common damage mechanisms in porous 

materials [1,2]. Effective durability test for the materials, in contact with soluble salts, should 

determine the longevity of the material, and in the case of restauration or conservation works on 
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historical monuments, also compatibility between existing and newly placed materials. The choice of 

the most effective test, depends on several important parameters: the size, type and the number of 

samples, type of salt and the solution concentration, ways of the salt accumulation in the sample, 

environmental conditions during wetting and drying cycles, and the ways of following the damage 

development and determination [3].  

The assessment of the material condition after the finalization of the test is the main issue presented 

in this paper. It can be divided in two directions of interest. The first one and the most common one is 

evaluation of the surface degradation of the material. The second one is determination of the salt 

distribution through the sample.  

Evaluation of the material and surface degradation is performed through different methods:  number 

of cycles until total degradation of the samples [4], adhesion of the material [5], visual determination 

of damage [6], mass changes [6], changes of ultrasonic pulse velocity [7] and changes of mechanical 

properties [8]. However, the amount of salt ions, and the salt distribution are performed through 

microscopy, XRD, FTIR, TG/DTA evaluation, ion and chloride distribution and SEM microscopy [6, 8-10].  

In this paper the possibilities of XRF and SEM-EDX characterization of different depths of samples after 

the finalization of the testing of the resistance to soluble salts action are presented and discussed.  

2 Materials and specimens preparation 

Testing of the soluble salt resistance was performed on composite specimens consisted of stone base 

(siga stone), and two layers of lime mortars. Lime mortars were designed following the 

recommendations and experiences presented in literature for historical lime-based renders [11]. Inner 

render layer contained natural river aggregate, sized 0-4 mm, while binder to aggregate ratio was 1:3 

by volume. Outer render layer contained aggregate sized 0-0,5 mm, with binder to aggregate ratio  1:1 

by volume. Lime – putty, produced by Javor, Veternik, with approximately 50% of water, was used in 

all mixtures. Chemical composition of the component materials, obtained through chemical analysis is 

presented in Table 1.  

Detailed mortar design is presented in Table 2. Physical, mechanical and micro-structural properties of 

these mortars at the ages of 28, 60, 90 and 180 days, are published previously in [12]. Thickness of the 

inner rendering layer was 2 cm, and of the outer rendering layer – 1 cm. 

Preparation and curing of the composite specimens (presented in Figure 1), as well as the testing 

procedure are described in detail in [13]. Samples were exposed to the action of 10% solutions of both 

sodium chloride and sodium sulfate (5 specimen for each test). The solution was introduced in 

specimens through capillary action, during the 20 minutes of exposure of the stone base. After the 

drying period, in the 4 consequent cycles, only deionized water was introduced in the specimens 

keeping the same period of exposure.  The drying periods consisted of repeating following cycle until 

80% of absorbed water would evaporate: temperature 40˚C and relative humidity 20% during 16 hours 

and temperature 20 ˚C and relative humidity of 50% during 8 hours.  Top view of the tested specimens 

at the end of the final cycle are presented in Figure 2.  
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Table 1. Chemical composition of component materials (%) 

Element Lime - putty Coarse aggregate 

(0/4 mm) 

Fine aggregate 

(0/0.5 mm) 

CaO 73.25 4.21 8.02 

MgO 1.05 1.38 2.15 

SiO2 0.37 80.49 69.57 

Al2O3 0.65 3.90 4.20 

Fe2O3 0.35 4.32 5.17 

CO2 1.65 - - 

Na2O - 1.09 1.30 

K2O - 1.10 1.18 

SO3 - 0.04 0.05 

L.O.I. 22.67 2.78 7.34 

L.O.I. – loss on ignition 
 
 
Table 2. Composition of the tested mortars (kg/m3) 

Mortar type Lime Aggregate Water 

Inner layer 190 1530 342 

Outer layer 393 916 491 

 

 

 
Figure 1. Composite specimens after the preparation 
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Sodium cloride 

 

Sodium sulfate 

 
Figure 2. Top view of the samples exposed to the soluble salt solutions after 5th cycle 

In total, five specimens were tested on the soluble salt action of sodium chloride and sodium sulfate 

solutions. After the end of the test, specimens were dried to the constant mass at the temperature of 

40°C. Then the layer of efflorescence and the loose parts of mortars were removed from the 

specimens, and the mass of the material collected was measured. Specimens preserved from the first 

cycle, and one chosen specimen from the final cycle were then cut in two halves, by vertical cut, as 

shown in Figure 3. 

 

  
(a) (b) 

Figure 3. Cross section of samples after cutting: a) specimen exposed to the sodium chloride solution, b) 

specimen exposed to sodium sulfate solution. 

 

One half was used for the XRF analysis, while the other half was used for the SEM-EDX analysis.  

3 Methods 

3.1 X-ray fluorescence   

X-ray fluorescence (XRF) is a non-destructive analytical technique used for the determination of the 

elemental composition of the material. XRF analizers determine the chemical composition of the 

sample by measuring the fluorescence (or secondary) X-rays, emitted from the sample, when it is 

excitated by the primary X-ray. Each of the elements present within the sample produces several 

characteristic fluorescence X-rays that are unique for the element in question.  
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XRF analysis was performed on crushed samples, taken from different layers of the specimen. Both 

types of mortar were divided in two layers, and grinded. Samples collected from the outer layer mortar 

were taken in the depth of 5 mm, while the depth for the samples collected for the inner layer mortar 

was 10 mm. This was the consequence of the different maximum grain size of the aggregates used in 

both of the layers. Samples collected from the outer render layer were used as is in the analysis, while 

inner layer samples were additionally sieved through the sieve sized 0.5 mm, in order to eliminate 

coarse aggregates from the sample. In each of the steps mass of the samples was measured. Described 

steps in the preparation of the samples are presented in Figure 4.  

For the element analysis in question, Thermo Scientific Niton XL3t GOLDD + XRF energy-dispersive 

spectrometer was used. Detection limits for chlorine and sulfur were 60 mg/kg (ppm) and 70 mg/kg 

(ppm), respectively. Since component materials used in the preparation of the specimens contained 

no chlorine or sulfur, it is expected that the total detected amount of these elements is consequence 

of the exposure to the soluble salts solutions. 

The measured parameters were the mass of the tested sample (mts), mass of the fine fraction in on 

layer (mf) and total mass of material collected in one layer (mt). For the layers 1 and 2, mass of the fine 

fraction and the total mass of material are equal, while in layers 3 and 4 there are differences between 

these values due to the presence of coarser aggregate in the total mass of material. The measured 

amounts of chlorine (mCl, ts) and sulfur (mS, ts) is expressed in ppm (parts per million) in the mass of the 

tested sample. In order to calculate the total amount of these ions in the total mass of the sample 

following calculations have been performed.  

𝑚𝐶𝑙,𝑓 = 𝑚𝐶𝑙,𝑡𝑠 ×𝑚𝑓/1000 (1) 

𝑚𝑆,𝑓 = 𝑚𝑆,𝑡𝑠 ×𝑚𝑓/1000  (2) 

 

Since through the chosen calibration of XRF measurements it was not possible to obtain the amounts 

of sodium and oxygen, the amounts of sodium chloride and sodium sulfate in different layers of the 

sample were calculated using stoichiometry, as shown in equations 3-4. 

𝑚𝑁𝑎𝐶𝑙 = 𝑚𝐶𝑙 × 58.443/35.453  (3) 

𝑚𝑁𝑎2𝑆𝑂4 = 𝑚𝑆 × 142.04/32.065  (4) 

3.2 Scanning electron microscopy   

The second half of the sections used for the XRF measurements, were used for preparation of thick 

sections, taking into account the full diameter of the specimens. They were cut at the some distance 

below the cutting plane, in order to avoid irregularities of surface in the cutting plane. The sections 

were about 0.5 cm below the initial sawing plane, i.e. half a centimeter towards the lateral surface. 

Scanning electron microscopy (SEM) uses electrons in order to form an image. It can be performed in 

two ways, using secondary or back-scattered electrons. The second method was used in presented 

research, on the thick polished section, coupled with EDX analysis that relies on an interaction of 
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source of X-ray excitation and a sample. SEM was performed on prepared sections by use of a FEI 

Quanta FEG 250. The acceleration voltage was 20 resp. 25kV. Both samples were investigated without 

sputtering at low-vacuum. 

Micrographs with the back-scattered (BSE) detector were taken at 100x magnification (about 2.6 x 2.2 

mm per photo) for transversal section areas of approx. 28 mm depth and 6.5 mm width, these centrally 

located areas included the surface of each sample in the cross-section and the full thickness of the 

mortar layers, reaching down to the upper layer of inner rendering mortar.  Some specific details 

presenting salt positions were presented with 600x magnification and 1200x magnification. 

Quantitative analysis by energy-dispersive X-ray spectroscopy (EDX) was performed for each of the 

micrographs, i.e. for sample areas of approx. 2.6 x 2.2 mm each. The results for the elements Na, Mg, 

Al, Si, S, K, Ca, Fe were normalized to 100%. The EDX-detector used was of the type EDAX Octane Elect, 

the software for quantification was Genesisâ. Acquisition time for each spectrum was in the range of 

2 minutes.   

 

 
Figure 4. Preparation of the samples for the XRF and SEM – EDX measurements 
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4 Results and analysis 

Elemental analysis obtained through described methods is presented in tables 3-6. Results of XRF 

analysis are presented together with the measurement error (in brackets). Both of the methods have 

it’s limitations in detecting all the elements found in the samples. According to the chemical analysis 

of component materials presented in table 1, it was expected to detect calcium (Ca) and silicon (Si) in 

greater extent, together with aluminium (Al) and iron (Fe) found in aggregates, with magnesium (Mg), 

sodium (Na) and potassium (K) in minor quantities. Most importantly for the research in question were 

the possibilities of detecting the chlorine (Cl) and sulfur (S), that were imported in the samples through 

sodium chloride and sulfate solutions.  

Through the chosen calibration of XRF analysis, it was possible to quantify amounts of Fe, Al, Si, Mg, Cl 

and S.  

Table 3. Elemental composition of specimen treated with sodium - chloride obtained through XRF analysis  

Element  Layer 1 (ppm) Layer 2 (ppm) Layer 3 (ppm) Layer 4 (ppm) 

Fe  4103.4 (58.5) 3698.6 (56.4) 13086.8 (134.4) 4618.0 (59.7) 

Al  3538.3 (984.5) 3848.0 (978.0) 6073.7 (835.8) 6221.1 (729.7) 

Si  72663.4 (1164.2) 67041.8 (1244.7) 133709.5 (1411.4) 136620.0 (1321.0) 

Cl  92062.0 (502.6) 23544.8 (226.7) 10856.6 (131.8) 3936.6 (78.0) 

Mg  10212.3 (5193.1) <LOD <LOD <LOD 

<LOD – less than the level of detection 

Table 4. Elemental composition of specimen treated with sodium - sulfate obtained through XRF analysis  

Element (ppm) Layer 1 Layer 2 Layer 3 Layer 4 

Fe  4781.3 (62.4) 10516.0 (119.4) 12645.2 (131.8) 

Al  6364.3 (960.0) 7081.7 (832.7) 7732.8 (822.6) 

Si  114712.3 (1440.9) 129847.6 (1382.8) 139890 (1383.3) 

Cl  1861.2 (79.4) 1759.5 (66.8) 1232.1 (58.8) 

S  21861.5 (338.9) 11509.6 (230.3) 12655.4 (231.6) 

Mg  <LOD <LOD <LOD 

<LOD – less than the level of detection 

 

The highest amount of both chlorine and sulfur were found in the top layer (layer 1). The highest 

overall values were detected for silicone, with tendency of increase towards the layers where higher 

amounts of aggregates were present.   
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As it was explained in section 3, amounts of sodium chloride and sodium sulfate were calculated for 

each tested layer, and presented in in Figure 5 in mg per the total mass of material collected in each 

layer (mt). 

 

  
Figure 5. Calculated amounts of sodium chloride and sodium sulfate. 

 

Through SEM-EDX analysis almost all elements present in the sample could be detected. Still, because 

carbon and oxygen were not detected, and they were expected to be present in higher amounts in 

lime mortars, it was not possible to quantify the results in the same way as presented in XRF analysis. 

In the case of sodium chloride, since the instrument detected both sodium and chlorine, it was possible 

to determine the percentage of sodium chloride in the total amount of detected elements. These 

results are shown in Figure 6. 

Similarly to the results obtained through XRF analysis the highest amount of chlorine and sulfur, as 

well as sodium, were found in the top layer. Since the observed layers in SEM-EDX analysis were 

thinner, it is shown that most of the salts are preserved in the first 2.5 mm of the sample. It should be 

here repeated that the salts found on the surface of the samples (efflorescence layer), were removed 

before the samples for the described analysis were cut and prepared.  

Table 5. Elemental composition of specimen treated with sodium - chloride obtained through SEM-EDX analysis  

Element Layer a Layer b Layer c Layer d  Layer e Layer f Layer g 

Fe (%) 2.59 2.46 2.09 1.56 1.79 1.89 2.68 

Al (%) 3.35 3.74 4.15 3.96 4.08 3.53 3.49 

Si (%) 43.29 48.27 48.88 48.11 52.58 52.78 62.17 

Cl (%) 4.08 1.93 1.50 1.46 1.18 0.64 1.48 

Mg (%) 0.96 1.33 1.03 1.68 1.28 0.83 1.52 

Na (%) 1.98 1.20 0.94 1.68 1.51 1.25 1.12 

K (%) 1.12 1.10 1.64 1.31 1.46 1.06 1.37 

Ca (%) 35.05 32.31 32.11 32.48 28.72 30.52 20.20 
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Figure 6. Calculated amounts of sodium chloride from SEM-EDX analysis. 

 

Another benefit from the SEM analysis is the possibility to obtain both visual data on the position of 

the salts in the layer. As it can be seen in the Figure 7, first line presents top images of top layers (layer 

a) of both tested samples. Sodium chloride is preserved in the pores around sand grains, while sodium 

sulfate is intermixed with the binder, and can be observed only through slight differences in colour. 

Going deeper into the sample, it can be seen that both types of salt are preserved near the coarse 

grains of aggregate, which is especially visible in the layer that detects contact between two types of 

mortar (layer e). In this layer additional details, with higher magnification were observed and 

presented in the third line of pictures, where previously presented comments can be confirmed.  

The differences between the salt depositions in lower layers of the mortar can be noticed in the 

magnified figures. Sodium sulfate creates needle-like products in the contact zone with coarser 

aggregate grains that could be explained by formation of gypsum (CaSO4). These products induce 

narrowing of the pores and partially block the movement of the salts towards surface layers. In this 

way amounts of salts remaining in lower layers are increased, as confirmed by the XRF analysis (Figure 

5), when compared to the sodium chloride, where no similar behaviour was noticed. 

Table 6. Elemental composition of specimen treated with sodium sulfate obtained through SEM-EDX analysis  

Element Layer a Layer b Layer c Layer d  Layer e Layer f Layer g 

Fe (%) 2.47 2.02 2.13 2.36 5.34 4.04 1.91 

Al (%) 3.92 3.87 3.39 3.61 4.20 2.78 3.05 

Si (%) 50.03 47.24 51.23 52.39 56.56 71.99 73.69 

S (%) 1.85 1.08 0.97 0.62 1.18 0.84 0.60 

Mg (%) 1.05 1.24 1.15 1.33 3.00 1.71 1.01 

Na (%) 2.96 2.31 1.35 1.18 1.33 0.75 0.80 

K (%) 1.84 1.52 1.40 1.59 1.15 1.06 1.66 

Ca (%) 35.87 40.71 38.38 36.91 27.23 16.84 17.27 
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5 Conclusion 

Two ways of determining the position and distribution of salts in the composite samples after the 

testing of the resistance to the soluble salts action were presented within the paper. Both of the 

methods demand adequate preparation of the samples, either through grinding and sieving, or 

through preparation of thick cross sections by the trained personnel. In the case of grinding and sieving 

part of the material could be lost, if it is not properly detached from the coarser grains of aggregate, 

since it was shown that both sodium sulfate and sodium chloride were found attached to the coarser 

aggregates. Also, some part of material and salts could be lost from the sample during the preparation 

of the thick polished sections. 

The advantage of the XRF analysis is direct quantification of the presence of detected elements. The 

advantages of SEM-EDX analysis is the possibility to perform visual and chemical analysis at the same 

time. 

Both analysis showed similar trends, when the distributions of the salts, or chlorine and sulfur are in 

question. It was shown that the highest amount of salt was preserved in the top layer (layer 1 for XRF 

analysis, and layer a for SEM-EDX analysis).  

Both techniques show good potential for determining the damage and the behaviour of the samples 

after the finalization of the soluble salts resistance testing. 

 

Sample treated with sodium chloride Sample treated with sodium sulfate  

  

Layer 
a 
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Figure 7. Selected figures from SEM analysis (from layers a and e) for both types of samples  
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DEVELOPING A LIME-BASED INJECTION GROUT WITH NO ADDITIVES FOR 
VERY THIN DELAMINATION: THE ROLE OF AGGREGATES AND PARTICLE 
SIZE/MORPHOLOGY 

 
Chiara Pasian1, Jennifer H. Porter1, Mariia Gorodetska1 and Stephanie Parisi1  

(1) Department of Conservation and Built Heritage, University of Malta, Malta 

Abstract: A thin grout was designed and tested for the stabilisation of the 16th c. Perez 

d’Aleccio’s wall painting cycle of the Great Siege, in the Grandmaster’s Palace in Valletta, Malta. The 

painting, on a single layer of lime-based plaster applied on Globigerina Limestone, presented 

delaminated pockets up to 5 mm thick, with narrow access points 1.5 mm wide (cracks) to inject the 

grout. For this reason, the grout could just be injected through very fine needles, a 18G (0.84 mm inner 

diameter) and/or 19G needle (0.69 mm inner diameter). Considering the porous original plaster, to 

avoid a reduction in porosity of the grout observed in previous studies, the site-specific grout was 

designed without the use of additives such as superplasticisers, and included just binder (slaked lime 

putty), aggregates, water. Different aggregates were selected and tested in different proportion, the 

variables for their selection being: particle shape, particle size and water absorption. Testing of the 

grouts included: injectability, flow on plastered tile, bleeding, shrinkage and adhesion in Globigerina 

Limestone cups, cohesion. A very thin grout, passing through a needle 0.69 mm wide, was obtained, 

without the use of superplasticisers, relying only on the role of aggregates and their particle size and 

morphology.  

1 Introduction 

Injection grouting to stabilise delaminated wall paintings and historic plasters is a challenging 

intervention, addressing wall paintings at potential risk of loss. Since both problem and treatment are 

concealed behind the surface, their assessment is typically difficult, and often lack of accuracy and 

control are unavoidable [1] (p. 472). When thinly delaminated areas (<5 mm gap) need to be stabilised, 

the intervention can be particularly complex, especially when the grout needs to be injected through 

very narrow access points. Particularly in the case of wall paintings, it is not advisable to enlarge access 

points or to open new ones, unless this is done in areas of existing loss and is strictly necessary. When 

such areas are not present, existing access points such as cracks should be used to avoid damage to 

and further destabilisation of original materials.  

Starting from the knowledge of original materials and technology and the definition of the problem 

encountered, grouts should be designed to fulfil performance criteria established for the particular 

case under consideration (site-specific, [2]). In the case of grouts for thin (<5 mm) delamination, beside 

minimal shrinkage and good adhesion and cohesion, very good injectability and flow are crucial. These 

are typically enhanced with the use of additives improving such properties [3] (see Section 1.2).  
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1.1 Perez d’Aleccio’s Great Siege wall painting cycle, Grandmaster’s Palace in Valletta, Malta 

The monumental 16th c. wall painting cycle of the Great Siege by Matteo Perez d’Aleccio, in the Throne 

Room of the Grandmaster’s Palace in Valletta, Malta, portrays in chronological order the historical 

account of the 1565 Great Siege of Malta led by Suleiman the Magnificent, sultan of the Ottoman 

Empire. Commissioned by Grand Master de la Cassière, and composed of twelve scenes interspaced 

by allegorical figures, the cycle was painted by d’Aleccio between 1572 and 1581 [4] (p. 55), very 

shortly after the historic events it depicts.  

The single layer of lime-based plaster, just 5-8 mm ca. thick, has been applied on the stone support, 

i.e. ashlars of the very porous local Globigerina Limestone [5]. The plaster application in patches 

suggests a possible a fresco technique; the original technique though is far more complex than a pure 

fresco [6] and studies on the matter are ongoing. Analysis of plaster thin sections reveals that the 

plaster composition varies across the scenes of the cycle: all plasters are lime-based, while the 

aggregates type and sorting can significantly vary [6, 7]. The plaster of the scenes for which the thin 

grout was developed contains carbonatic aggregates 40-70% ca., cocciopesto (ground brick) 25-60% 

ca. and low amount of quartz [6, 7], and its porosity is up to 18% [7].  

1.1.1 Definition of the problem  

As mentioned, the −relatively thin− plaster is applied directly to a very porous and absorbent stone, 

and this must have made its adhesion challenging per se, already at the time of the plastering. Acoustic 

tapping [8] was systematically carried out, and results showed that hollow sounding areas are 

widespread throughout the painted cycle (hollow sounding areas respond to tapping with a deeper 

sound, while adhered areas give off a higher tone or no sound at all), possibly suggesting areas of poor 

adhesion, which on the other hand IR thermography could not identify. Nonetheless, the vast majority 

of the hollow sounding areas is actually stable. Unstable delamination was relatively rare considering 

the size of the whole painted cycle, and mostly concentrated in specific areas, where surface 

manifestation such as cracking was present.  

The thin grout object of this paper was designed for the delamination present on the allegorical figure 

of Prudentia and the second scene of the cycle (‘La smontata dell’armata a Marsascirocco…’) (Figure 

1), on the NE wall of the Throne Room. Here a cracking system was present, with physical evidence 

suggesting it may have been active; delaminated unstable areas were often located across the two 

sides of the crack (Figure 1). Cracks depth ranged between <4 and 20 mm, running perpendicularly to 

the surface, and, when wider and deeper, cutting through plaster and stone. The void of the 

delaminated pockets, estimated to be ca. 2-5 mm thick, was not visible and its extent could not be fully 

assessed; access points to grout were often just 1.5 mm wide, corresponding to the width of the 

crack. No other access points were available to grout or could be created in already damaged areas 

such as losses. It is possible that some of these areas had been already grouted in the previous 

conservation campaign (by the Hochschule für Bildende Künste Dresden in 2000-2004).  
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Figure 1. Allegory 2 (Prudentia) and Scene II of the Great Siege wall paintings by d’Aleccio, on the NE wall of the 
Throne Room (Grand Master’s Palace, Valletta, Malta), with mapping of cracks and unstable delaminated 

areas. Basemap obtained from a picture by ©Cilia 2009, commissioned by Heritage Malta. Mapping ©DCBH, 
UM 2021. 

1.1.2 Definition of the grout performance criteria 

General performance criteria for grouting (valid for any grouting intervention) include among working 

properties (WP; short-term properties): good injectability, no liquid-solid separation, minimal 

shrinkage after setting; among performance characteristics (PC, long-term properties): good cohesion, 

good adhesion, porosity and hygrothermal behaviour similar to those of the original plasters, 

mechanical strength similar to or lower than that of the original plasters [9]. Building on the definition 

of the specific problem encountered (Section 1.1.1), site-specific performance criteria were set, and 

they are listed in Tab. 1. 
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Table 1. Site-specific performance criteria for the thin grout 

Intervention criteria Property Further details 

Working  

properties 

Good injectability Ability to pass through a 19G or bigger needle applied on a 

syringe (19G: outer Ø 1.07 mm, inner Ø 0.69 mm) [10] 

Good flow 

 

Ability to easily travel horizontally in the pocket, e.g. just 

from one access point such a crack 

Performance 

characteristics 

Mechanical strength 

lower than that of the 

original plaster 

Particularly since movement (the cause of cracking) is 

probably active 

Good adhesion Ability to adhere well to both Globigerina limestone and 

original plaster 

Additional comments  

about the intervention 

-- Avoid to bridge/fill cracks between plaster fragments 

isolated by cracks, since movement (the cause of cracking) in 

the area may be active 

 -- Not aiming to fill cracks running perpendicular to the surface 

 

1.2 Enhancing injectability and flow in injection grouts: superplasticisers, and the role of aggregates 

in the mixture  

It is common practice to include additives in injection grouts −‘in small quantity’ [11] − to modify the 

properties of the mixture [3]. Among such additives, fluidisers/plasticisers/superplasticisers are 

employed to modify the injectability and flow properties of the grouts [3]. Such properties are crucial 

when grouts need to address a thin delamination (<5 mm gap) and/or to be injected through narrow 

spaces/access points, where a needle is applied to the syringe. Natural additives have been used to 

enhance injectability [3, 12], or −very commonly and more widely− synthetic additives such as 

plasticisers/superplasticisers [13-17]. These are low-molecular-weight polymers reducing the water 

necessary to achieve the desired injectability and flow, or improving injectability and flow at a constant 

water/binder ratio [18]. The influence of different types of superplasticisers was studied for air lime-

based [17] and air lime-pozzolan grouts [13, 14]. While the use of the superplasticiser enhanced 

injectability, the porosity of the hardened grouts was reduced, in percentage [17]  and in terms of pore 

size distribution [13, 14]. A lower porosity determined −often significantly− higher values in 

mechanical strength [13, 14, 17]. This is not desirable in the case of highly porous wall paintings and 

historic plasters with a relatively low mechanical strength, where a non-structural intervention is 

needed, and it was indeed not desirable for d’Aleccio’s Great Siege wall painting cycle.  

A different approach to improve injectability and flow of injection grouts can revert on the role of 

aggregates (and particles, in general) in the mixture. Lime-based grouts are suspensions, i.e. particles 

(including those of the binder) are suspended in a liquid (typically water). Hence the behaviour of the 

overall mixture will depend on how such particles are sorted and interact in the liquid (with an 

influence on WP) and then in the hardened material (influence on PC). In the set grout, packing density 
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and geometry play a key role in cohesion and mechanical strength, as well as in porosity, which in turn 

will have an influence on a number of other properties [19].  In the fluid grout, the following factors 

will have an influence on the rheology of the grout:  

• Particle shape: aggregates with a round shape generally improve WP such as injectability and flow 

[12, 15], while angular ones generally reduce them; 

• Particle size distribution: a wide range of particle size (called polydispersity) decreases the viscosity 

of the mixture, hence improving flow [20]; 

• Water absorption of the particles: the higher the absorption capacity of the aggregates the poorer 

the injectability and flow of the grout (and the higher its viscosity), since the water of the mixture 

is absorbed by its own components. 

Such factors were taken into account in the design of the d’Aleccio thin grout to balance WP and PC 

and fulfil the performance criteria set in Section 1.1.2. 

2 Grout design and testing 

2.1 Materials selected 

Lime was chosen as the binder of the thin grout, since the original plaster to stabilise is lime-based; 

specifically, slaked lime putty was selected (drained of all excess water, just paste). Portlandite crystals 

[Ca(OH)2] in a slaked lime putty, particularly if aged, have been reported to be smaller compared to 

those in a putty made with hydrated lime [21, 22], and to have the capacity to adsorb more liquid 

water, which acts as a lubricating film between Ca(OH)2 particles: this can improve working properties 

such as plasticity and water retention ([21], studied for plasters).  

Different aggregates were selected, according to their composition, shape, particle size distribution, 

water absorption capacity (depending on their porosity) (Tab. 2, Tab. 3, Figure 2). While the carbonatic 

aggregates and quartz sand are inert, glass bubbles (soda-lime borosilicate glass) are reactive with lime 

[23]. This needed to be kept in mind in order to design a grout which was not too strong compared to 

the original plaster. 
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Table 2. Materials tested for the formulation of the grout 

Component  
Particle  

shape (+ notes) 

Particle size  

considered 

Water absorption 

capacity (qualitative) 

Slaked lime putty (Grassello 

di Calce, Calchera San 

Giorgio®, IT, 8 months-aged) 

Ca(OH)2 + 

water 

hexagonal  

platelets [21] 
N/A N/A 

Xaħx (crushed Globigerina 

Limestone)  

(Esrom, MT) 

CaCO3 

equant, very angular 

and angular, medium 

sphericity  

(Figure 2a) 

<90 µm very high1  

Ramel (crushed Upper 

Coralline Limestone) 

(Esrom, MT) 

CaCO3 

equant, angular and 

sub-angular, low 

sphericity (Figure 2b) 

<90 µm high2  

Carrara Marble powder 

(Halmann Vella Marble, MT) 
CaCO3 

equant, angular and 

sub-angular, medium 

sphericity (Figure 2c)  

<90 µm  very low3 

Quartz sand  

(JCR imports, MT) 
SiO2 

equant, sub-

angular/sub-rounded, 

high sphericity  

(Figure 2d) 

<90 µm negligible/very low4 

Poraver® (Poraver  

North America Inc.) 

‘soda-lime 

glass’ [24] 

round (rough surface, 

full sphere) [24] 
40-90 µm medium-high5 

ScotchliteTM K1 (3M) 

‘soda-lime 

borosilicate 

glass’ [25] 

round (smooth 

surface, empty 

sphere) [25] 

<120 µm 

[25] 
none6  

ScotchliteTM S22 (3M) 

‘soda-lime 

borosilicate 

glass’ [25] 

round (smooth 

surface, empty 

sphere) [25] 

<75 µm  

[25] 
none6 

1 Porosity of the stone from which it derives up to ca. 40% [5]. 
2 Porosity of the stone from which it derives up to ca. 18% [26]. 
3 Porosity of the stone from which it derives ca. 0.45-2% [27].  
4 Although the composition of quartz sand may vary, e.g. 94.5 to 99.7% SiO2 content [28], and so its porosity, 
columns filled with quartz sand were used to test gas permeability [29] and grouts injectability [30], and quartz 
sand was added to grouts for its negligible porosity minimising liquid absorption [23].  
5 Porous [24]. 
6 Non-porous [25]. 
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Table 3. Particle size distribution, in percentage, of the angular aggregates considered1  

Aggregate 90-63 µm <63 µm 

Xaħx  7.3% 92.7% 

Ramel 13.8% 86.2% 

Carrara Marble 

powder 
30.4% 69.6% 

1 Quartz sand had no fraction <63 µm. 

 

    

(a) (b) (c) (d) 
Figure 2. Photomicrographs of angular aggregates taken with a portable microscope Dino-Lite AM4515ZT-

EDGE: (a) Xaħx; (b) Ramel; (c) Carrara Marble powder; (d) Quartz sand. ©DCBH, UM 2022. 

2.2 Formulation and Testing 

In the design process, the formulation and testing of injection grouts went hand-in-hand: the 

formulation was incrementally modified and/or refined according to the results of the testing, in an 

iterative process [12]. A simple but worthwhile testing programme was established according to the 

performance criteria set and to properties that are always essential for a (thin) grout to fulfil. 

Properties tested and testing procedures are listed in Tab. 4. 
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Table 4. Testing programme 

Property Testing procedure 

Injectability 

Up to 8 mL grout was injected through a 18G (inner diameter 0.84 mm) and 19G (inner 

diameter 0.69 mm) needle (using a 10 mL syringe). The amount of grout smoothly passing 

through without clogging was recorded 

Flow 

A Globigerina Limestone slab had been previously plastered with a 1: 2 lime-ramel <1 mm 

plaster, and vertical channels ca. 5 mm wide and 25 cm long had been carved into it [31] 

(pp. 75-76). The channels were pre-wet, and 2 mL grout was injected from the top of the 

channels and let flow. The length, homogeneity and body of the grout drip were observed, 

compared and evaluated 

Bleeding 

5 mL grout was injected in a 10 mL syringe placed vertically (without the syphon and with 

its exit sealed with tape), and evaporation was prevented covering it at the top with tape. 

The separation of the liquid from the solid component of the grout, if any, was recorded 

Shrinkage and 

Adhesion 

5 mL grout was injected in pre-wet cups [31] (pp. 83-85) made of Globigerina Limestone, 

simulating the support. The cups were covered with plaster slabs to simulate a semi-closed 

pocket [12]. Shrinkage was assessed at the surface [31] (p. 85), and the set grout was 

excavated with a spatula to assess shrinkage in depth [12]. In this way also adhesion to the 

cup walls could be assessed 

Hardness  

As much as possible, the same pressure was applied with a spatula on the different grouts 

set in the stone cups, and the indents were compared. Pieces of set grout were crushed 

with a spatula to assess its strength  

 

In the formulation, keeping in mind that round particles tend to improve WP such as injectability and 

flow [12, 15], a balance of different particle shapes, both round and angular was selected to also ensure 

good cohesion. On the other hand, aggregates with a predominant fine fraction (<63 µm) overall (ex. 

ScotchliteTM [25]) were coupled with aggregates with a higher coarse fraction (>63 µm) overall (ex. 

ramel): such polydispersity also improves WP [20] while ensuring good cohesion.  

After preliminary injectability testing, the top particle size for angular aggregates was set to be 90 µm 

(see Tab. 2), since larger particle sizes greatly reduced injectability, especially through the narrower 

19G needle.  

For ease of reasoning in the formulation design, components have been considered in pt/V, and will 

be reported in this paper as such (pt/V were translated into weight for each component to ensure 

consistency, repeatability and reproducibility, but are not reported here).  

Tab. 5 shows the final trials leading to the refinement of the formulation. The table also reports the 

results obtained in the injectability, flow and shrinkage tests: these were the main tests which guided 

changes in the formulation. No grout showed bleeding. The hardness results, qualitative, did not show 

such a variation in the different formulations, and therefore they are not reported in the paper: in all 

grouts indents could be created with a spatula, and pieces of the grout could be crushed applying some 

pressure. Although the grouts are likely to develop some more strength over time (carbonation, and 
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pozzolanic reactions due to the presence of ScotchliteTM [23]), no grout was judged too hard to fit the 

purpose (Table 1). Over the course of the design process, the following were assessed: 

• Binder to aggregate ratio:  

With a constant amount of liquid at 1.5 pt/V, minimal/low shrinkage in the stone cups was 

generally observed with a binder : aggregate ratio of 1 : 3.5 pt/V; therefore this ratio was kept for 

most of the testing in order to understand the influence of the aggregates in the mixes, varying 

their type and size to improve working properties. The amount of water was slightly modified just 

for promising mixes (G44 from G42; G48b from G46, see Tab. 5), i.e. decreased to adjust shrinkage 

or increased to adjust injectability; 

• Water absorption of aggregates: 

As expected, non-porous/very poorly porous aggregates (ScotchliteTM, quartz sand, marble 

powder) generally had a better impact on WP compared to porous aggregates (Poraver®, xaħx, 

ramel), because they did not absorb/absorbed to a much lesser extent the mixing liquid − of course 

the impact on WP also depends on their particle size distribution (see below in the list).  

Mixes containing a relatively high proportion of porous aggregates with a large fraction <63 µm 

(Tab. 3) had worse injectability and flow, because  the fine fraction (with a greater surface area) 

absorbed mixing water to a higher extent compared to the coarser fraction. This was particularly 

visible with xaħx (<63 µm ca. 93%), but also to a lesser extent with ramel (<63 µm ca.  ca. 86%). In 

addition to this, the porosity of xaħx particles can be up to 40% ([5] for Globigerina limestone) 

versus the porosity of ramel particles up to ca. 18% ([25] for Upper Coralline Limestone). 

Therefore, in the design refinement, among the porous angular aggregates, xaħx was excluded; on 

the other hand, ramel was set at 63-90 µm (cutting out the <63 µm fraction) in the formulation 

refinement, i.e. from G42 to G48b (see below next point and Tab. 5); 

• Particle size distribution: 

Since a wide particle size distribution enhances flow (and good cohesion), overall the full range 

<90 µm was employed. However, not to overload the granulometric curve with very fine material 

(<63 µm) generally decreasing flow and increasing absorption, in different trials the curve of one 

of the angular aggregates (either marble or ramel) was cut, retaining just its 63-90 µm fraction, 

while the other aggregate was kept at <90 µm. The curve cutting was mostly effective for WP with 

ramel (see Tab. 5), since of the two angular aggregates shortlisted, it is the most porous and has 

the highest fraction <63 µm (see Tab. 3);  

• Shape - Round aggregates: 

Although round, Poraver® (porous, rough surface) did not provide good injectability and flow, 

while ScotchliteTM (non-porous, smooth surface), as expected, greatly enhanced them. Over 

testing, ScotchliteTM S22 proved to provide better injectability and flow compared to ScotchliteTM 

K1 (or compared to a mix of S22 and K1), and therefore S22 was selected. An amount of 

ScotchliteTM S22 above 1.5 pt/V in the mix caused clogging of the needle and a very poor flow, 

most probably due to its high very fine fraction; 

• Shape - Angular aggregates: 
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While angular aggregates are necessary for good packing geometry and cohesion, they may make 

injectability difficult through small needles. Comparing quartz sand vs. marble powder (both very 

poorly porous aggregates, Tab. 2), quartz sand, having a more roundish shape (Figure 2d), 

improved flow, but it reduced injectability (see Tab. 5, G39 vs. G40); marble was therefore selected 

in the formulation refinement (see Tab. 5). 

Table 5. Grout formulation refinement 

Grout 

# 

S22 
<75µm 

(pt/V) 

Ramel 
<90µm 

(pt/V) 

Ramel 
63-90µm 

(pt/V) 

Marble 
<90 µm 

(pt/V) 

Marble 
63-90µm 

(pt/V) 

Quartz sand 
<90µm 

(pt/V) 

Water 
 

(pt/V) 

Inject. 
 

(mL) 

Flow1 

 

(cm) 

Shrinkage 

39 1.5 1.5 -- -- -- 0.5 1.5 
18G: 1 

19G: 1 
21 

cracking 

and sinking 

40 1.5 1.5 -- -- 0.5 -- 1.5 
18G: 4 

19G: 3 
18 deep crack 

41 1.5 1 -- -- 1 -- 1.5 
18G: 4 

19G: 4 
15 deep crack 

42 1.5 -- 1 1 -- -- 1.5 
18G: 7 

19G: 5 
14 deep crack 

44 1.5 -- 1 1 -- -- 1.4 
18G: 2 

19G: 1 
12 

narrow 

cracks 

46 1.5 -- 0.8 1.2 -- -- 1.5 
18G: 6 

19G: 2 
18.5 

no cracks; 

no shrink. 

in depth 

48b  1.5 -- 0.8 1.2 -- -- 1.65 
18G: 6 

19G: 5 
18.5 

no cracks; 

no shrink. 

in depth 

1 All the grouts in the table gave a homogeneous drip, not flat.  

2.3 Overall assessment and discussion 

While focusing on fundamental WP in order to achieve a mixture fulfilling the performance criteria and 

being usable on site (very narrow access points), a close look was necessary to another crucial 

property: shrinkage, having an influence on adhesion. No grout can be used if cracking and shrinking, 

since that can cause failure of the overall intervention. For this reason, it is advisable to reproduce as 

accurately as possible site conditions, including support (Globigerina Limestone in this case) and pre-

wetting: if the grout already cracks under controlled laboratory conditions, it is more likely to do so on 

site, where a number of variables are not controllable and where the conservator cannot see how the 

grout actually performs (problem and intervention concealed).  

Therefore, while injectability and flow were promising already in grout G40 (ramel <90 µm and marble 

63-90 µm, Tab. 5), adjustments were needed to reduce shrinkage. Since the adjustment of the 

proportion of these two aggregates (G41, Tab. 5) was ineffective (deep cracks were still observed), a 
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different particle size distribution was adopted, with ramel 63-90 µm and marble <90 µm (from G42 

onwards, Tab. 5): the predominant (ca. 86%, Tab. 3) very fine and absorbent fraction of ramel <63 µm 

was cut, keeping instead the fine fraction of marble, having much lower absorption. In this way, on the 

one hand WP were improved (G42 vs. G41, Tab. 5), while shrinkage was also improved: with a lower 

absorption of the mixing liquid by the aggregates, cracking was reduced. Since G42 was still cracking, 

two options were explored to address the problem: water reduction (G44, Tab. 5) and aggregates 

proportion adjustment (G46, Tab. 5). Water reduction in G44 impaired WP to a non-acceptable extent, 

while a slight increase in marble (poorly porous and poorly absorbent, all curve <90 µm present, 

helping packing geometry and shrinkage) and decrease in ramel led to no cracking and no shrinkage, 

with good flow and injectability through 18G with 0.84 mm diameter (G46, Tab. 5). To improve 

injectability through the smallest needle 19G (0.69 mm diameter), the water content of the mixture 

was increased (G48b, Tab. 5): such grout still showed no shrinkage, while retaining good flow and 

improving in injectability. 

Grout 48b was therefore selected as the final mix.` 

3 Conclusions 

Specific sections of the single layer of lime-based plaster of the 16th c. wall paintings cycle of the Great 

Siege by Perez d’Aleccio (Grand Master’s Palace, Valletta, Malta) showed delamination from the 

Globigerina Limestone support, with pockets estimated to be 2-5 mm thick. Access points for injection 

grouting were limited to narrow cracks, just 1.5 mm wide, and could not be enlarged due to the high 

significance of the painting and the risk of inducing further destabilisation.  

Starting from the knowledge of the original materials and the definition of the problem, site-specific 

performance criteria were set, including injectability through 18G and 19G needles and good flow. 

Grout design and testing of fundamental properties proceeded hand-in-hand, incrementally modifying 

the formulation according to the results of the tests. A range of angular CaCO3-based aggregates was 

employed, and soda-lime borosilicate glass round aggregates, with different porosity and therefore 

water absorption, and different particle size distribution. These factors were carefully considered and 

balanced in order to achieve the necessary injectability and flow while obtaining good cohesion and 

no shrinkage. A thin lime-based grout was designed, injectable through a 0.69 mm inner diameter 

needle (19G) and showing no shrinkage in a pre-wet porous support (Globigerina Limestone cup) 

simulating conditions on site. This was achieved just relying on the role of aggregates in the mixture, 

carefully considering particle morphology, particle size distribution, and particle water absorption. 

Such factors, which proved to have an impact on the overall grout formulation, were varied and 

deliberately manipulated to obtain a thin grout without the use of additives such as superplasticisers. 
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Abstract: Microencapsulated Phase Change Materials (PCMs) were included in air lime 

rendering mortars in order to improve the thermal comfort of the inhabitants and the energy 

efficiency of buildings of the Architectural Heritage under the premises of minimum intervention 

and maximum compatibility. Three different PCMs were tested and directly added during the 

mixing process to fresh air lime mortars in three different percentages: 5, 10 and 20 wt. %. Some 

chemical additives were also incorporated to improve the final performance of the renders: a 

starch derivative as an adhesion booster; metakaolin as pozzolanic addition to shorten the 

setting time and to increase the final strength; and a polycarboxylated ether as a superplasticizer 

to adjust the fluidity of the fresh renders avoiding an excess of mixing water. The specific heat 

Cp, the enthalpy ΔH ascribed to the phase change and the melting temperature of the PCMs 

were determined by Differential Scanning Calorimetry (DSC). The capacity of the renders to 

store/release heat was demonstrated at a laboratory scale. The favourable results proved the 

effect of these PCMs with respect to the thermal performance of these rendering mortars, 

offering a promising way of enhancement of the thermal efficiency of building materials of the 

Cultural Heritage.  

1 Introduction 

One of the goals of today's society, with greater concern for the environment and sustainability, 

is to reduce global energy consumption. According to the International Energy Agency (IEA), the 

construction sector is one of the largest consumers of energy due to the energy costs associated 

with heating and cooling buildings [1]. For this reason, in recent years, thermal energy storage 

(TES) systems have been extensively studied in order to improve the thermal efficiency of 

buildings, with Phase Change Materials (PCM) standing out in particular [1].  

Phase change materials are systems capable of storing latent thermal energy through phase 

changes. Generally, these phase changes are solidification and melting. Thus, during the melting 

process, the heat gain is stored in the form of latent heat of fusion and, during the solidification 

process; this latent heat is released [2].  Therefore, depending on the external temperature of 

the system, heat is released or absorbed regulating moderately the temperature of the medium 

[1]. 

Phase change materials are a family of materials with high heat values of melting and 

solidification with the ability to absorb or release large amounts of thermal energy at constant 

temperature (latent heat) when subjected to a phase change [3]. The characteristics required 

for a material to be considered a PCM are:  non-corrosive, non-toxic, inert, high latent heat, high 

thermal conductivity, low-priced, congruent melting and not undergo (or at least minimally) 

subcooling [4]. Phase change materials can be classified according to different criteria. A 
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distinction is made between liquid-liquid PCMs and solid-liquid PCMs according to the state 

transition. The latter are the most commonly used because of the higher enthalpy associated 

with the phase change due to the greater freedom of movement of the molecules in the liquid 

state with respect to those in the solid state [3]. At the same time, solid-liquid PCMs are classified 

according to their composition as: inorganic (hydrated salts, molten salts and eutectic salts), 

organic (fatty acids, sugars, crystalline polymers and paraffin waxes) and metallic (metals and 

alloys) [3,4]. 

Ancient monuments or traditional residential buildings show low levels of thermal efficiency and 

when repair works are addressed the enhancement of the thermal comfort conditions and the 

reduction of energy consumption is required. There are numerous strategies for the reduction 

of the thermal demand; however, most of the available envelope upgrades cannot be applied in 

repair works of Cultural Heritage buildings. This is because their application, their high price, and 

their incompatibility with some architectural heritage structures do not meet the general 

requirements of recognition of the tangible and intangible values of Cultural Heritage as well as 

the performance standards for protection and restoration, such as minimal modification of the 

aesthetic and history of the property, minimal intervention, highest compatibility of the 

materials to be introduced and use of new materials and methods for restoration and 

conservation. For this reason, the incorporation of PCMs in lime renders is, apparently, a suitable 

option for enhancement the thermal efficiency of historic buildings and monuments as it 

respects all the above mentioned requirements. However, there is little literature available on 

the incorporation of phase change materials into lime-based mortars. 

There are different methods for the incorporation of PCMs in building materials, the most 

important are: direct incorporation (mixed directly with the building material), direct immersion 

(immersion of the porous building material into the molten PCMs), macroencapsulation (panels, 

tubes and spheres filled with large amounts of PCMs), microencapsulation (PCMs with sizes 

between 0.1 μm and 1 mm that are enclosed in microcapsules), shape stabilization (melting and 

mixing of PCM with a polymeric support material), and form-stable method (PCM entrapped in 

porous polymeric matrix) [1]. In the present work, solid-liquid PCMs are used, whose main 

drawback is the volume variations they undergo during phase changes that can lead to diffusion 

of the PCMs in the composite and cause microstructural changes and leakage [3-5]. Therefore, 

microencapsulated PCMs are used so the macroscopic shape of the PCM is maintained, the heat 

transfer area is increased and undesired movements in the matrix are avoided, in addition to 

meeting the restoration and conservation criteria [3]. 

Paraffin is one of the most studied and widely used solid-liquid PCMs [4]. Paraffin waxes are 

mainly composed of mixtures of linear alkanes (around 75-100%) together with a small 

percentage of branched alkanes (isoalkanes, cycloalkanes, alkylbenzenes...) [2]. Commercial 

paraffin waxes are inexpensive, have a wide range of melting temperatures, have a high latent 

heat, are thermally and chemically stable, are non-toxic and do not undergo subcooling (4,5). 

However, the application of paraffin waxes as PCMs is limited by their low thermal conductivity 

(~ 0.2 W/m K) which causes a reduction of their rates of heat storage and release during melting 

and solidification [4,5]. Consequently, microencapsulation is normally used in order to enhance 

thermal conductivity by maximizing their heat transfer area. 

The aim of this work is the incorporation of microencapsulated PCMs in lime mortars in order to 

improve the energy efficiency and thermal comfort of the buildings of the architectural heritage. 
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The selection of PCMs for its application as thermal energy storage systems was carried out 

according to the melting temperature. Specifically, in this work microencapsulated paraffin and 

bio-based PCMs were assayed. Melting temperatures were selected in order to storage/release 

heat under rather cold climate conditions (Tmelting ~18 ℃) or hot climates (Tmelting ~25 ℃). This 

way, the incorporation of these PCMs in lime mortars will be able to reduce the differences 

between peak and off-peak thermal loads, reduction of energy consumption, cut in electricity 

demand, indoor thermal comfort improvement and, ultimately, reduction of CO2 release to the 

atmosphere. 

In this work, percentages of 5, 10 and 20 wt. % of three different microencapsulated PCMs were 

added during the mixing process to fresh air lime mortars. The PCMs used were two paraffin-

based PCMs with melamine microcapsule with melting points of 18℃ and 24℃ and a bio-based 

microencapsulated PCM with melting temperature of 29℃. Other chemical additives were also 

incorporated to improve the final performance of the renders: a starch derivative as an adhesion 

booster, metakaolin as pozzolanic addition to shorten the setting time and to increase the final 

strength; and a polycarboxylate ether as a superplasticizer to adjust the fluidity of the fresh 

renders avoiding an excess of mixing water.  

2 Materials and methods 

2.1 Materials 

Rendering air lime mortars were prepared by mixing calcitic air lime supplied by Cal Industrial 

S.A. (Calinsa Navarra), classified as CL-90-S by European regulations and calcitic sand (supplied 

by CTH Navarra). Percentages of binder/aggregate weight ratio were 21.7/78.3, whereas the 

percentage of mixing water was fixed at 25 wt. % of the total weight of the mortar. 

To obtain easily workable renders with good performance, different additives and mineral 

admixtures were also used to optimize the mix composition. A superplasticizer 

(polycarboxylated ether derivative, MasterCast GT 205) was added to adjust the fluidity of the 

fresh renders avoiding an excess of mixing water. Different percentages of a starch derivative 

(Casaplast) were added as an adhesion booster. Metakaolin (MK, supplied by METAVER) was 

added in some of the mortars (20 wt. % with respect to the weight of lime, bwol) in order to 

increase the final strength and durability of the rendering mortars. 

Three different solid-liquid microencapsulated PCMs supplied by Microtek, were used: two 

paraffin-based PCMs with melamine microcapsule with melting points of 18℃ and 24℃ 

(denoted as 18PCM and 24PCM) and a bio-based microencapsulated PCM with melting 

temperature of 29℃ (29PCM). Percentages bwol of 5%, 10% and 20% of PCM were directly 

added to fresh air lime mortars during the mixing process.  

As control group two PCM-free mortars (CTRL-1, MK-free, and CTRL-2, with 20 wt.% of MK) were 

prepared in order to compare the PCM performance (Table 1 and Table 2 gather the composition 

of the mixes).  

The consistency of all the samples was assessed by the flow table test and seen to be within the 

range of 160-215 mm of slump. 
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Table 1. Composition of PCM-free renders and renders containing 24PCM and their fluidity and adhesion 

test. 
 

PCM-free 24PCM 

Render CTRL- 
1 

CTRL- 
2 

24PCM- 
1 

24PCM- 
2 

24PCM- 
3 

24PCM- 
4 

24PCM- 
5 

24PCM- 
6 

PCM  
(wt. %) 

0 0 5 5 10 10 20 20 

SP 
(wt. %) 

0.6 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

MK  
(wt. %) 

0 20 0 20 0 20 0 20 

Starch 
 (wt. %) 

0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 

 

Table 2. Composition of renders containing 18PCM and their fluidity and adhesion test. 

  18PCM 

Render 18PCM-1 18PCM-2 18PCM-3 18PCM-4 18PCM-5 18PCM-6 

PCM (wt. %) 5 5 10 10 20 20 

SP (wt. %) 0.75 0.75 0.75 0.75 0.75 0.75 

MK (wt. %) 0 20 0 20 0 20 

Starch (wt. %) 0.50 0.50 0.50 0.50 0.50 0.50 

 

Table 3. Composition of renders containing 29PCM and their fluidity and adhesion test. 

  29PCM 

Render 29PCM-1 29PCM-2 29PCM-3 29PCM-4 29PCM-5 29PCM-6 

PCM (wt. %) 5 5 10 10 20 20 

SP (wt. %) 0.75 0.75 0.75 0.75 0.75 0.75 

MK (wt. %) 0 20 0 20 0 20 

Starch (wt. %) 0.50 0.50 0.50 0.50 0.50 0.50 

2.2 Experimental methods 

For the preparation of the fresh grouts, air lime, sand, metakaolin, adhesion booster, the 

corresponding PCM and an initial percentage of superplasticizer (0.25% with respect to the 

weight of lime, bwol) were blended for 5 min using a solid additives mixer BL-8-CA (Lleal, S.A., 

Granollers, Spain) to achieve a homogenous mix.  

A fixed percentage of mixing water (25 wt. %) was then added at low speed for 270 s in a Proeti 

ETI 26.0072 (Proeti, Madrid, Spain) mixer. Accumulative additions of 0.25% bwol of 

superplasticizer were added until adequate fluidity (as measured by the flow table test). For 

each render, the percentages of SP (along with the adhesion booster) were modified until 

applicable, adherent and low-cracking renders were achieved, as detailed in a further work. 

Regarding the hardened state study, fresh mixtures were moulded into cylindrical specimens 

with dimensions of 33 mm diameter and 39 mm height, and then cured at lab conditions (20℃ 

± 0.5 ℃ and 45% ± 5% RH). 
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2.3 Characterization methods 

The characterization and study of the thermal properties of the mortars was carried out through 

different techniques, such as Thermogravimetric Analysis (TGA), Differential Scanning 

Calorimetry (DSC) and thermal conductivity measurements. 

2.3.1 DSC 

Thermal performance of the enhanced lime-based mortars was studied by Differential Scanning 

Calorimetry (DSC). The parameters studied were specific heat capacity (Cp), the enthalpy (ΔHm) 

ascribed to the phase change and the melting temperature (Tm) of the PCMs, i.e., the latent heat 

storage. 

The equipment used to perform the DSC analysis was the DSC25 TA Instruments and the data 

evaluation was carried out with TRIOS from TA Instruments. Cp was determined using modulated 

DSC in a range of temperatures of -25℃ to 60℃. ΔHm and Tm were determined in powdered 

representative samples of ca. 7 mg, in 40 L aluminium pans with hermetic lids, applying 3 cycles 

of heating-cooling between 0℃ and 50℃ with an increment of 5℃/min. At the beginning and 

end of each cycle an isotherm is applied for 5 minutes. All analyses are performed under nitrogen 

atmosphere (flow of 50 mL/min). 

2.3.2  TGA 

Thermogravimetric analysis was used to study the thermal stability of the renders. The 

equipment used to perform the thermogravimetric analysis was the SDTA650 TA Instruments 

and the data evaluation was carried out with TRIOS from TA Instruments. Samples of ca. 10 mg 

in 90L alumina pans were analysed. The heating program applied consisted of a heating ramp 

(20℃/min) from 35℃ to 1000℃ under a nitrogen atmosphere (flow of 100 mL/min).  

2.3.3  Thermal conductivity measurements 

The equipment used to perform the thermal conductivity measurements was the FOX50 Heat 

Flow Meter from TA Instruments. This instrument consists of two parallel plates controlled by 

two independent Peltier cells. Each plate is subjected to a specific temperature with a 

temperature difference between plates of 10℃, thus generating a thermal gradient and 

obtaining the thermal conductivity at the average temperature between the two plates. Strict 

thermal equilibrium criteria were applied to the measurements consisting of 6 consecutive 

blocks of data acquisition. These criteria included, for each plate, a temperature deviation of 

less than 1℃ from the setpoint temperature and a variation of less than 200 µV of the transducer 

signals from those obtained in the previous block. 

The thermal conductivity of 55 mm diameter and 20 mm thick disks of the rendering mortars 

was measured at 5℃, 15℃, 25℃ and 35℃. In this way, the conductivity of the macroscopic 

material is measured at temperatures where the PCM is in the solid state and in the liquid state. 

In all cases, renders were, at least, 28 days cured before the thermal conductivity measurement. 

In addition, in order to obtain more representative values three disks of each render were 

measured and the average was calculated along with its standard deviation.  
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3 Results and discussion  

3.1 Evaluation of latent heat thermal energy storage 

Firstly, pure microencapsulated PCMs thermal stabilities were analysed by TGA (Figure 1). The 

degradation of the additive is observed in all cases at around 400 ℃ typical of melamine [8]. It 

is notable in the case of 24PCM that it starts to degrade at lower temperatures with a smaller 

mass loss at 155℃.  

 

 
Figure 1. TGA curves of pure PCMs. 

 

The thermal stabilities of PCM-bearing renders were also studied. Figure 2 includes TGA curves 

of some PCM-bearing renders in comparison with the PCM-free render (CTRL-1). It is shown in 

all cases the degradation of the PCM around 400 ℃ and the calcite decarbonation at 800 ℃ [9]. 
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Figure 2. TGA curves of 18PCM-1, 18PCM-5 and CTRL-1. 

 

The parameters obtained with the DSC measurements were the melting temperature (Tm), the 

enthalpy ascribed to the phase change (ΔHm) (that is, the latent heat thermal energy storage 

capacity) and the specific heat capacity (Cp). These parameters are useful for the study of the 

thermal behaviour of mortars after the addition of different percentages of PCMs. 

 

 
Figure 3. DSC curves of pure PCMs. 

Exo Up

Exo Up

Peak temperature: 30,52 °C

Enthalpy (normalized): 144,64 J/g
Tonset: 26,46 °C

Peak temperature: 25,84 °C

Enthalpy (normalized): 158,97 J/g
Tonset : 19,82 °C

Peak temperature: 17,57 °C

Enthalpy (normalized): 145,57 J/g
Tonset: 12,96 °C
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Pure PCMs were studied. Figure 3 depicts the heat flows during the melting processes of the 

pure PCMs. It can be seen how all of them present similar enthalpies around 150 J/g, the highest 

(158.97 J/g) corresponding to the 24PCM additive. In addition, it is possible to check that their 

melting temperatures are in accordance with their data sheets. 

Figure 4 includes DSC curves of the MK-free renders with 10% of each type of PCM compared to 

their control render (CTRL-1). It is possible to clearly distinguish the melting process of each PCM 

after its addition to the lime-based mortars. 
 

 
Figure 4. DSC curves of MK-free renders compared to CTRL-1. 

The latent heat thermal energy storage capacity (measured as enthalpy) along with the onset 

temperatures and peak temperatures of PCM-bearing renders are included in Tables 4 and 5. 
 

Table 4. ΔHm, Tpeak and Tonset values of PCM-free renders and 24PCM-renders. 

Render PCM (%) Curing days ΔHm (J/g) Tpeak (℃) Tonset (℃) 

CTRL-1 
0 28 0.0  - - 

0 91 0.0 - - 

CTRL-2 
0 28 0.0 - - 

0 91 0.0 - - 

24PCM-1 
5 28 0.74 ± 0.01 24.20 ± 0.01 19.80 ± 0.09 

5 91 0.83 ± 0.03 21.79 ± 0.09 19.68 ± 0.06 

24PCM-2 
5 28 0.84 ± 0.01 24.16 ± 0.01 16.43 ± 0.11 

5 91 0.92 ± 0.01 24.36 ± 0.01 16.73 ± 0.04 

24PCM-3 
10 28 2.78 ± 0.02 23.19 ± 0.01 19.80 ± 0.09 

10 91 2.13 ± 0.03 24.05 ± 0.02 19.68 ± 0.06 

Exo Up

Peak temperature: 28,09 °C

Enthalpy (normalized): 1,8476 J/g
Tonset: 27,07 °C

Peak temperature: 23,19 °C

Enthalpy (normalized): 2,7689 J/g
Tonset: 19,84 °C

Peak temperature: 16,15 °C

Enthalpy (normalized): 1,3793 J/g
Tonset: 14,02 °C
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Continuation of Table 4. ΔHm, Tpeak and Tonset values of PCM-free renders and 24PCM-renders. 

Render PCM (%) Curing days ΔHm (J/g) Tpeak (℃) Tonset (℃) 

24PCM-4 
10 28 2.08 ± 0.01 23.51 ± 0.01 19.84 ± 0.08 

10 91 2.12 ± 0.02 24.23 ± 0.01 19.08 ± 0.04 

24PCM-5 
20 28 5.81 ± 0.01 23.87 ± 0.01 19.88 ± 0.09 

20 91 6.15 ± 0.01 24.18 ± 0.01 20.32 ± 0.08 

24PCM-6 
20 28 4.03 ± 0.02 23.89 ± 0.01 19.82 ± 0.09 

20 91 5.49 ± 0.02 24.18 ± 0.01 20.60 ± 0.07 

 

Table 5. ΔHm, Tpeak and Tonset values of 18PCM-renders and 29PCM-renders. 

Render PCM (%) Curing days  ΔHm (J/g) Tpeak (℃) Tonset (℃) 

18PCM-1 
5 28 0.83 ± 0.01 16.16 ± 0.01 14.18 ± 0.04 

5 91 0.42 ± 0.01 16.36 ± 0.01 13.80 ± 0.05 

18PCM-2 
5 28 0.62 ± 0.02 16.27 ± 0.01 14.31 ± 0.06 

5 91 0.41 ± 0.01 16.52 ± 0.01 14.54 ± 0.05 

18PCM-3 
10 28 1.38 ± 0.01 16.16 ± 0.01 13.97 ± 0.07 

10 91 1.52 ± 0.01 16.12 ± 0.01 13.67 ± 0.04 

18PCM-4 
10 28 1.33 ± 0.01 16.15 ± 0.01 13.92 ± 0.01 

10 91 1.63 ± 0.02 16.27 ± 0.01 14.06 ± 0.01 

18PCM-5 
20 28 4.41 ± 0.01 16.10 ± 0.01 13.66 ± 0.01 

20 91 3.18 ± 0.01 16.15 ± 0.01 13.76 ± 0.01 

18PCM-6 20 28 2.53 ± 0.01 16.10 ± 0.01 13.72 ± 0.08 

29PCM-1 5 28 0.92 ± 0.01 28.07 ± 0.03 27.08 ± 0.01 

29PCM-2 5 28 1.17 ± 0.02 28.08 ± 0.01 27.05 ± 0.01 

29PCM-3 10 28 1.84 ± 0.01 28.10 ± 0.01 27.07 ± 0.01 

29PCM-4 10 28 1.24 ± 0.02 28.04 ± 0.01 27.05 ± 0.01 

29PCM-5 20 28 4.80 ± 0.01 28.30 ± 0.01 27.15 ± 0.02 

29PCM-6 20 28 4.99 ± 0.02 28.23 ± 0.01 26.93 ± 0.01 

 

As expected, the capacity of the PCM-bearing mortars to store (or release) heat, as monitored 

by the enthalpy values, show an increasing pattern as the amount of PCM incorporated in the 

mortar increases (Figure 5). This pattern is maintained in both curing ages and after the addition 

of MK. In general, MK-free renders show higher enthalpy values and therefore heat storage 

capacity, this is particularly true for high percentages of PCM. 
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Regarding the Cp measurements (that is, the sensible heat capacity), it was observed that the 

addition of the PCMs does not affect severely the Cp of the render either when the PCM is in the 

solid phase or when it is in the liquid phase (Figures 6-7) (that is, excluding the temperature 

interval in which a phase change – melting or solidification - takes place). In the case of PCM-

bearing mortars, the thermodynamic melting process is clearly observed in where the Cp values 

vary drastically (Figures 6-7). The Cp values obtained in all cases are within the usual range for 

these materials (0.73-1.26 J/g℃) [6,7]. However, in this work, there was not a clear trend to 

increase the heat capacity of the material when PCMs were incorporated [6,7]. 

 

 
Figure 6. CP values of MK free renders at 28 curing days. 

Exo Up

 

(a) (b) 
Figure 5. Enthalpy values of renders at 28 curing days: (a) MK-free; (b) 20% MK. 
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Figure 7. CP values of 20% MK renders at 28 curing days. 

3.2 Thermal conductivity measurements 

Tables 3-5 include thermal conductivity coefficient (ʎ) values of the lime renders measured at 

5℃, 15℃, 25℃ and 35℃. Thermal conductivity is the rate at which heat flows through a 

material. Therefore, the higher the thermal conductivity coefficient (ʎ), the higher the thermal 

conductivity of the material. 

The ʎ values obtained in all cases are within the usual range for these materials [6,7]. It is 

observed in PCM-free renders that the presence of metakaolin does not affect the thermal 

conductivity of the samples. In addition, PCMs apparently do not have a strong influence on the 

thermal conductivity either. These values are consistent with the pore size distributions as the 

addition of PCMs had little effect on the pore size distributions (Figure 8) due to the previous 

optimization of the mix compositions by using appropriate chemical additives. As it can be seen, 

main pore size and critical pore size (threshold for the main Hg intrusion) are kept almost 

constant for the different renders. However, some previous works [6,7] reported a decrease in 

thermal conductivity after the addition of PCM ascribing it to the lower conductivity of this 

additive. This fact might be ascribed to the fact that in those works, conversely to the current 

one, the percentage of mixing water to achieve adequate workability was adjusted having 

probably strong influence in the macroscopic structure of the material. In this work the water 

ratio remained constant in all renders resulting in tiny differences in the structure of the renders 

and therefore in their thermal conductivity (Tables 6-8). 

Exo Up

Cp PCM in solid phase 
Cp PCM in liquid phase 
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The maintenance of the thermal conductivity of the renders after the incorporation of the 

additives could be advantageous to achieve maximum heat storage. In this sense, the matrix of 

the rendering mortar should be able to allow the heat to reach the inner part of the 

microencapsulated PCMs, to undergo the phase change and thus be able to regulate moderately 

the temperature. 

 

Table 6. Thermal conductivity coefficients of PCM-free renders at different temperatures. 

PCM-free 

 0% MK 20% MK 

T (ᵒC) ʎ (W/ m∙K) ʎ (W/ m∙K) 

5 0.37 ± 0.05 0.38 ± 0.03 

15 0.37 ± 0.05 0.38 ± 0.03 

25 0.37 ± 0.05 0.38 ± 0.03 

35 0.37 ± 0.05 0.38 ± 0.03 

Table 7. Thermal conductivity coefficients of 24PCM renders at different temperatures. 

  24PCM 
 5% PCM 10% PCM 20% PCM 

 0% MK 20% MK 0% MK 20% MK 0% MK 20% MK 

T (ᵒC) ʎ (W/ m∙K) ʎ (W/ m∙K) ʎ (W/ m∙K) ʎ (W/ m∙K) ʎ (W/ m∙K) ʎ (W/ m∙K) 

5 0.44 ± 0.04 0.36 ± 0.03 0.40 ± 0.03 0.39 ± 0.05 0.36 ± 0.06 0.38 ± 0.01 

15 0.45 ± 0.04 0.36 ± 0.03 0.40 ± 0.03 0.39 ± 0.04 0.36 ± 0.06 0.38 ± 0.01 

25 0.45 ± 0.05 0.35 ± 0.03 0.40 ± 0.03 0.40 ± 0.03 0.37 ± 0.06 0.38 ± 0.01 

35 0.45 ± 0.05  0.35 ± 0.04 0.40 ± 0.04 0.40 ± 0.03 0.37 ± 0.06  0.38 ± 0.01 

 

(a) (b) 
Figure 8. Comparison of pore size distribution of (a) MK-free renders containing 24PCM at 91 curing 

days; (b) Renders containing 24PCM and 20% MK at 91 curing days. 
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Table 8. Thermal conductivity coefficients of 18PCM renders at different temperatures. 

  18PCM 
 5% PCM 10% PCM 20% PCM 

 0% MK 20%MK 0% MK 20%MK 0% MK 20%MK 

T (ᵒC) ʎ (W/ m∙K) ʎ (W/ m∙K) ʎ (W/ m∙K) ʎ (W/ m∙K) ʎ (W/ m∙K) ʎ (W/ m∙K) 

5 0.39 ± 0.02 0.40 ± 0.02 0.40 ± 0.08 0.41 ± 0.01 0.46 ± 0.02 0.37 ± 0.08 

15 0.39 ± 0.02 0.40 ± 0.02 0.41 ± 0.08 0.41 ± 0.01 0.46 ± 0.02 0.38 ± 0.08 

25 0.39 ± 0.02 0.40 ± 0.02 0.41 ± 0.08 0.40 ± 0.01 0.46 ± 0.02 0.38 ± 0.08 

35 0.39 ± 0.02 0.40 ± 0.02 0.40 ± 0.08 0.40 ± 0.01 0.45 ± 0.02 0.38 ± 0.08 

 

4 Conclusions 

Thermal performance of PCM-enhanced air lime renders was studied. The specific heat Cp. the 

enthalpy ΔH ascribed to the phase change and the melting temperature of the PCMs were 

determined by Differential Scanning Calorimetry (DSC). Results showed that Cp values barely 

vary with the percentage of PCM. As expected, the latent heat thermal energy storage capacity 

(measured as enthalpy) values ascribed to the melting process of the PCMs added to the renders 

show an almost linear trend, the higher the amount of this additive, the higher the enthalpy. 

Thermal conductivity measurements have shown that the addition of PCMs does not weaken 

the thermal conductivity of the renders. This could be due to the optimization of the mix 

composition during the mortar preparation, in which the percentage of mixing water is 

remained constant resulting in little variation in the macrostructure of the material. 

Favourable results have proven the effect of these PCMs on the thermal performance of the 

renders offering promise for improved thermal efficiency of Cultural Heritage building materials. 

The capacity of the renders to store/release heat demonstrated at a laboratory scale and the 

use of models that imitate building envelopes might be also suggested as future achievements. 
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Abstract: Different batches of repair lime rendering mortars were designed by mixing 
microencapsulated Phase Change Materials (PCMs) and other additives. The final aim of these 
renders is to improve the thermal efficiency of the envelope of the Built Heritage, while allowing 
the practitioners to apply a render with positive final performance. The combinations of the 
PCMs in different weight percentages, a superplasticiser (to increase the fluidity of the render 
keeping constant the mixing water), an adhesion improver and a pozzolanic additive were 
studied. The adhesion of these renders onto bricks and limestone specimens and the shrinkage 
and cracking of the mortars were studied in detail. X-ray diffraction technique was used to study 
the composition and evolution of the carbonation process. Compressive strength measurements 
were studied in hardened specimens. In addition, the porous structure of the rendering mortars 
was studied by mercury intrusion porosimetry to assess the effect of the PCMs’ addition. Results 
have shown that these thermally enhanced mortars are feasible materials for real-life 
application in the context of architectural heritage restoration and conservation.  

1 Introduction 

A widely recognized good practice in rehabilitation is the use of lime-based mortars for 
restoration works of the Architectural Heritage. It has positive environmental benefits 
compared to cement, due to their lower energy consumption in the production 
phase, lower ingredient contributions and potential global warming processes. Furthermore, 
their atmospheric CO2 absorption properties are also useful minimizing the carbon footprint [1]. 
Lime mortars have been widely used both in the interior and exterior of buildings, some of its 
most frequent applications are: renders and plasters, masonry bedding mortars, ornamental 
pieces, finishing mortars, flooring mortars… [1] 
However, traditional residential buildings, ancient monuments and historic buildings commonly 
show low levels of thermal efficiency. Therefore, when repair works are addressed, the 
enhancement of the thermal performance of the building is required. There are many thermal 
consumption reduction strategies; nevertheless, most envelope upgrades available cannot be 
applied to cultural heritage repair work.  This is because their application, their high price, and 
their incompatibility with some architectural heritage structures do not meet the general 
requirements of recognition of the tangible and intangible values of Cultural Heritage as well as 
the performance standards for protection and restoration, such as minimal modification of the 
aesthetic and history of the property, minimal intervention, highest compatibility of the 
materials to be introduced and use of new materials and methods for restoration and 
conservation.  
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In this context of reduction of the thermal demand, phase change materials are becoming 
increasingly important. Phase Change Materials, also known as PCMs, are systems capable of 
storing latent thermal energy through phase changes. Usually, these phase changes are 
solidification and melting. Thus, during the melting process, the heat gain is stored in the form 
of latent heat of fusion and, during the solidification process, this latent heat is released [2].  
Therefore, depending on the external temperature of the system, heat is released or absorbed 
regulating moderately the temperature of the medium [3]. 
This work focuses on the “in bulk” incorporation of microencapsulated PCMs in lime rendering 
mortars as an interesting option for improving the thermal properties of historic buildings and 
monuments. Specifically, three different solid-liquid microencapsulated PCMs were directly 
incorporated during the mixing process to fresh air lime mortars. Solid-liquid PCMs were 
selected because of the higher enthalpy associated with the phase change. The PCMs were also 
microencapsulated with the aim of maintaining the macroscopic shape of the PCM, increasing 
the heat transfer area and avoiding undesired movements in the matrix of the mortar [4].  
The aim of this work is the optimization of the composition of air lime-based renders containing 
PCMs, studying their physical-mechanical performance after their application. Since the 
incorporation of PCMs in bulk would lead to alterations of the fresh and hardened mortar’s 
properties, this research work addresses the use of different additives to overcome practical 
problems. Therefore, different percentages of an adhesion booster were added along with 
different proportions of a superplasticizer to adjust the fluidity of the fresh renders avoiding an 
excess of mixing water.  
In addition, metakaolin was added as a pozzolanic agent. Metakaolin is generally processed 
by calcining high purity clay and it contains active forms of silica and alumina which react with 
portlandite (Ca(OH)2) yielding hydrated calcium silicate phases (C-S-H). The formation of new 
hydrated phases provides the enhancement of several properties of the lime-based mortars 
such as high values of mechanical strength and durability, low water permeability and good 
cohesion between binders and aggregates [5,6].  
In this way, several batches of mortars were prepared in order to optimize and obtain the best 
composition of PCM-bearing rendering mortar, according to the final application of the material. 

2 Materials and methods 

2.1 Materials 
Calcitic air lime mortars were prepared by mixing calcitic air lime supplied by Cal Industrial S.A. 
(Calinsa Navarra), classified as CL-90 by European regulations and calcitic sand (supplied by CTH 
Navarra). Percentages of binder/aggregate weight ratio were 21.7/78.3, whereas the 
percentage of mixing water was fixed at 25 wt. % of the total weight of the mortar. 
Different additives and mineral admixtures were also used to optimize the mix composition of 
the renders. As an adhesion booster, different percentages of a starch derivative (Casaplast) 
were added along with various percentages of a polycarboxylated ether derivative (MasterCast 
GT 205) as a superplasticizer to adjust the fluidity of the fresh renders avoiding an excess of 
mixing water. 
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Metakaolin (MK, supplied by METAVER) was added in some of the mortars (20 wt. % with 
respect to the weight of lime, bwol) in order to increase the final strength and durability of the 
rendering mortars. 
Three different solid-liquid microencapsulated PCMs supplied by Microtek, were used: two 
paraffin-based PCMs with melamine microcapsule with melting points of 18℃ and 24℃ 
(denoted as 18PCM and 24PCM) and a bio-based microencapsulated PCM with melting 
temperature of 29℃ (29PCM). Percentages bwol of 5%, 10% and 20% of PCM were directly 
added to fresh air lime mortars during the mixing process.  
As control group two PCM-free mortars (CTRL-1, MK-free, and CTRL-2, with 20 wt.% of MK) were 
prepared in order to compare the PCM performance (Table 1 and Table 2 gather the composition 
of the mixes).  

2.2 Experimental methods 
For the preparation of the fresh grouts, air lime, sand, metakaolin, adhesion booster, the 
corresponding PCM and an initial percentage of superplasticizer (0.25% bwol) were blended for 
5 min using a solid additives mixer BL-8-CA (Lleal, S.A., Granollers, Spain) to achieve a 
homogenous mix.  
A fixed percentage of mixing water (25 wt. %) was then added at low speed for 270 s in a Proeti 
ETI 26.0072 (Proeti, Madrid, Spain) mixer. Accumulative additions of 0.25% bwol of 
superplasticizer were added until adequate fluidity (as measured by the flow table test) and 
adhesion on a brick surface for render application were achieved at the discretion of a technician 
specialized in the production of mortars’ mixtures and their application in the form of a single 
layer. 
Regarding the hardened state study, fresh mixtures were moulded into cylindrical specimens 
with dimensions of 33 mm diameter and 39 mm height, and then cured at lab conditions (20℃ 
± 0.5 ℃ and 45% ± 5% RH). 

2.3 Characterization methods 

2.3.1 Fresh state tests 
Several fresh state tests were carried out in order to characterize the fresh mortars. The fluidity 
of the fresh mortars was measured using the flow table test (UNE-EN 1015-3 standard [7]). The 
density of the paste and the percentage of entrained air were determined according to the UNE-
EN 1015-6 standard [8] and UNE-EN 1015-7 standard [9] respectively. In addition, the water 
retentivity was measured using the UNE-EN 83-816-93 [10]. Lastly, the setting time was 
measured according to the UNE-EN 1015-9 standard [11]. 

2.3.2 Single coat mortars: Adhesion, shrinkage, cracks formation 
As these mortars are intended to be used as renders, the performance of a single coat applied 
on a water-saturated brick was studied. Renders of 0.5 cm thickness of the different mortars 
were layered on saturated bricks. In order to evaluate the degree of adhesion and the formation 
or not of either cracks or fissures, a qualitative evaluation based on visual appearance after 1 
month of the application was carried out. The criterion was the following: degree 0 (complete 
adhesion to the substrate and no evidence of cracks), degree 1 (complete adhesion and 
presence of very shallow and few cracks), degree 2 (complete adhesion and presence of 
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numerous and shallow cracks) and degree 3 (poor adhesion and presence of numerous and deep 
cracks). 

2.3.3 XRD 
X-ray diffraction technique was used to study the composition and evolution of the carbonation 
process. X-Ray diffraction measurements were carried out in a Bruker D8 Advance 
diffractometer with Cu Kα1 radiation, from 5ᵒ to 80ᵒ (2θ), 1 s per step and a step size of 0.03ᵒ. 
The evaluation of the data was executed with DIFFRACplusEVA ® from Bruker. 

2.3.4 Compressive strength 
The determination of the compressive strength of the hardened mortars at the ages of 28 days 
and 91 days was carried out with a Frank/Controls 81565 press with a Proeti ETI 26.0052 
compressive breaking device and a breaking speed of 20-50 N/s with a time interval between 30 
and 90 s. Three specimens of 33 mm diameter and 39 mm height were used for each case in 
order to achieve representative values. 

2.3.5 Mercury intrusion porosimetry 
Mercury intrusion porosimetry was used to study the porous structure of the rendering mortars 
with the aim of assessing the effect of the PCMs’ addition. Mercury intrusion porosimetry was 
carried out in a Micromeritics AutoPore IV 9500 apparatus. Measurements of cubic fragments 
of the mortars of ca. 1 cm edge were performed with a pressure range between 0.0015 and 207 
MPa. 

3 Results and discussion 

3.1 Optimization of the mix composition: assessment of the adherence 
Firstly, some mortars were prepared without the use of an adhesion booster (Figure 1), which 
showed a poor performance. It was observed that the fresh mixture needed an additive capable, 
on one hand, of improving adhesion and, on the other hand, of avoiding/minimizing the crack 
formation. A viscosity enhancer with a sticky nature such as the starch and the starch derivatives 
might be useful to this aim. Starch derivatives have been shown to be able to increase the 
adherence of a plain lime mortar and to reduce the number of cracks [12]. Their performance 
as water retainers prevents a quick drying off when the renders were applied onto absorbent 
substrates. For this reason, percentages by weight (with respect to the weight of lime) of 0.25% 
and 0.50% of a starch derivative as an adhesion booster were added to the admixture. 
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As it is shown in the comparison between Figures 2 (a -b), with 0.25 wt. % of the additive, and 
Fig. 3 (a-b), 0.50 wt.% of the additive, the low dosage (0.25%) was not optimal (no really good 
adherence, some cracks). However, 0.50% (Fig. 3 (a-b)) significantly improved adhesion and 
prevented crack formation. For this reason, this ratio was selected for the preparation of the 
mortars. 
 
 

 

 

 

 

 

 

 
 

Simultaneously, for each render composition, the percentages of the superplasticizing additive 
were adjusted in order to achieve a workable consistency. Percentages from 0.1% to 1.25% bwol 
were tested, obtaining at the respective ends either unworkable dry renders (yielding a non-
applicable render) or, on the other hand, highly fluid and slippery renders, which came unstuck 
from the brick, dropping off (Figure 2 (c)). 
The effectiveness of the polycarboxylate-based SP for lime mortars had been pointed out in the 
literature [13] and in the current work was seen to be really useful to mitigate the impact in 
fluidity ascribed to the MK and PCM addition. Low dosages of the tested SP were effective in 
providing suitable consistency to the renders without extra mixing water requirements. 

(a)  (b)  

                    (a)                    (b) 
Figure 1. Rendering on saturated brick of mortar: (a) 
containing 10% PCM, 20% MK and 0.45% SP; (b) 
containing 20% MK and 0.35% SP. 

   

(a) (b) (c) 
Figure 2. Renderings on saturated brick of mortar containing: (a) 0.25% 
starch and 0.40% SP (frontal); (b) 0.25% starch and 0.40% SP (side face); (c) 
1.25% bwol of SP. 

Poor 
adhesion 
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In this way, controlling fluidity, adhesion and prevention of cracks formation optimal 
percentages of adhesion booster and superplasticizer were selected for each render 
composition with PCMs (Table 1). Some examples of the optimal single coat mortars are 
included in Figures 3-4. 
 

3.2 Fresh state tests 
Once the percentages of adhesion booster and superplasticiser had been adjusted for each 
render, fresh state tests were carried out on all the batches of mortar. Final compositions of the 
mortars along with their fluidity, as measured by the slump values (Figure 5), and their 
qualitative evaluation on the degree of adhesion and the formation or not of cracks and fissures 
after 1 month are included in Tables 1-3. 

    

(a) (b)                (c)             (d) 
Figure 3. Rendering on saturated brick of mortar containing (a) 0.50% starch and 0.60% SP (frontal); 
(b) 0.50% starch and 0.60% SP (side face); (c) 0.50% starch, 0.75% SP and 5% 24PCM (frontal); (d) 0.50% 
starch, 0.75% SP and 5% 24PCM (side face). 
 
 

    

(a) (b) (c) (d) 
Figure 4. Rendering on saturated brick of mortar containing (a) 0.50% starch, 0.75% SP, 20% MK and 
10% 18PCM (frontal); (b) 0.50% starch, 0.75% SP, 20% MK and 10% 18PCM (side face); (c) 0.50% 
starch, 0.75% SP, 20% MK and 20% 29PCM (frontal); (d) 0.50% starch, 0.75% SP, 20% MK and 20% 
29PCM (side face). 
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Table 1. Compositions for PCM-free and 24PCM-bearing renders and their fluidity and adhesion test. 
 

PCM-free 24PCM 
Render CTRL- 

1 
CTRL- 

2 
24PCM- 

1 
24PCM- 

2 
24PCM- 

3 
24PCM- 

4 
24PCM- 

5 
24PCM- 

6 
PCM  
(wt. %) 0 0 5 5 10 10 20 20 

SP 
(wt. %) 0.6 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

MK  
(wt. %) 0 20 0 20 0 20 0 20 

Starch 
 (wt. %) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 

Air lime  
(wt. %) 21.7 21.7 21.7 21.7 21.7 21.7 21.7 21.7 

Calcitic sand 
(wt. %) 78.3 78.3 78.3 78.3 78.3 78.3 78.3 78.3 

Water  
(wt. %) 25 25 25 25 25 25 25 25 

Slump  
(mm) 182 180 177 177 175 171 161 164 

Qualitative 
evaluation of 
rendering  
(0-3) 

0 0 0 0 0 0 0 1 

 

Table 2. Compositions for 18PCM-bearing renders and their fluidity and adhesion test. 

  18PCM 

Render 18PCM-1 18PCM-2 18PCM-3 18PCM-4 18PCM-5 18PCM-6 

PCM (wt. %) 5 5 10 10 20 20 

SP (wt. %) 0.75 0.75 0.75 0.75 0.75 0.75 

MK (wt. %) 0 20 0 20 0 20 

Starch (wt. %) 0.50 0.50 0.50 0.50 0.50 0.50 

Air lime (wt. %) 21.7 21.7 21.7 21.7 21.7 21.7 

Calcitic sand (wt. %) 78.3 78.3 78.3 78.3 78.3 78.3 

Water (wt. %) 25 25 25 25 25 25 

Slump (mm) 178 173 189 175 183 195 
Qualitative evaluation of rendering  
(0-3) 0 0 0 0 1 1 
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Table 3. Compositions for 29PCM-bearing renders and their fluidity and adhesion test. 

  29PCM 

Render 29PCM-1 29PCM-2 29PCM-3 29PCM-4 29PCM-5 29PCM-6 

PCM (wt. %) 5 5 10 10 20 20 

SP (wt. %) 0.75 0.75 0.75 0.75 0.75 0.75 

MK (wt. %) 0 20 0 20 0 20 

Starch (wt. %) 0.50 0.50 0.50 0.50 0.50 0.50 

Air lime (wt. %) 21.7 21.7 21.7 21.7 21.7 21.7 

Calcitic sand (wt. %) 78.3 78.3 78.3 78.3 78.3 78.3 

Water (wt. %) 25 25 25 25 25 25 

Slump (mm) 179 195 190 211 214 194 
Qualitative evaluation of rendering  
(0-3) 0 0 0 0 0 0 

 
All mortars showed complete adhesion to the substrate and no (or at most minimal) cracks were 
formed. In addition, all consistencies were suitable for their application as a render (no slippage).  
 

 

Figure 5. Fluidity values (slump measured in the flow table test) of the different renders. 

As it is shown in Figure 5, the bio-based 29PCM increases in general the fluidity of the render, 
even with the highest percentages assayed (20%). This could be due to the PCM particle size, 
spherical shape and a subsequent ball-bearing effect. 
Fresh state tests results are included in Tables 4-5. 

100

120

140

160

180

200

220

0% 5% 10% 20% 5% 10% 20% 5% 10% 20%

PCM-free 24PCM 18PCM 29PCM

Sl
um

p 
(m

m
)

0% MK
20% MK

641



6th Historic Mortars Conference 

21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 
 
Table 4. Fresh state tests results of PCM-free renders and renders containing 24PCM. 

  PCM-free 24PCM 

Render CTRL-1 CTRL-2 24PCM-1 24PCM-2 24PCM-3 24PCM-4 24PCM-5 24PCM-8 
Stiffening time 
(min) 1157 1305 1211 1168 1392 1540 1432 1295 

Paste density 
(kg/L) 1.94 1.94 1.83 1.83 1.85 1.83 1.79 1.78 

Entrained air 
(%) 4.3 2.4 6.3 7.2 7.0 6.4 7.0 5.6 

Water 
retentivity (%) 95.9 95.6 95.2 93.1 93.1 93.7 92.2 94.8 

 

Table 5. Fresh state tests results of mortars containing 18PCM and 29PCM. 

 18PCM 29PCM 

Render 
18PCM-

1 
18PCM-

2 
18PCM-

3 
18PCM-

4 
18PCM-

5 
18PCM-

6 
29PCM-

1 
29PCM-

2 
29PCM-

3 
29PCM-

4 
29PCM-

5 
29PCM-

6 

Stiffening 
time (min) 1119 1306 1580 1341 1769 1377 1397 1179 1047 1212 1277 1185 

Paste density 
(kg/L) 1.95 1.93 1.93 1.94 1.89 1.89 1.90 1.89 1.89 1.91 1.87 1.85 

Entrained air 
(%) 2.2 2.8 1.7 1.7 1.1 3.0 4.3 6.0 5.2 4.5 6.0 5.6 

Water 
retentivity 
(%) 

93.5 94.3 92.3 95.0 93.1 93.4 96.9 93.7 93.7 94.9 92.7 94.3 

 
Generally, as it is shown in Tables 4-5, due to the use of different additives, stiffening time, 
entrained air, paste density and water retentivity are not dramatically affected by the addition 
of any of the PCMs in any percentage.  

3.3 Mineralogical characterization (XRD) 
X-ray diffraction patterns of the PCM-free renders at 28 and at 91 days of curing are shown in 
Figure 6. The progress of the carbonation process is observed since the intensities of the 
characteristic peaks of portlandite (PDF 44-1481) decay while the intensities of the characteristic 
peaks of calcite (PDF 05-0586) increase. These variations are subtle since the curing days are not 
far apart. In addition, it is possible to observe quartz (PDF 33-1161) coming from the pozzolanic 
agent. The C-S-H phases resulting from the pozzolanic reaction are hardly distinguished due to 
their amorphous nature [6]. 
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Figure 6. XRD patterns of the PCM-free renders. 

The XRD patterns of the Phase Change Materials are displayed in Figure 7. The halo between 10ᵒ 
and 30ᵒ 2Ɵ show in 18PCM’ diffractogram is due to its amorphous condition. The sharp 
diffraction peaks shown in 24PCM pattern correspond to a paraffin wax (PDF 53-1532) and to 
the melamine-based microcapsule (PDF 02-0164). 29PCM datasheet does not include 
composition information. However, bio-based PCMs are usually organic fatty acid esters made 
from underutilized and renewable raw materials, mainly animal fats and vegetable oils [14]. 
 

Figure 7. XRD diffractograms of the PCMs. 
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Percentages of portlandite (Ca(OH)2, PDF 44-1481) present for each render at each curing day 
are included in Table 6. It is observed that the amount of portlandite decreases with the age of 
curing, evidencing the progress of carbonation. 
 
Table 6. Percentages of portlandite of the different renders calculated with XRD. 

Render Curing 
days 

Ca(OH)2 
(%) Render Curing 

days 
Ca(OH)2 

(%) Render Curing 
days 

Ca(OH)2 
(%) 

CTRL-1 
28 3.0 

24PCM-6 
28 3.9 

29PCM-1 
28 4.9 

91 2.7 91 3.3 91 3.5 

CTRL-2 
28 2.6 

18PCM-1 
28 3.0 

29PCM-2 
28 4.5 

91 2.5 91 2.6 91 3.3 

24PCM-1 
28 8.6 

18PCM-2 
28 4.4 

29PCM-3 
28 6.3 

91 4.6 91 3.4 91 4.8 

24PCM-2 
28 2.4 

18PCM-3 
28 3.3 

29PCM-4 
28 3.2 

91 2.3 91 2.1 91 2.4 

24PCM-3 
28 4.7 

18PCM-4 
28 3.2 

29PCM-5 
28 4.3 

91 3.1 91 2.2 91 2.5 

24PCM-4 
28 2.6 

18PCM-5 
28 3.8 

29PCM-6 
28 4.2 

91 2.3 91 3.5 91 3.1 

24PCM-5 
28 5.7       
91 5.0       

3.4 Compressive strength 
Compressive strength values of the mortars at 28 and 91 curing days are included in Figure 8. In 
general, the addition of the pozzolanic agent increases the compressive strength of the material. 
It is observed that the PCM addition does not severely affect the mechanical strength of the 
mortars. This is particularly true for the lowest percentage of PCM (5%). The 18PCM yielded, on 
average, the highest compressive strength values. For MK-free renders, the values were in 
general similar, or higher, than that of the control mortar. However, the presence of PCM was 
detrimental for the strength of MK-bearing renders compared to control mortar.  
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Figure 8. Compressive strength of renders at different curing times. 

3.5 Pore size distribution 
The effect of the PCM addition on the pore size distribution has been studied (Table 7). PCM-
free renders have shown a reduction in porosity and average pore size as the curing process 
progresses. This porosity reduction was sharper for MK-free control, in which the absence of 
pozzolanic reaction leads to increased carbonation.  
For PCM-bearing renders, an increase in the total porosity and in the average pore size as the 
percentage of PCM increases was generally observed. This increase could be due to the inherent 
porosity of the PCM and/or the possible generation of discontinuity with the conglomerate 
matrix (to be checked with SEM studies). 
In addition, the filling effect of metakaolin has been verified by comparing the PCM-free renders 
with and without 20% MK CTRL-1 and CTRL-2 [6]. This pattern was also observed with some 
mortars containing PCM, for example, 24PCM-3 (MK-free) and 24PCM-4 (20% MK) and 24PCM-
5 (MK-free) and 24PCM-6 (20% MK). 
 
Table 7. Porosity percentages and average pore diameter. 

Render PCM 
(%) Curing days  Porosity 

(%) 
Average pore 

diameter (µm) 

CTRL-1 
0 28 36.7 0.3543 
0 91 26.0 0.3335 

CTRL-2 
0 28 36.4 0.3222 
0 91 35.0 0.3043 

24PCM-1 
5 28 41.6 0.3276 
5 91 39.0 0.4176 

24PCM-2 
5 28 40.3 0.4530 
5 91 41.5 0.5434 

24PCM-3 
10 28 42.0 0.7033 
10 91 40.1 0.6936 
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24PCM-4 
10 28 39.7 0.5687 
10 91 38.6 0.5352 

24PCM-5 
20 28 44.1 0.9492 
20 91 39.5 0.7840 

24PCM-6 
20 28 35.9 0.5742 
20 91 38.9 0.5882 

18PCM-5 
20 28 36.4 0.4400 
20 91 34.1 0.5229 

  
Comparison of pore size distributions are included in Figure 10. It is shown how the unimodal 
distribution is maintained after the addition of the PCMs in every percentage. However, a shift 
of the main peak of the distribution together with changes in the area under the curve 
corresponding to the increase in mean pore size and total porosity are observed. 

In general, the variations in porosity are consistent with the compressive strength results 
(please, see 3.4 section). However, in some cases, an increase in mechanical strength is observed 
along with higher porosity (e.g. 24PCM-1). Further work will be necessary to study the 
microstructural interaction between the different rendering mortar’s components by SEM. The 
increase in porosity might be related to the inherent porosity of the PCM, while at the same 
time increasing by filling effect the compactness of the binding matrix, thus explaining the higher 
compressive strength. 

4 Conclusions 

Microencapsulated PCMs have been successfully incorporated in bulk into air lime-based 
rendering mortars. Furthermore, the composition of these mortars has been optimized 
considering their final application as building envelopes. Different chemical additives have been 

 

(a) (b) 
Figure 10. Comparison of pore size distribution of (a) MK-free renders containing 24PCM at 91 curing 
days; (b) Renders containing 24PCM and 20% MK at 91 curing days.  
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used to obtain workable, easily spreadable mortars with good adhesion and low cracking. 
Different quantities of a polycarboxylated-based superplasticizer have been adjusted to control 
the flowability of the paste. An adhesion booster (starch derivative) has been added to improve 
adhesiveness and to reduce crack formation.  Metakaolin as pozzolanic agent has also been 
included to improve the compressive strength performance.  
The fresh state results have shown that the addition of these additives can mainly affect the 
fluidity of the mortar, while the water retention, setting time, entrained air and paste density 
have not been greatly affected. The compressive strengths of the mortars have not been 
dramatically modified for the lowest dosage of PCM. The 18PCM yielded on average the highest 
strengths. Finally, the addition of PCMs resulted in an increase in porosity and in the average 
pore diameter compared to PCM-free renders. 
After the optimization of the composition of the mixes and due to the use of chemical additives, 
the incorporation of PCMs has been feasible and not detrimental to the properties of the render. 
Specific mix compositions have been ascertained for each one the renders as a function of the 
microencapsulated PCM type and its percentage. These renders have been demonstrated to be 
easily applicable. 
In a further work, the assessment of the thermal efficiency has been carried out to study the 
thermal behaviour of the PCMs. The use of models that imitate building envelopes might be also 
suggested as future achievement. 
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Abstract: Lime-based mortars are preferred in repairing interventions of Historic Masonries 

(HM), which are the bearing elements of old structures, since they are considered compatible with the 

existing mortars. In historic castles, towers and particularly in cases of thick mortar joints 

reconstruction, long term deformations are of great interest for the structural stability of the repaired 

monuments. The exposure of lime-based mortars to drying and sustained loading influences both 

phenomena of shrinkage and creep. In this experimental work, the behaviour of different composition 

mortars (based on hydrated lime, lime-pozzolan, hydraulic lime and lime+pozzolan+cement) have 

been studied under sustained load by using spring-loaded creep frames. 

The same types of mortars were also used for the masonry specimens with traditional roman type 

bricks in successive layers. All specimens, mortar prisms (4x4x16) cm and masonry specimens were 

placed in a moisture-controlled room of RH 55-65% and 20ο C temperature. Bricks and mortars’ 

compressive strength have been separately estimated by crushing proper samples. Deformations were 

recorded for more than 6 months because of drying and sustained loading. It seems that the strain 

measured is higher than in the case of cement-based mortars/ concretes. Furthermore, for thick joints 

the composition of mortar and its quality, expressed as compressive strength play a crucial role in the 

total deformation measured apart from the sustained load value. In addition, the rate of creep 

evolution and the order of creep magnitude are indicated. 

1 Introduction 

Creep deformations of Historic Masonry (HM) have been studied since the 70s [1]. During the decades 

80s and 90s, many research papers were published on this phenomenon since it was associated with 

the collapse mechanism of high and heavy HM of monumental structures such as Pavia Civic Tower 

(1989), Noto Cathedral (1996) [2-6]. Other researchers proceeded to predict the failure of HM by 

modelling creep deformations contributing to structural Analysis and behaviour of Historic Structures 

[7]. 

In [8-9], researchers have shown that the nature of creep phenomenon is related to internal 

movement of adsorbed or intercrystalline water to internal seepage to the outside of mortars since 

mortars/concrete from which all evaporable water has been removed exhibit practically no creep.  

Pohle et al. [10] mentioned in their very systematic work concerning Frauenkirche of Dresden “creep 

of historic masonry is determined exclusively by the mortar. The most significant creep comes from 

the joint mortar and depends on its thickness and type of mortar used”. 

649



6th Historic Mortars Conference 
21-23 September 2022, University of Ljubljana, Ljubljana, Slovenia 

 

Apart from external factors influencing creep, such as a direct proportionality between creep and 

applied stress, ambient relative humidity, age of loading and exposed area of the total area of the 

structure [9], in the case of brick masonry of historic structures the mortar’s characteristics play an 

important role to the long-term behaviour of masonry under sustained loading. The type of binder 

(i.e., hydrated lime, lime+pozzolan, hydraulic lime, lime+pozzolan+cement) and the water/binder 

ratio, by which the porosity of the matrix is mainly affected, are closely related to the strength 

development of the mortar and seepage of moisture available out of the binders’ matrix. In general 

lime-based mortars are “soft” and (relatively to cement-based ones) of high porosity. It is very 

vulnerable to the drying process, which leads to shrinkage and creep that co-occur under constant load 

and are measured as long-term deformations.  

The creep is influenced by the origin, total content, gradation and in particular the elastic modulus of 

elasticity of aggregates. The higher the modulus of elasticity of aggregates, the greater the restraint of 

creep offered to the mortar. As was shown in research [11], the presence of coarse aggregates in the 

lime-based mortar mixtures contributes to the considerable (up to 70%) reduction of the long-term 

deformations. This seems to justify why pebbles or coarse aggregates were used in the composition of 

joint mortars in castes and massive structures. 

Furthermore, by comparing creep deformations of mortars’ composition, which only differ in the 

presence of crushed brick as powder replacing pozzolan or as part of aggregates [11], it seems that 

brick powder or fine brick aggregates restrain both shrinkage and creep deformations.  

In reference [12], two mortar compositions of the same binding system, but in one of them half of the 

aggregate content was replaced by crushed brick, have shown considerably different time-dependant 

deformations. The mortar with crushed brick showed about half of the long-term deformation 

compared to the corresponding one without crushed brick.  

Considering, the high water retentivity of fine crushed brick or brick powder, it could be said that this 

component of mortars contributes to the restraint of long-term deformations.  

Reconstruction of missing parts, lacunae, or deep pointing with lime-based mortars is common in 

repairing old structures. In this paper, an effort was made to study the long-time behaviour of lime-

based mortar (without crushed brick powder) in which the water demand for a workability of 15±1cm 

(EN 1053-3) and water/binder ratio was reduced by using 1% by mass of binders superplasticizers of 

carboxylic basis.  

2 Experimental part 

The raw materials used for the experiments were: 

Binders:  

• Hydrated lime (powder) CL90 

• Hydraulic lime, NHL 3.5 

• Natural pozzolan from Milos Island ground to a fineness, 10% by mass retained on 45μm sieve. The 

reactivity of it with lime was checked according to ASTM C311-83. 
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Aggregates: 

• A mix of river siliceous sand containing 60% sand (0-4) mm and 40% of coarse sand (4-8) mm. the 

granulometric curve of the mix was even. 

Superplasticizer: 1% by mass of binders, superplasticizer of carboxylic – acid basis 

 

A traditional type of fired bricks of dimensions (30x15x3) cm were produced by a manufacturer and 

used for the making the masonry specimens after cutting them properly. The basic characteristics were 

tested, and the mean values of samples were: 

• Compressive strength 12.7 MPa 

• Flexural strength 5.42 MPa 

• Dynamic modulus of elasticity 6.18 MPa 

The preparation of the mortar mixtures followed the relevant EN Standards (EN 1015 series). A flow 

table of 15±1cm was adopted for the mortars that will be used as bedding mortars. The use of 

superplasticizer (1% by mass of binders for all compositions) allowed the achievement of water/binder 

ratios below 0.6 apart from 1(L) composition for which the w/b ratio was 0.93.  

A slight vibration of moulded specimens (4x4x16) cm was used to remove enclosed air during mixing. 

After demoulding (3-4 days after casting), the mortar specimens were placed in proper curing 

conditions as described in EN 459.  

The proportions of the mortar compositions are given in Table 1. Many mortar specimens were 

prepared to be adequate for testing their physical and mechanical characteristics such as porosity, 

specific gravity, flexural and compressive strength at 28d, 90d and 180d age. In addition, for long-time 

deformations testing two mortar specimens from each composition were placed after demoulding in 

a climate chamber (RH 65±5%, temp 20±2ο C) and their shrinkage was measured as dV/V (volume 

change) for 6 months.  

Two mortar specimens from each composition were placed in a specific metallic spring-type apparatus 

(following the description of ASTM C512-83) see Fig1, for measuring creep deformations under a 

sustained load equal to 30% of the mean value of their 28d compressive strength.  

In parallel, the traditional type bricks were properly cut into pieces, and four masonry specimens for 

each mortar compositions were made, layed as shown in Fig2.  

It must be noted that the brick pieces were embedded in water for some minutes and used surface 

dried for building the specimens. To estimate the sustained load for masonry specimens of each mortar 

composition, two of them at 90d age were crushed in compression and the mean compressive strength 

was defined.  

At 90d age, the masonry specimens were loaded with a sustained load equal to 40% of their mean 

value compressive strength for each mortar type, following ASTM C593 (2000) method.  
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Table 1. Mortar mixture compositions 

Materials 

Proportions 

Parts by mass 

1 (L) 2 (L+P) 3 (NHL) 4 (L+P+C) 

Hydrated Lime CL90 (L) 1 1 - 1 

Pozzolan milled retained 10% on 45μm sieve 

(P) 
- 1 - 0.7 

Hydraulic Lime NHL 3.5 (NHL) - - 1 - 

River sand (0-8mm) 2.5 5.0 2.5 5.0 

Superplasticizer 1% by mass of binders √ √ √ √ 

White cement CEM 52.5N (C) - - - 0.3 

Workability (cm) EN 1015-3 14 16 15 15 

Water/binder 0.93 0.58 0.53 0.59 

 

  

Figure 1. Apparatus for testing creep 
deformations. 

Figure 2. Masonry specimen with traditional type 
bricks and lime-based mortars. 

3 Results 

The basic properties of mortar compositions are shown in Table 2 as well as the ultimate volume 

change due to drying shrinkage. The changes in the volume of mortar specimens were measured by 

using digital calipers.  

Creep deformations of mortars were measured continuously by micrometers of high precision (0.001 

mm) and shown in Fig3. The compressive strength of masonry specimens at 90d age is given in Fig4, 

while the creep deformations of them up to 180 days have been plotted in Fig5. 
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Table 2. Basic properties of mortar compositions 

Mortar 

compositions 

90d 

Porosity % 

90d 

Specific 

gravity 

Compressive strength 

(MPa) 

Flexural strength 

(MPa) 

Ultimate 

volume 

change 

after 

180d 

(dV/V) 

28d 90d 180d 28d 90d 180d 

1 (L) 29.0 1.74 0.7 0.8 0.9 0.035 - - 0.030 

2 (L+P) 23.2 1.82 3.6 7.1 7.8 1.04 1.60 1.64 0.027 

3 (NHL) 22.7 1.90 4.1 8.6 8.7 1.05 3.00 3.13 0.022 

4 (L+P+C) 25.2 1.80 5.6 10.6 12.6 2.40 3.10 3.30 0.034 

 

 
Figure 3. Creep deformations of mortar compositions. 

 

 
Figure 4. Compressive strength of masonry specimens at 90-d age. 
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Figure 5. Creep deformations of masonry specimens built with mortar mixtures. 

4 Discussion 

Regarding properties of lime-based mortars in Table 2, it could be said that apart from pure lime 

mortars, the compressive strength of which remains below 1 MPa (90d 0.85 MPa), the other 

compositions developed at 28d adequate strength above 3.5 MPa while at 90d their strength reaches 

a value near the maximum measured at 180 days. As expected the stronger the hydraulic component 

of the binder, the higher the developed strength. The 90d porosity of mortars containing hydraulic 

component ranges from 22.7% to 25.2%, while the porosity for pure lime mortars is 29.0%. 

Regarding the ultimate volume changes, it seems that drying and the resultant volume changes that 

occur after the demoulding of mortars and up to 180d drying range from 2.2% to 3.4%, the higher 

value shown by composition of the ternary binding system (L+P+C). The evolution of changes is higher 

within the first 30-35 days after the exposure to climatic chamber conditions and then continue to 

increase slowly up to 150 days reaching the maximum of volume change. The highest volume change 

due to shrinkage was recorded by the mortar composition No 4 with L+P+C ternary binder. 

The creep deformations of mortar compositions were measured at 28d age by applying 30% of their 

28d compressive strength. During loading of the two pure lime mortar specimens, one of them was 

crushed, and then a lower load was applied to about 15% of mortars’ strength (instead of 30%). 

Furthermore, for the hydraulic lime mortars the deformations up to 60 days after loading were lost 

due to the detachment of the micrometer. Comparing the curves, it could be said that creep 

deformations of lime-based mortars without crushed brick but with superplasticizer are higher than 

that of cement-based mortars/concretes (300-800μstr) and range from 1200 to 4200 mstr. 

Regarding the masonry specimens 90d strength, the highest value was exhibited by specimens built 

with mortar of composition 4 (L+P+C) and was 9.82 MPa. The lowest strength of 2.51 MPa was that of 

masonry specimens with pure lime mortars. The applied load was defined to be 40% of the mean 

compressive strength for each pair of masonry specimens with mortars 1 (L), 2(L+P), 3(NHL), 4 (L+P+C). 

However, checking with load cells the sustained load it was found that the actual loading in the case 
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of 1 (L) and 2 (L+P) series was slightly lower and equal to the 30% of corresponding strength. Therefore, 

the comparison of creep deformations plotted in Fig5 was not possible since the proportionality of 

stress/strength was not kept the same for all specimens. However, the creep deformations developed 

in masonry specimens ranged from 1200-2400 μstrain. Problems with masonry specimens with pure 

lime mortars concerning their mechanical characteristics are often mentioned by researchers [13], as 

well as the disparity of the experimental results concerning creep deformations of masonry wallets 

with lime-based mortars [14]. However, parameters involved in relevant prediction models show a 

significant scatter to be trusted more than experimental results. 

5 Conclusions 

The creep deformations of mortars are higher than those of masonry specimens made with these 

mortars. This could be related to the exposure area of mortars to drying in masonry specimens  and 

stress/strength ratio. 

The issue that the lower strength lime mortars exhibit the higher creep deformation reported in 

literature was not confirmed in this research. The stress/strain ratio seemed to be an important 

influencial factor. 

The creep deformations of lime-based mortar modified with the addition of superplasticizer were 

lower than those referred to in literature and ranged from 1200-4200 μstrain while the masonry 

specimens with these mortars developed creep deformations up to 2400 μstrain. The order of creep 

magnitude is higher than that of cement-based mortars but lower than deformations mentioned in 

literature for lime-based mortars without the addition of superplasticizers.  

The rate of creep evolution is different in pure lime mortars compared with lime + pozzolan or 

hydraulic lime mortars. In the former, the evolution occurs in a short time, while in the latter much 

longer time is needed to reach final creep.  

The decrease of water demand for a required level of workability by using superplasticizers seems to 

result in the reduction of the long-time deformations of lime-based mortars.  
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Abstract: Commercially non-structural injection grouts often contain cellulose ether as an 

additive, mainly to modify the viscosity and stability of the grout. Nevertheless, in our previous field 

studies we observed mould growth after injection of commercial grout that contained methyl cellulose 

(MC) as an additive. Therefore, our objective was to determine the effect of MC on mould development 

after grouting of painted plaster layers. For this purpose, a painted panel sandwich model, simulating 

delaminated plaster layers, was inoculated with fungal strains isolated from various cultural heritage 

sites. After incubation (27 days), mould growth was assessed using Calcofluor white fluorescent 

staining. Our preliminary results show that during the incubation the moisture content on the surface 

of the dry part of the model increased steadily due to the high humidity in the chamber and the 

absorption capabilities of the porous plaster. Moreover, grouting increased the moisture content on 

the surface of the paint layer by ~10%. As a result, fungal stains EXF-15333 and EXF-15047 grew 

exclusively on the dry injected part of the surface (growth of 30 %) and no growth was observed on 

the dry non-injected part. Alarmingly, when the mortar was removed, it was revealed that the injected 

grout in the air pockets had not cured after 27 days. 

1 Introduction 

Cellulose ethers (CEs), namely ethyl cellulose (EC), hydroxyethyl cellulose (HEC), hydroxypropyl 

cellulose (HPC), carboxy methyl cellulose (CMC), methyl cellulose (MC) and ether mixtures: 

hydroxypropyl methyl cellulose (HPMC) and hydroxyethyl methyl cellulose (HEMC); are produced 

though chemical processing (sodium hydroxide) of ground cellulose derived from various plants [1]. 

They are mainly used as viscosity modifiers, plasticity modifiers and water retention agents, and they 

improve bonding and thickening [2, 3]. They play an important role in the technology of lime mortars, 

improving their compressive strength and adhesion, and extending the setting and hardening 

processes. In the mortar, they slow down the growth rate and crystallinity of CaCO3 crystals, producing 

a more compact lime mortar structure [4]. In addition, commercially available injection grouts often 

also contain cellulose ethers to provide some required properties to the grout, in particular, to change 

the viscosity and stability of the mass. Lastly, cellulose ethers are widely used in conservation and 

restoration, as a medium for pigments [5-7], as a consolidant [8] and for basketry [9], for relining 

canvas [10], as an adhesive for textiles [11, 12] and wallpapers [13-15].  

Steger et. al [16] reported that 33% of the examined CEs released harmful volatile organic compounds 

(VOC), which caused slight corrosion of at least one of the metal coupons in the Oddy test. The 
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corrosion compounds included oxides such as massicot, litharge, cuprite, and tenorite among 

carbonates (hydrocerussite, plumbonacrite), and acetates such as basic lead acetate, lead acetate 

trihydrate as well as lead format. During field surveys, we observed rapid indoor mould development 

on the painted ceilings and walls that had recently been consolidated with injection grout containing 

methyl cellulose (MC). To date, no published studies could be found that explain the observed 

biodegradation. Therefore, the aim of this work was to determine the effect of methyl cellulose in 

injection grout used to consolidate delaminated painted plaster layers on the development of surface 

mould. For this purpose, special panel sandwich models simulating delaminated plaster layers were 

used.  

2 Materials and methods 

2.1 Panel sandwich model and injection grout  

For the panel sandwich model, rough and fine lime plasters were used. The rough plaster was prepared 

from 1:3 slaked lime putty: coarse sand (0/4 mm) lime mortar, and the fine plaster from 1:2 slaked 

lime putty: fine sand (0/1 mm) lime mortar. Both mortars were mixed with a Hobart mixer for 180 

seconds. The slaked lime putty was 2 years old and contained about 51% water and 49% Ca(OH)2, and 

this was the only water used to prepare rough and fine plaster. 

The panel sandwich models were prepared following the instructions of Padovnik et al. [17] and 

Azeiteiro et al. [18], to simulate 5 mm high detachment of the fine plaster from the rough plaster by 

air pockets.  

Casein tempera with yellow ochre pigment was applied to the fine plaster of a three-year-old panel 

sandwich model to simulate a painted mural surface. The casein tempera was made from two parts 

fresh casein obtained from skimmed cow’s milk and one part slaked lime putty. The casein was mixed 

and dissolved in lime putty to obtain a sticky and dense emulsion, which was diluted with three parts 

of lime water.  The yellow ochre pigment was mixed with the liquid binder at a ratio of 60:40. The paint 

was then applied with a brush to a fine plaster layer (Figure 1).   

 

 
Figure 1. Panel sandwich model with casein paint layer. 

The grout mixture consisted of commercial hydrated lime of class CL 70-S (IAK, Kresnice, Slovenia) 

according to EN 459-1 [19], finely ground limestone (CALCIT, Stahovica, Slovenia) as a filler and two 

chemical admixtures. The admixtures used were polycarboxylate ether-based super plasticiser (PCE) 
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and hydroxyethyl methyl cellulose (HEMC) from Kremer Pigmente GmbH & Co KG, Germany (product 

name: Tylose MH). The properties of the HEMC used are reported in [20].  

The grout mixture in this study is based on the volume ratio of 1:3 (lime: filler) [21], which was 

converted into a weight ratio to obtain identical compositions of the tested grout (Table 1). The grout 

mixture was composed of 290 g lime, 1030 g filler, and 540 g water (water/binder ratio of 1.86). The 

content of superplasticiser and HEMC was equal to 1 % of the total mass of solids (lime + filler).  

First, the 1% HEMC solution was prepared. A certain amount of HEMC powder was slowly added to 

the water with constant stirring (water temperature ≤ 50°C) so that the HEMC dissolved completely. 

Then the solution was settled and cooled.  

The grout mixture was prepared using a KitchenAid mixer with a power of 300 W and a stainless-steel 

gate anchor blade. First, the lime and the filler were mixed. Then, 70% of the water with HEMC was 

added and mixed for 2 min at low speed (540 rpm). In the last 15 s of the low-speed mixing, the PCE-

SP and 30% of the water were added. Finally, each grout was mixed at high speed (1200 rpm) for 3 

min.  

The average values of wet density, mini-slump flow, bleeding after 3 hr and water retention capacity 

of the grout are shown in Table 1 [21]. The water retention capacity of the grout is high (98%), which 

means that the water in the grout is kept at the same level for an extended period, which is especially 

important when consolidating delaminated plaster layers under changing temperature and humidity 

conditions [22]. 

 

Table 1. Wet density (g/cm3); mini-slump flow (mm); bleeding after 3 hr (%) and water retention capacity (%) of 
the fresh injection grout with HEMC [21].  

 
Wet density 

(g/cm3) 
Mini slump 
flow (mm) 

Bleeding after 
3h (%) 

Water 
retention 

capacity (%) 

Injection grout with HEMC 1.32 203 0.4 98 

 

After the casein paint had dried for one month, the dry air pockets were injected with a syringe. The 

injected air pockets were sealed with tape to prevent air infiltration (Figure 3a).  

2.2 Fungal isolates 

Strains isolated from the following artefacts and environments were used to inoculate the surfaces of 

the prepared model samples: air in the depot of the restoration centre, oil paintings on canvas, an 

African wooden sculpture and an old baptism book (Table 2). All isolates are designated as EXF and 

were supplied by the Infrastructural Centre Mycosmo-Culture-Collection, Slovenia. All were grown to 

sporulation on malt extract agar (MEA, 30 g/L of malt extract (Sigma Aldrich) and 15 g/L of agar (Sigma 

Aldrich)) solid medium at 26°C. 
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Table 2: Five fungal strains isolated mostly from the interiors of cultural heritage institutions.     

Isolate 

designation 

Identified 
species 

Source Isolation 
procedures 

Identification method Collected by/ 
Reference  

EXF-9717 
Penicillium 

canescens 

Baptism book of 

the parish of 

Šmartena: Die 

ll:ma Baptizatus 

est Josephus (from 

around 1400 ad) 

Dilution plates (MEA) 

after swabbing as 

described by Jurjević 

et al. [23], and DNA 

isolation from 

colonies 

ITS (primers ITS1, NL4 

and ITS4) amplification 

and sequencing 

described in Sklenář et 

al. [24] 

P. ZalarA, M. 

MatulA (May 2014) 

EXF-15047 
Aureobasidium 

melanogenum 

Air in the depot of 

the RC of IPCHS 

Bio-aerosol 

impaction sampler as 

described by 

Peterson & Jurjević 

[25], plating on MEA 

and DNA isolation 

from colonies 

ITS (primers ITS1, NL4 

and ITS4) amplification 

and sequencing 

described in Sklenář et 

al. [24] 

P. ZalarA, M. 

MatulA (May 2014) 

EXF-7651 
Aspergillus 

destruens 

Oil painting on 

canvas of the NGS 

Dilution plates (MEA) 

after swabbing as 

described by Jurjević 

et al. [23], and DNA 

isolation from 

colonies 

ITS (primers ITS1, NL4 

and ITS4) and benA 

(primers Bt2a, T10 and 

Bt2b) amplification and 

sequencing described in 

Sklenář et al. [24] 

[24] 

EXF-15333 
Cladosporium 

halotolerans 

Oil painting on 

canvas (Vittore 

Carpaccio) from 

the RC of IPCHS 

Dilution plates (MEA) 

after swabbing as 

described by Jurjević 

et al. [23], and DNA 

isolation from 

colonies 

ITS (primers ITS1, NL4 
and ITS4) and Act 

(primers ACT-512F and 
ACT-783R) 

amplification and 

sequencing described in 

Sklenář et al. [24] 

P. ZalarA, M. 

MatulA (May 2014) 

EXF-15148 
Aspergillus 

creber 

Religious wooden 

sculpture from 

Mali, (first half of 

the 20th cent., 

SEM) 

Dilution plates (MEA) 

after swabbing as 

described by Jurjević 

et al. [23], and DNA 

isolation from 

colonies 

ITS (primers ITS1, NL4 

and ITS4) and benA 

(primers Bt2a, T10 and 

Bt2b) amplification and 

sequencing described in 

Sklenář et al. [24] 

P. ZalarA, M. 

MatulA (May 2014) 

Restoration Centre (RC) of the Institute for the protection of Cultural Heritage of Slovenia (IPCHS); Slovene 
Ethnographic Museum (SEM); Internal transcribed spacer (ITS); β-tubulin (benA); Actin (Act); and Infrastructural 
Centre Mycosmo-Culture-Collection, Slovenia (EXF, https://www.ex-genebank.com/).  AMicrobiology, 
Department of Biology; Chair of Molecular Genetics and Microbiology, Večna pot 111, Ljubljana, Slovenia. 

2.3 Inoculation of the painted injected mortar plate  

Spores of fungal monocultures on MEA plates were collected and stored at 4 oC in skimmed milk (1 

mL) which was instantly dehydrated by mixing it with 10 mL of anhydrous granular silica gel. Prior to 

mixing, the latter was dry-heat sterilised at 175 °C for 2 h in 15 mL glass vials [26], turning it into yellow 

granules. To prepare for the inoculation, 0.5 mL of granules containing spores were suspended in 0.5 

ml of Milli-Q water, and spore count was determined under the microscope Zeiss LSM 800 using a 

standard Bürker-Türk counting chamber (hemocytometer) [27]. The final spore concentration was 

adjusted to around 1x107 spores/mL by additional dilutions in Milli-Q water.  
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For final inoculation, the painted mural surface was divided into a grid of 1.5 cm x 1 cm squares (Figure 

2). Then, the spore suspension was applied to the entire surface of an individual square using a sterile 

brush. Each fungal strain was inoculated on 3 separate squares and two surface (Figure 2) ─ on the dry 

injected and dry non-injected parts.     

 
Figure 2. Divided area for the application of spore suspension. 

After that, the sandwich model was placed in a container with the paint layer facing up. Prior to that, 

the bottom surface of the container was covered by a 3 cm layer of distilled water; the distance 

between the water level and the paint layer was 20 cm. The container was subsequently covered by a 

glass panel (Figure 3b). Constant temperature (23.7±2°C) and relative humidity (95±3 %) were 

maintained inside the container, which was placed in a dark room. The entire inoculation period of the 

samples spanned over 27 days.   

 

 
 

(a) (b) 
Figure 3. Injected air pockets are sealed with tape to prevent air infiltration. (b) The panel sandwich model in a 

special container. 
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Figure 3. Temperature and relative humidity in the container. 

 

2.4 Measuring the surface moisture content  

The moisture content on the surface of the paint layer of the dry parts was measured after grouting 

using two moisture meters (Table 4):  

• Extech Moisture Hygro-Thermometer MO300 (Sensor 1) with sensor Ahlborn Almemo FH A696- 

MF. The results of the measurements are given in % and represent the mass fraction of water in 

the material. 

• Humidity meter Humidcheck CONTACT 30.5503 (Sensor 2); as a result of the measurement, 

relative values are obtained and converted into a descriptive estimate or water content in percent 

using the correlation table. 

2.5 Mould growth analysis using fluorescent microscopy  

The exact percentage of inoculated mould formation on the surface of the painted mortar plate (within 

a particular grid square) was determined using the fluorescent microscope analysis. Firstly, each grid 

square had to be separated/isolated, using a hammer and a scalpel. The resulting pieces were then 

fixed onto a microscope glass slide using a Fimo polymer clay (Staedtler Mars GmbH & Co. KG, 

Germany) so that their painted surfaces faced upwards and were completely aligned with the ground 

surface. 

Then the pieces were stained using a fluorescent dye Calcofluor White, which specifically binds to the 

chitin cell wall of the mould (Figure 2). For this purpose, 50 µL of dye Calcofluor White, previously 

mixed in a 1:1 ratio with 10% KOH, was pipetted onto the pained surface and cover glass was applied 

on top. Staining was analysed using the Zeiss LSM 800 confocal fluorescence microscope with a 

fluorescence filter with a maximum emission of 460 nm and a magnification of 50x. The individual 

images for each slide were analysed with an opensource image processing package of ImageJ called 

Fiji (version 1.52c) [28], to obtain the mould surface coverage using a triangle method and an ImageJ 

measuring function [29]. The images were converted to binary format with a black background and 
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white biofilm, with an automatically determined threshold value separating the biofilm from the 

background. Visual noise was removed from all the images in the set, using the “despeckle” function. 

Considering the entire field of view of the image, we then calculated the mould surface coverage 

percentage using the "measure" function, and from 3 images the average percentage of coverage was 

calculated (Figure 4). 

 
Figure 4. Fluorescent microscopic photographs used to determine the percentage of mould surface coverage. 

A: original photograph; B: black and white 8 bit photograph; C: boundary focus determination between the 
mould and the background; D: binary format with black background and white mould; E: inverted image; and F: 

noise removal. 

3 Results and discussion  

Regardless of the experimental conditions, the optical and fluorescent microscopic investigations 

revealed no surface growth for fungal isolates EXF-9717, EXF-7651 and EXF-15148. However, isolates 

EXF-15333 and EXF-15047 grew well on the dry injected part of the painted mural surface (Figures 5, 

6, 7, and 8), reaching 28.6 % and 30.4 % of surface mould growth coverage, respectively (Table 3). 

No mould growth was observed on the dry non-injected part of the painted mural surface for these 

two isolates. From the obtained results, it can be concluded that HEMC injection has a profound effect 

on surface mould development, since it elevates the moisture content of the dry part from 4.2 % to 

13.5 % 10 min after grouting (Table 4). Since a high constant moisture content in a substrate is a major 

growth-limiting factor for fungi, this elevation directly sustains mould development throughout the 1 

month incubation period , which ranges from 16.2 to 22.5 % (Table 4). The positive effect of HEMC on 
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mould development was observed in the field when grout injecting was performed with commercial 

mix grout containing methyl cellulose as an additive (Figure 9).     

 

  

(a) (b) 
Figure 5. Optical microscopy of the surface area within each individual grid square pre-inoculated with EXF-

15047: a) dry injected part; and b) dry non-injected part. The scale bar is 100 µm. 

 

  

(a) (b) 
Figure 6. Optical microscopy of the surface area within each individual grid square pre-inoculated with EXF-

15333: a) dry injected part; and b) dry non-injected part. The scale bar is 100 µm. 
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(a) (b) 
Figure 7. Fluorescent microscopy of Calcofluor White stained surface area of each individual grid square pre-

inoculated with EXF-15047: a) dry injected part; and b) dry non-injected part. The scale bar is 200 µm. 

 

  

(a) (b) 
Figure 8. Fluorescent microscopy of Calcofluor White stained surface area of each individual grid square pre-

inoculated with EXF-15333: a) dry injected part; and b) dry non-injected part. The scale bar is 200 µm. 

 

Table 3. Area of mould surface growth (%) within each individual grid square pre-inoculated with 5 different 
fungal isolates. Surface growth was calculated from fluorescent images captured after Calcofluor White staining.  

 Area of mould surface growth (%) 

Dry injected part Dry non-injected part 

EXF-15333 28.6 ± 2.6 0.0 

EXF-15047 30.4 ± 1.3 0.0 

EXF-9717  0.0 0.0 

EXF-7651 0.0 0.0 

EXF-15148 0.0 0.0 
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Figure 9. Mould growth after injection of commercial grout containing methyl cellulose as an additive. 

Table 4 shows that the injected part had a much higher moisture content on the painted surface than 

the non-injected part 10 minutes and 27 days after grouting. It is, therefore, clear that grouting 

increases the moisture on the surface of the paint layer.  

 

Table 4. Moisture content on the surface of the paint layer 10 min and 27 days after grouting.   

 

The comparison of moisture content values 10 minutes and 27 days after grouting shows that after 27 

days, the values of the moisture content on the surface of the dry non-injected part increase due to 

the high humidity in the container (Figure 3) and the moisture absorption by the porous lime plaster. 

However, high humidity in the container leads to much higher moisture on the paint layer for the 

injected parts. In addition, when the paint layer with the fine mortar was removed for the analysis of 

mould growth, we could see that the injected grout in the air pockets was still wet after 27 days. The 

main reason for this is probably the high water retention of the grout (Table 1), which means that the 

water remains in the grout for a long time in an environment of high humidity.  

4 Conclusions  

The preliminary results presented allow the following conclusions:  

• Grout with HEMC has a high-water retention capacity, which means that water is retained in the 

grout for an extended period, and the grout cannot harden, especially when the humidity of the 

environment is high; thus porous plaster can constantly absorb water from the air.  

• Grouting increases the moisture content on the surface of the paint layer by ~10%.  

• The fungal stains EXF-15333 and EXF-15047 grew only on the dry injected part of the surface 

(growth of 30 %). 

• No growth was observed on the dry non-injected part. 

 Sensor 1 (%) Sensor 2 Sensor 1 (%) Sensor 2 

10 min after grouting  After 27 days  

Dry injected part 13.5 Wet (2.9 %) 16.2 Wet (3.7%) 

Dry non-injected part 4.2 Dry (0.8 %) 11.5 Half-dry (2.1 %) 
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However, a more extensive testing campaign with different grout compositions and moisture 

conditions is required for the future. 
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