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SUMMARY: In Croatia, a great amount of buildings are built in masonry. The majority of them were built before the 

development of seismic codes and a lot of them are vernacular, unreinforced structures. As a result, many of these 

buildings need to be evaluated and, if needed, strengthened. Today, codes and guidelines for the evaluation and 

retrofitting of existing masonry structures do exist but are not very comprehensive and require a lot of engineering 

subjective judgement to implement. Furthermore, the problem lies in the complexity of implementing retrofitting methods 

since most of the masonry buildings are in use (private or public) during the strengthening. Besides that, a great number 

of buildings in Croatia (i.e. City of Dubrovnik) and around the world built in stone masonry have a great heritage value so 

the requirements made by conservators play a part in the methods used as well. An overview of the most commonly used 

methods of seismic analysis and strengthening are presented in this paper. The main objective of this paper is to 

comprehend, gather and compare different state-of-the-art principles of seismic retrofitting of structures focusing on stone 

masonry. Different approaches are analysed and compared in order to get closer to a unified method of evaluation and 

strengthening of existing structures. 
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1 INTRODUCTION 

Masonry is one of the pioneers in the field of civil engineering, as a material and as a construction system. Also, it is 

well established that masonry is one of the most commonly used materials in the world due to its construction simplicity 

and characteristics like fire resistance, sound and heat insulation and economic considerations. It is estimated that 

roughly 70% of the worlds building stock is built in masonry [1]. A similar estimation is valid for Croatia. In addition, 

Croatia is very famous for the great number of stone masonry buildings that have immense cultural significance and high 

historical importance (i.e. Split, Dubrovnik). That alone is the reason why the assessment and rehabilitation of existing 

masonry structures must be conducted on a very high level. Most of these masonry buildings are vernacular, unreinforced 

structures built before the seismic codes were developed (1970’s) so a seismic evaluation and retrofitting are usually 

needed. The best indication of that is the fact that in the building sector in Croatia, it is recognized that up to 40% of the 

expenses are spent for the rehabilitation, modification and demolition of existing structures (see Figure 1) [2]. However, 

this issue is much more layered than this. In the last decade enormous sums of money were spent on the energy 

renovation of the EU building stock [3]. The same period was filled with very strong earthquakes throughout Europe that 

resulted in loss of human lives, severe damage of masonry and concrete structures and great economic losses. 

Moreover, structural damage was identified on a number of buildings which had already undertaken energy efficiency 

upgrades [3]. Therefore, it is clear that seismic retrofitting should be a priority in the renovation and modification of 
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existing masonry structures. It should also be mentioned that the problem lies in the complexity of implementing 

retrofitting methods for masonry buildings since most of them are in use (public or private) during the strengthening. 

Finally, as has already been stated, a fair amount of these buildings are built in stone masonry with great cultural value so 

requirements made by conservators should be fully met [4], [5]. In the following chapters an overview of the most 

commonly used methods of seismic retrofitting of masonry structures shall be presented, with an insight into some new 

and attractive methods and ideas. The methods will be compared and discussed throughout the paper with the main 

objective of getting closer to a unified method of evaluation and strengthening of existing masonry structures. 

 

Figure 1: Investment in the renovation of Croatian national building stock [2] 

2 RETROFITTING METHODS WITH METAL (STEEL) ELEMENTS 

As a material, stainless steel has been used in the field of reinforcement and stabilizing of structures since the 1920’s 

[6]. In recent years, the engineering community has paid more attention to FRP reinforcement than to steel reinforcement 

even though the latter has been in the market for quite some time and had a great number of applications. The initial cost 

of steel and the stronger commercialization of FRP are the strongest reasons for this problem [6]. However, great 

mechanical properties, reversibility of the methods and the limited mass addition of retrofitting interventions using 

stainless steel are very positive arguments that are making stainless steel a subject of great interest in the construction 

community, especially in the field of cultural heritage preservation [4]. The first methods that are going to be shown are 

based on the different use of stainless-steel profiles (bars). The simplest earthquake resistant technique is the installation 

of stainless-steel profiles in the corners of stone masonry structures where two walls meet. The edges of the steel profiles 

are bent at the end and inserted into pre-drilled holes (Figure 2 a)) [7]. The second method known as the “Reticulatus 

system” consists of the insertion of stainless-steel cords in the mortar joints that have been stripped to a depth of 40-60 

mm. After that the cords are embedded with new mortar and connected with transverse stainless-steel solid bars (5-8 mm 

diameter) in both vertical and horizontal direction forming a mesh of sorts (Figure 2 b)) [6]. Since the “Reticulatus method” 

can be performed from the outside of the building it should be recognized that this method can have a very good 

application in the reinforcement of stone masonry structures with high cultural and historical value that are in private or 

public use during the strengthening.  

                

Figure 2: a) Bent stainless steel profiles [7]; b) “Reticulatus system” [6] 
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A similar method to the “Reticulatus system” is the “CAM” system (Active Confinement of Masonry) that is formed from 

stainless-steel ribbons distributed in a mesh pattern that are used as tie rods opposing to the deformation and 

disconnection of wall panels. The application of these ribbons requires drilling of small transverse holes in the wall (Figure 

3) [6], [8]. Besides ribbons, an actual stainless-steel mesh can be used as well. On each face of the wall a steel mesh is 

placed, linked through transverse connectors with additional steel plates that are used in corners or openings. The plates 

are connected by  screwed rods to provide an effective link between crossing walls (Figure 4) [9], [10]. 

 

Figure 3: Stainless-steel system using ribbons, plates and angular elements [8] 

 

Figure 4: Stainless-steel mesh with corner reinforcement [9] 

After the “mesh pattern” systems, some different methods using steel must be mentioned. One of the most commonly 

used methods that could almost be categorized as traditional is the use of metallic tie rods in a diagonal pattern [11]. This 

method is quite a suitable alternative since it is very cost effective and produces an increase in ductility capacity and 

energy dissipation. A similar, more up to date method, consists of stainless-steel strips that are placed in a diagonal 

pattern from the outside of the building. The method is conducted in a number of steps with the first being the removal of 

existing plaster. After that, the mortar joints are striped and repointed with new mortar and holes are drilled. The next step 

is to apply the stainless strips which are then fixed with steel nuts (Figure 5) [4]. Both of these methods can be applied 

from the outside of the building which is a great pro but on the other hand the façade will not stay intact because the 

reinforcement is quite visible. A fairly less known method is the use of stainless-steel cords that are embedded in either 

epoxy or mortar. The method is very simple and elegant and can be used for historic masonry structures. The method is 

shown in the picture (see Figure 6) [12]. In the end, specifically for stone masonry buildings with cultural value, different 

types of metal anchors (Figure 7) [13] and steel clamps and bolts (Figure 8) [14] can be used.   
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Figure 5: Stainless-steel strips [4] 

        

Figure 6: The application of stainless-steel cords [12] 

 

Figure 7: Different types of bonded anchors [13] 

 

                                    a)                                                              b)                                                                c) 

Figure 8: a),b) Steel clamps [13] c) Steel bolts [14]  
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3 RETROFITTING METHODS USING DIFFERENT TYPES OF MORTAR 

As an infill and a binding element for stones, bricks and concrete masonry, mortar was already used in the ancient 

times when it was usually made from clay or mud. Throughout the years a great number of different variants of this 

binding material were invented (ordinary Portland cement mortar, polymer cement mortar, lime mortar etc.). Today, there 

are different types of mortar with high quality characteristics that can be used in the field of retrofitting and strengthening 

of masonry structures. Therefore, the focus is set on some new and different methods that are used for this purpose. 

Most commonly known as ECC, engineered cementitious composites are used as a retrofitting technique for improving 

the performance of unreinforced masonry structures. They can be defined as a type of cement composite reinforced with 

synthetic fibres (usually polymer fibres). When loaded by a tensile force, they exhibit a strain-hardening characteristic 

which significantly enhances the behaviour of structures under seismic loads adding both high tensile strength and 

ductility [15], [16]. Besides ECC, a similar type of mortar is available in today’s market. FRCM or Fibre Reinforced 

Cementitious Matrix combines a high performance sprayable mortar with a fibre grid that create a thin layered system 

[17]. The biggest upside of this system is the lack of additional weight or volume to the existing structure. The two most 

frequently used types of FRCM should be differentiated depending on the type of fibre used in the system. Glass [18][19] 

(Figure 9 a)) and carbon [20] (Figure 9 b)) FRCM are the ones mostly associated with masonry structures. FRCMs are 

actually a particular part of Textile Reinforced Mortars or TRMs [20]. TRM consists of textile fibre reinforcement (with 

open-mesh configuration) combined with inorganic matrices (i.e. cementitious mortars) [3]. It is used as a strengthening 

and a retrofitting material for masonry structures based on high strength-to-weight ratio, minimal invasiveness, 

applicability at low temperatures, resistance at high temperatures, vapor permeability, easy and safe application for 

workers and most importantly chemical and mechanical compatibility with various masonry substrates and reversibility for 

heritage structures [21]. The use of TRM in masonry structures provides strengthening for axial loads, in-plane shear or 

flexure and out-of-plane flexure [21]. 

             

                                                             a)                                                    b) 

Figure 9: a) Glass fibre mesh [19] b) Carbon fibre mesh [20] 

4 RETROFITTING METHODS USING FRP 

In Fibre-Reinforced Polymers or FRPs a polymeric matrix of organized long fibres (one- or multi-directional) are 

arranged to create a composite material [22]. A sufficient bond with a masonry substrate is achieved through an organic, 

commonly epoxy agent [21]. The fibres provide high tensile strength while the agent (matrix) provides a dual role of 

protecting the fibres against the environment and transferring the stresses from the masonry to the fibres [22]. It should 

be stated that FRP, as a strengthening technique for buildings with cultural and historical value, is very appropriate since 

it is reversible, low weight, not time consuming and does not affect the aesthetics of buildings [23]. FRP products used for 

strengthening and retrofitting that are commercially available come in different forms like bars (rods), laminates (strips), 

meshes and tendons [1]. The differentiation between basic types of FRP is the material from which the fibres are made 

[1]. The three basic types are Glass (GFRP) [22]–[26], Aramid [22] and Carbon [22], [23], [25], [27], [28] fibres. When we 

talk about different methods of FRP reinforcement one of the most commonly used methods is based on using FRP strips 

(Figure 10 a)) [23], [26]–[28]. The basic idea is to polish the surface with a brush or high-pressure air on which the strips 

will be applied. The fabric of the strips is then soaked up with the epoxy resin and applied to the panel surfaces which 

were previously impregnated with the same resin [27]. The second method is based on reinforcing meshes made from 

FRP wires and epoxy resin (Figure 10 b)) [5], [24], [26]. The structural interaction between the masonry wall and the mesh 

is guaranteed by specific connectors (Figure 10 c)) [24]. 
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                                              a)                                                          b)                                                             c) 

Figure 10: a) FRP strips [26] b) FRP mesh [26] c) L shaped connectors inserted in the wall [26] 

A similar method to the mesh is the use of FRP sheets which are usually used for column confinement [22]. Also, a 

few very specific methods do exist. The use of carbon fibre rope is a technique very similar to the Near Surface Mounted 

Reinforcement (NSMR) technique used in RC structures. In this technique a braided carbon fibre rope is impregnated 

with an epoxy saturant and installed in prepared paths[29]. These pathways are created by cutting straight grooves 

running vertically through head joints and brick units (Figure 11 a)) and horizontally at bed joints (Figure 11 b)). After 

cutting and cleaning the grooves with compressed air, epoxy primer is applied. After installing the reinforcement, another 

layer of epoxy adhesive is applied to fully surround the FRP carbon fibre rope [29]. Last but not least is the sprayed-FRP 

method that has showed great promise in the field of seismic strengthening of both masonry and RC structures [30]. 

      

                   a)                                                                                                b) 

 

Figure 11: a) Installation of Carbon Fibre Rope as Vertical Reinforcement [29] b) Installation of Carbon Fibre Rope in Bed Joints 

[29] 

5 SPECIFIC RETROFITTING METHODS  

In this section a couple of specific methods, that haven’t been classified before, will be dissected. The first method is 

very simple. It is based on building a wall that is parallel to an existing single-leaf wall. The two walls are then bonded with 

each other using a mortar joint merging them into a unified double-leaf wall [31]. The second method is similar to the 

˝Reticulatus method˝ that was described in section 2 of this paper. Hybrid ˝Reticulatus˝ technique is a combination of the 

previously mentioned ˝Reticulatus method˝ and GFRM jacketing [24]. The technique is consisted of a continuous mesh 

made from stainless steel cords inserted into the mortar. The cords are arranged in the vertical and horizontal directions 

to form a mesh whose size typically depends on the dimensions of the stone elements. The intersecting nodes of these 

cords are then connected to the opposite face of the masonry wall by means of transverse stainless steel bars that are 

able to provide a full interaction between the cords and the specimen (see Figure 12) [24]. In the end, a series of 

traditional methods are shown in [32], [33] as well as various materials that are used in forming a mesh that is suitable as 

an effective strengthening technique [34].  
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Figure 12: Hybrid ˝Reticulatus˝ strengthening technique [24] 

6 CONCLUSION 

As it was already stated, it is quite complicated to fulfil all the requirements that are set for the seismic retrofitting of 

existing masonry structures, especially for those that are built in stone. The first criterion is of course the financial aspect. 

The stainless-steel retrofitting methods and the ones using simple mortar still have an edge over FRP and FRCM 

methods even though it should be mentioned that the price of these products has severely dropped in the last few 

decades. On the other hand, if future costs are taken into consideration, corrosion does not affect FRP products which is 

very important when talking about future renovations and restauration. Also, the lower weight of FRP products and the 

easier manoeuvring at the construction site are great pros for these types of retrofitting methods. The possibility of 

conducting a retrofitting method while a building is in use should also be taken into consideration. With all of this said it is 

quite difficult to say which type of method should be used in seismic retrofitting of existing stone masonry structures, but a 

couple of them should be highlighted. The application of stainless-steel cords is quite interesting because no invasion in 

the interior of the building is needed, it is quite elegant and simple, and the financial aspect is satisfactory. A similar 

method is the use of Carbon Fibre Rope as a reinforcement with the possibility of retrofitting in vertical and horizontal 

direction as its best characteristic. Both methods are not that invasive with the façade practically staying the same which 

is extremely positive especially for buildings with high cultural value. For simple stone masonry structures the Hybrid 

˝Reticulatus˝ technique should also be considered. In the end, it should be established that the field itself is going in the 

right direction, with more and more of new and inspiring methods being invented and tested that are slowly but surely 

replacing the traditional methods in seismic retrofitting.  
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