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Abstract: Earthen architecture, even though still very present today, lacks meticulous
research, especially in Croatia. Therefore, the aim of this research is to gain new insight on
seismic behaviour of rammed earth walls. To accomplish that, two rammed earth walls were 
built using traditional techniques. In addition to that, preliminary numerical models were 
made using ANSYS (v. 2020 R2) software to predict load required for demolition of walls
by pull down method. It was observed that out of two walls, built with 10 cm difference in 
thickness, the thicker wall achieves higher out-of-plane bearing capacity, of around 16 kN,
while the thinner wall achieves out-of-plane bearing capacity of around 10.5 kN. Moreover, 
contrary to the initial opinion, thicker wall exhibited plastic behaviour at lower horizontal 
displacement. Therefore, it was observed that the thinner wall endured 20 % higher inter-
storey drift (IDR) before experiencing plastic behaviour. However, further numerical 
modelling and experimental testing of rammed earth walls are necessary.  
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1. Introduction 

According to Gomes et al. (2014), more than half of the 
earthen houses. Moreover, earthen architecture is located in both more or less seismically 
prone areas (Arrigoni et al. (2018); Arslan et al. (2017); Bui et al. (2011); Jaquin et al. 
(2009); Kraus et al. (2020); - ; Momin et al. (2021); Peri
(2021); 1a); Shrestha et al. (2020); Zhou & Liu (2019)).

Earth-building techniques include adobe (Aguilar et al (2019); Momin et al (2021);
Niroumand et al (2013)), cob (Hamard et al (2016); Vinceslas et al. (2016)), compressed 
earth block (Hema et al. (2020); Mostafa & Uddin (2015); Sassu et al. (2018)) and rammed 
earth (Gomes et al. (2014); Jaquin et al. (2009); - .
However, this paper focuses only on walls built using unstabilized rammed earth 
technique.

Out-of-plane behaviour of rammed earth walls has not been widely examined yet. To the 
, merely five papers have been written on this topic to date. 

Hamilton et al. (2006) presented results from experimental testing of walls, with cyclic 
lateral force concentrated on top of the wall. Ciancio and Augarde (2013) tested out-of 
plane stability of walls subjected to
Wangmo et al. (2018) described experimental testing and numerical modelling of two 
rammed earth walls, one as part of an old rammed earth building and one newly made for 
purpose of experiment. Allahvirdizadeh et al. (2019) and Bui et al. (2020) conducted 
extensive numerical modelling of U-shaped rammed earth walls subjected to lateral load.
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Rammed earth walls are usually constructed inside wooden or metal formwork, where 
earthen material is poured in layers and compacted using manual or pneumatic rammers 
(Bui et al. (2014); Narloch & Woyciechowski (2020); Silva et al. (2018)). Process 
continues until desired wall height is reached. Later, the formwork can be removed and 
used at another construction site. The soil composition varies based on building location.
However, suitable soil always comprises clay, silt, and sand (Arslan et al. (2017); Bui et al. 
(2011); Gomes et al. (2014)). Clay is the most important part since it acts as natural binder
holding particles once the formwork is removed. 

Through the field research, the authors have observed a large number of earthen houses in 
Eastern Croatia. Despite being built in seismically prone area, over 100 years ago, a lot of 
those houses resisted the ravages of time and are still being used for housing or as 
outbuildings. However, no previous research on mechanical properties or seismic capacity 
have been conducted. Thus, this is the first research in Croatia dealing with assessment of 
seismic performance of earthen architecture. The aim of this research is to provide better 
understanding on the behaviour of rammed earth constructions through the combination of 
numerical and experimental techniques.

This paper presents building process of two rammed earth walls for assessment of out-of-
plane behaviour. In this phase, preliminary numerical models were made using ANSYS 
(v.2020 R2) software out-of-plane behaviour. The two walls were built 
with different thicknesses. Thus, the core assumption is that thicker walls can achieve 
higher load bearing capacity and endure greater horizontal displacements before beginning 
of plasticisation.

2. Building process

Two rammed earth walls were built by local experienced masons using traditional 
techniques. Walls were built inside of an industrial hall primarily for testing the air 
permeability and thermal conductivity of rammed earth. Thus, the walls were protected 
from natural weathering. After five months stored in the hall and in laboratory conditions
and after conducting all the necessary experiments regarding energy efficiency, walls will 
be tested by pull-down method to gain additional data. Walls were built using local soil
from Osijek. The soil used consists mostly of clay and silt (Figure 1).

Fig. 1. Grain distribution of soil
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Masons used 16 mm sieve (Figure 2a.) to prepare the material. Water was added by 
spraying the surface of the material (Figure 2b.) and mixing it on the ground using shovel.
Wet material was stored for 24 h in the hall before the building began.

a) b)
Fig. 2. Preparing material: a) sieving, b) adding water

Dimensions of the walls are demonstrated in Figure 3. The two walls were built in different 
thicknesses, in order to examine the influence of the thickness on their out-of-plane 
behaviour. At the beginning of the construction the formwork was risen to approximately 
half of the height of the wall (Figure 4.). Later more parts were added as the wall grew 
taller. 

a) b) 
Fig. 3. Dimensions of the walls: a) wall W-50, b) wall W-40
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Fig. 4. Formwork assembled before building the wall

For every layer, approximately 0.15 m3 of prepared material was added. Before ramming, 
the material was first evenly distributed within the formwork. Then masons walked over 
the distributed material before ramming it by using manual rammer. The ramming was 
performed using wooden rammer (Figure 5.) until the layer was firmly compacted, not 
showing eye-noticeable large deformations after further blows. Water was then sprayed 
over the surface, before adding material for the new layer. The thickness of finished layer 
varied from approximately 9 to 12 cm. 

Fig. 5. Rammer used for building walls

One week after completion of the walls, formwork was disassembled. The curing period of
one week was necessary to minimize the creep caused by great self-weight of the wall. 
Moreover, lateral supporting wooden elements were left after the formwork was 
disassembled, only to secure the stability of the wall.

3. Numerical models

Numerical models of the walls were made to predict their out-of-plane seismic behaviour 
before conducting the experimental testing in the next phase. Preliminary numerical 
models were made using academic version of ANSYS (v. 2020 R2) software. The models
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were defined having the same boundary conditions. Since the material properties are 
unknown in this phase, the properties shown in Table 1 were used.

Table 1. Material properties b)
Material property Symbol Value

Density d [kg/m3] 1969
Poisson's ratio v [-] 0,22

Modulus of elasticity E [MPa] 900
Compressive strength fc [MPa] 1.72

Tensile strength ft [MPa] 0.22
Cohesion c [kPa] 112.8

Friction angle [°] 45.5

The loading is planned at the upper third of the wall (Figure 6.). According to previous
research (Hamilton et al. (2006); Wangmo et al. (2018)) the fracture is expected at the 
lower third of the wall, closer to the base.

Fig. 6. Planned load placement at 2/3 hight of the wall

Numerical models were divided into the finite elements of 100 mm. Namely, the number 
of finite elements is limited when using academic licence of ANSYS software. To simulate 
the influence of out-of-plane loading, wall models were rigidly constrained at their base. 
Out-of-plane loading was defined using the displacement control of 1 mm/s. Figure 7
demonstrates the results of the conducted analysis for both walls. The behaviour of both 
walls subjected to out-of-plane loading is essentially the same, with difference in the
bearing capacity. 
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Fig. 7. Capacity curves of rammed earth walls

After meeting the peak force, slight drop in bearing capacity is exhibited. Model W-50
achieved peak force of around 16 kN, while model W-40 achieved peak force of around 
10.5 kN. Moreover, for model W-50, plastic behaviour begins at 2.5 mm of horizontal 
displacement, while for model W-40 plastic behaviour begins at 3 mm of horizontal 
displacement. Thus, the inter-story drift (IDR) at the beginning of plasticisation is 1.76 % 
and 1.47 %, for W-40 and W-50 respectively. 

As it was expected, W-40 has lower load bearing capacity in comparison to W-50. It was 
noted that 10 cm reduction in thickness results in 50 % lower load bearing capacity. In 
addition, even though it was expected that the thicker wall will endure higher level of 
horizontal displacement before the onset of plasticisation, W-50 in fact exhibited plastic 
behaviour at lower level of horizontal displacement and IDR when compared to W-40.

4. Conclusions

Earthen architecture makes up a large share of world building fund. In addition, during
field research, authors have discovered a large number of earthen houses in Eastern 
Croatia. However, their deteriorated state is accounted for lack of research and building 
standards in Croatia. The aim of this research is, therefore, to gain new insight on seismic
behaviour of rammed earth structures, especially on rammed earth walls built using 
traditional building techniques characteristic for Eastern Croatia. To comprehend that, two 
rammed earth walls, with different thicknesses, were built using the traditional building 
technique. Experienced masons used manual rammer to build the walls using local soil. To
predict the load bearing capacity employing the out-of-plane testing method, two 
preliminary numerical models of the rammed earth walls were made using the ANSYS 
software. As expected, thinner wall had lower load bearing capacity than the thicker wall. 
Namely, when reducing the thickness of the wall for 10 cm, the load bearing capacity 
reduces for about 50 %. However, even though it was expected for thinner wall to achieve 
plastic behaviour before the thicker wall (i.e. at lower level of horizontal displacement), 
that was not the case. Namely, it was observed that a 40 cm thick wall can endure almost
20 % higher level of IDR before experiencing plastic behaviour, when compared to 50 cm 
thick wall. Further investigation on the out-of-plane behaviour of rammed earth walls is 
still necessary to grasp better understanding on the behaviour of existing rammed earth 
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structures as well as to create the possibility on designing new rammed earth structures 
following specific guidelines and standards.
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