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Abstract 

The intent of this paper is to numerically simulate the in-plane behaviour of rammed earth walls under cyclic 

shear-compression tests. The experimental testing allowed obtaining the maximum horizontal loads, the 

displacement capacity and the level of non-linear behaviour of the respective load-displacement relationships 

as well as the failure modes. The calibration of the numerical model (finite elements method) was carried out 

using the experimental results. A micro modelling approach was considered. The behaviour of rammed earth 

material was simulated using a total strain rotating crack model. A Mohr-Coulomb failure criterion was used 

to reproduce the behaviour of the interfaces between layers.  

Although the results of the numerical model well fit the experimental results a sensitivity analysis was 

performed to define also the influence of different input parameters. As expected the sensitivity analysis 

shows that the occurrence of sliding failure is mainly influenced by two parameters of the interface elements: 

the tensile strength and the friction angle. Moreover the cohesion and the layers thickness show a limited 

influence on the shear behaviour. 
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NOTATION 

c  cohesion coefficient (N/mm2) 

E   Young’s modulus (N/mm2) 

fc  uniaxial compressive strength (N/mm2) 

ft  tensile strength (N/mm2) 

fi
t
  interface tensile strength (N/mm) 

G  shear modulus (N/mm2) 

Gc  compressive fracture energy (N/mm) 

GI
f  tensile fracture energy (N/mm) 

GI
f,crack  interface tensile fracture energy (N/mm) 

H  horizontal load (kN) 

Hcr  horizontal load at crack limit state (kN) 

Hf  horizontal load at flexural cracking limit (kN) 

Hmax  maximum horizontal load (kN) 

Hu  horizontal load at ultimate displacement (kN) 

kn  interface normal stiffness (N/mm3) 

ks  interface tangential stiffness (N/mm3) 

RH  relative humidity (%)  

t  time (sec) 

V  vertical load (kN) 

δ  displacement (mm) 

δcr   displacement at crack limit state (mm) 

δf   displacement at flexural cracking limit (mm) 

δmax  displacement at maximum horizontal load (mm) 

δu  ultimate displacement (mm) 

σ  vertical stress (N/mm2) 

σmax   mean compressive strength (N/mm2) 

τ  shear stress (N/mm2) 



3 / 19 

τmax  nominal shear strength (N/mm2) 

θcr  rotation angle at crack limit state (%) 

θf  rotation angle at flexural cracking limit (%) 

θHmax  rotation angle at maximum horizontal load (%) 

θu  rotation angle at ultimate displacement (%) 

ν  Poisson’s ratio (-) 

φ  internal friction angle (°) 

ψ  dilatancy angle (°) 

1. INTRODUCTION 

Earthen buildings represent an important part of cultural heritage. Earthen materials are among the oldest 

materials used in construction, and perhaps the least understood in terms of its strength and deformation 

properties. This statement is indeed true since the role of role earthen materials as a structural or non-

structural material is often obscured. 

The intent of this paper is to investigate the mechanical behaviour of rammed earth walls under in-plane 

cyclic shear-compression tests. The goal of the experiments was to test the general response of monolithic 

rammed earth walls under pseudo-dynamic horizontal loading in terms of lateral load increase and 

displacement capacity. Rammed earth is an earthen construction technique in which moistened earth is 

compacted in consecutive layers within a wooden formwork.  

The compaction process provides to the rammed earth a distinctive layered structure. Often the single 

formwork lifts can be recognised. In cases where the clay content of the earth is too low or the grain size 

distribution is not optimal lime was often added to the rammed earth mix or filled into the formwork in 

layers [1].  

The layered structure influences the crack mechanics but the mechanical behaviour of rammed earth seems 

not to be distinctively anisotropic [2]. Although some numerical models for earthen structures can be 

developed, their correlation to real-life situations or experiments as a means of verification and validation 

has yet to be thoroughly analysed. 

However only few testing campaigns on pseudo-dynamic horizontal loading, aiming at defining quantitative 

properties, were carried out to better understand the behaviour of rammed earth under cyclic load.  
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Walker and Morris [3] tested rammed earth walls stabilised with 10% cement and reinforced with steel rods 

under in-plane cyclic loading. Hamilton [4] performed tests on 3% cement stabilised rammed earth walls 

with and without post tensioned strengthening both in plane and out of plane. These walls were built with 

concrete caps and bases.  

These campaigns carried out offered limited data to develop reliable non-linear models. Moreover most of 

the few studies on modelling rammed earth with finite element modelling (FEM) were used to predict stress 

levels and to simulate possible collapse mechanisms [2][5][6]. So far only one study on the numerical 

modelling of rammed earth walls subjected to in-plane horizontal loading is available [7]. This study 

reproduces the brittle characteristics of rammed earth using deformable plane elements and linkage elements. 

In the first part of the paper the characterisation of the mechanical behaviour of rammed earth walls tested 

under in-plane cyclic shear-compression loads is presented. The mechanical properties obtained were used as 

the basis for FEM. 

The numerical modelling of the rammed earth walls tested is presented in the second part. A non-linear 

constitutive law based on the total strain rotating crack model (TSRCM) was employed as implemented in 

the DIANA software package [8]. This model was used successfully in a previous study to simulate the 

rammed earth behaviour under uniaxial and diagonal compression [9], and is relatively common in nonlinear 

FEM analysis of several brittle materials, such as concrete or masonry. The aim of the numerical analysis is 

to simulate the behaviour of rammed earth under in-plane horizontal cyclic loading. The micro-modelling 

approach was considered for the simulation of the experimental tests, and the respective FEM model was 

calibrated according to the experimental results. This approach allowed assessing the influence of the 

apparent weakness of the interfaces between layers on the shear behaviour of rammed earth.  

The goal of the numerical simulation of the tests is the determination of the adequacy of established methods 

used in masonry analysis for the analysis of rammed earth, a material that shares the brittle characteristics of 

masonry materials and is used in geometrical typologies, such as walls, common in masonry construction. In 

addition to the simulation of the present experimental tests, a parametric analysis is performed with the 

purpose of determining the sensitivity of the response of rammed earth walls to changes in numerous 

material parameters. 
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2. EXPERIMENTAL PROGRAMME  

2.1 Materials and preparation of the samples 

Three rammed earth walls were manufactured at BAM and used for cyclic shear-compression tests. A local 

manufacturer of prefabricated earthen materials (Claytec GmBH, Germany) provided the earth used for the 

samples. The rammed earth walls of size 1300 mm × 1050 mm × 250 mm show a bulk density of 2,190 

kg/m3, a particle size range of 0–16 mm and shrinkage of 0.5% During the manufacturing process fairly dry 

earth (moisture content 9–10%) was mechanically compacted in thirteen layers within a plywood formwork 

using a mechanical rammer. At the end of the compaction the walls shows an average layer thickness of 

about 100 mm.  

After production, the walls were stored for two months in the laboratory for drying. Before testing the walls 

showed a final equilibrium moisture content in the range of 2–3%. 

Mechanical properties of rammed earth under static tests were determined in the BAM laboratories on 

wallettes (500 mm × 500 mm × 100 mm) and on cubes (100 mm × 100 mm × 100 mm). The wallettes’ 

results showed a uniaxial compressive strength σmax of 3.73 N/mm2 and a shear strength τmax of 0.70 N/mm2. 

The Young’s modulus E and the shear modulus G, determined as a secant-modulus of the stress at 1/3 of the 

maximum load, were respectively of 4143 N/mm2 and 1582 N/mm2. Cubes’ results showed a uniaxial 

compressive strength fc of 3.32 N/mm2. The detailed descriptions of the materials characterisation and static 

tests are reported elsewhere [10]. 

 

2.2 Test setup 

Three cyclic in-plane shear-compression tests were carried out at the Institute of Theoretical and Applied 

Mechanics (ITAM) in Prague. The samples were placed into a testing rig able to provide simultaneously 

uniform compression and cyclic horizontal loads at the top of the sample. The base of the walls was fixed 

and the top end was free to rotate. The test setup shows the position of the linear variable differential 

transformers (LDVTs) used to measure displacements (Fig. 1). 

A vertical compression load V of 140 kN, representing a σ of 0.56 N/mm2, was transferred to the wall 

through three hydraulic jacks by a steel capping beam at the top of the sample. This vertical load level was 

chosen to obtain the shear type behaviour. An actuator at the top of the wall provided a horizontal cyclic load 
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with a defined displacement on the sample at a frequency of 0.1 Hz in sequences of three cycles. During 

horizontal loading cycles the vertical load was kept constant. 

After every sequence the displacement was increased by 2.5 mm to a maximum of 12.5 mm.  

The displacements at the bottom (P6) and top (P5) of the wall and the diagonal deformations (P1–P4) on 

both sides were measured. Loading was ended when, at the controlled deformation, the horizontal load 

started to decrease.  

2.3 Test results 

The walls’ behaviour was idealised using the performance-based engineering criteria proposed by Abrams 

[11]. The tests campaign showed four limit states, representing the change of the wall behaviour under the 

progressive increase of applied horizontal displacement. The cracks, localised in the two diagonal lines of the 

walls, show the typical X-shaped crack pattern (Fig. 1). 

A typical hysteresis loop of the horizontal load and the corresponding displacement obtained from the cyclic 

curves for each step of loading is reported in Fig. 3. The graph shows both the tension and the compression 

part of the cyclic curves.  

In the shear-compression envelope curves (Fig. 4) only the compression part of envelope curve is reported, 

in this case the horizontal load is higher than for the tension part. However similar results could be obtained 

also for the tension part. All measured load-displacement envelopes show a shape typical of shear failure due 

to the limited sliding mechanism of rammed earth layers. The test results show a Hmax in the range of 60–78 

kN and a δmax in the range of 6.1–7.1 mm. 

Table 1 lists the values of lateral loads (H) and corresponding rotation angles (θ) at the four limit states, the 

main load and observed failure modes. The graph shows the maximum lateral load values and the 

corresponding maximum displacement values obtained from the walls. The first non-linearity, due to the first 

flexural cracks opening at the bottom bed joints (flexural cracking limit, Hf, δf), occurred at displacements of 

about 1.6–1.8 mm (mean rotation angle θf = 0.13%). The second non-linearity took place at the following 

crack limit state (Hcr, δcr) when the first diagonal crack opened. This state occurred at displacements of about 

3.2–3.9 mm (mean rotation angle θcr = 0.30%).  
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Subsequently loads increased gradually until maximum load (Hmax) and the relevant displacement (δmax) were 

reached. This condition represents the third limit state, and is characterised by the formation of a diagonal 

strut, defined by cracks which crossed rammed earth layers.  

3. NUMERICAL MODELLING 

3.1  Initial considerations (geometry, boundary conditions and loading) 

Numerical analyses for the simulation of the experimental tests were carried out using nonlinear FEM. The 

micro-modelling approach was adopted for the creation of the model. According to this approach the 

rammed earth layers were modelled using continuum elements and the interaction between the layers 

themselves and with the bounding structures at the base and the top of the wall were modelled using 

interface elements. Following these assumptions the rammed earth as a whole is taken as an anisotropic 

material, rather than as isotropic [12], the anisotropy resulting from the inclusion of horizontal interfaces. 

The continuum was modelled using 8-node quadrilateral plane stress elements, plane stress being a 

reasonable and computationally cost-effective assumption for the given geometrical arrangement, loading 

and materials, and the discontinuum parts were modelled using 6-node line interface elements. The DIANA 

finite element package was used for the preparation of the model and the execution of the analyses [8]. 

In addition to the layers, two stiff bounding beams were considered in the model: one serving as a foundation 

and one as a top restraint. The base beam was fixed at its foundation and connected to the lowermost 

rammed earth layer via an interface. The top bounding beam was similarly connected to the uppermost 

rammed earth layer, but was left free to translate and rotate, as per the experimental conditions. Overall, 

1323 plane stress and 378 interface elements were used in the finite element mesh. The vertical load was 

applied uniformly distributed at the top of the bounding beam. The cyclic horizontal load was applied as a 

displacement of the top bounding beam at the top of the wall. 

3.2 Constitutive laws 

A TSRCM was assigned to the continuum elements. This model is able to model the nonlinear behaviour of 

the rammed earth layers in tension and compression. For the former a multi-linear curve matching the 

experimental curves obtained for the materials was assumed [13] and for the latter an exponential softening 

curve, both based on fracture energy and finite element crack bandwidth. The tensile failure criterion is 
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evaluated in the direction of the maximum principal strain and the direction of the crack is fixed upon 

formation, which is a rational assumption for brittle materials, such as rammed earth layers. Secant 

unloading and reloading is assumed. Linear elasticity is assumed for the base and top beam. 

A Mohr-Coulomb frictional failure criterion with a tension cut-off was assigned to the interface elements. 

This criterion allows the simulation of the behaviour of the interfaces in combined tension and shear. These 

interfaces do not represent a physical structural entity, such as a mortar joint, but model the interaction of the 

rammed earth layers with each other and with the base and top beam. 

3.3 Calibration of the model and results 

To the rammed earth layers were assigned material properties as determined experimentally and fitted 

through calibration to existing data [13]. Since no mechanical characterisation of the layers interfaces was 

carried out, nominal values were used for the frictional and tension properties of the interfaces. The elastic 

properties of the interfaces, namely their elastic stiffness in tension and shear, were determined through 

calibration and matching of the numerical to the experimental results. Ideally, the interfaces ought to be rigid 

until sliding or opening between the layers occurs. This requires prescribing a high dummy stiffness to the 

interface. However, due to imperfections in the compaction, imperfect contact between layers and 

disturbance of the interface in the actual structure, this assumption results in a numerical overestimation of 

the global stiffness. The normal stiffness of the interfaces had to therefore be reduced. The shear stiffness is 

derived from the normal stiffness according to the equation (1): 

𝑘𝑠 =
𝑘𝑛

2(1 + 𝜈)
 (1) 

where ν is the Poisson’s ratio of the rammed earth layer material. All the material properties used in the 

initial analysis are summarised in Table 2. 

The results obtained from the numerical analysis are presented in Fig. 5. The peak shear force is predicted 

with good accuracy, although the global stiffness of the structure is overestimated in the initial cycles. The 

agreement between the experimental and the numerical curves is better in the subsequent cycles. 

The crack pattern obtained at the end of the last loading sequence is given in Fig. 6, where the orientation of 

the cracks and the visualisation of the relative crack sizes are shown. The failure mode is dominated by 

distinct diagonal cracking, in good agreement with the experimentally obtained failure of the layers. Some 

damage at the interfaces was also registered at the early stages of the analysis. The cracking damage at the 
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end of the 2.5 mm sequence was negligible. After the marked opening of the diagonal crack at the top right 

of the wall at the end of the 7.5 mm sequence, its width increases at the end of each subsequent sequence. 

The micro-model allowed capturing the failure by delamination of the interfaces between layers, similar to 

the one observed in the experimental tests. This revealed to be the main advantage of the micro-model 

approach, the model being sufficiently accurate to simulate the global cyclic behaviour of the rammed earth 

walls tested. This approach requires the definition of adequate stress-strain relationships. The use of the 

micro-modelling approach, where an additional computational effort is required, is justified when specific 

collapse mechanisms involving failure of the interfaces between layers are expected. In comparison with the 

previous numerical study [9] the interface stiffness here adopted presents significant differences. The 

interfaces need to be prescribed a lower elastic stiffness than the interfaces used to reproduce the shear 

behaviour under diagonal compression. 

4. SENSITIVITY ANALYSIS 

Based on the initial numerical results, a parametric investigation was carried out, focused on the influence of 

several material properties on the response of the structure to the prescribed cyclic loading. This analysis was 

motivated by a variety of reasons. First, a relatively high degree of variability in the mechanical property 

characterisation of the layers and the interfaces is expected, due to the nature of the production of these 

materials. Second, certain mechanical tests, such as those for the characterisation of the interfaces, were not 

carried out. Lastly, the wide range of parameter variability employed serves in providing indicative results 

for walls composed of rammed earth with potentially different properties. The sensitivity analysis was 

carried out considering the parameters variation listed in Table 3. 

A previous parametric investigation carried out along the same lines on the shear strength under diagonal 

compression of rammed earth samples revealed sensitivity to the compressive strength, the Poisson’s ratio, 

the tensile strength and the tensile fracture energy of the layers and to the cohesion of the interfaces. In the 

present study the numerical results exhibited sensitivity to the properties of the layers, but the influence of 

the cohesion in the interfaces was not so pronounced.  

The influence of the parameters variation on the horizontal load capacity is given in Fig. 7. A decrease in the 

tensile fracture energy resulted in a dramatic decrease of the response, particularly in the higher width cycles, 

while it resulted in a maintaining a high reaction force at those same cycles when increased. The increase of 
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tensile strength had a similar effect, but its decrease led to the premature cracking of the layers and a 

decrease in the response of the early contraction cycles. A Poisson’s ratio ν decrease led to an increase in the 

reaction force for the wider cycles, while a ν increase led to the opposite result. Finally, the compressive 

strength of the layers had a more limited effect, and in fact a decrease of this value led to an increase in the 

reaction force for some of the retraction cycles. 

Concerning the properties of the layers, the above results indicate that the response of the wall is dominated 

by tensile cracking rather than crushing in compression. A higher tensile strength and fracture energy 

resulted in a very similar compression and retraction envelope. 

The synthetic results of the sensitivity analysis are summarised in Table 3 concerning the effects on the 

horizontal load capacity of the rammed earth wall. 

The sensitivity analysis performed showed that the tensile fracture energy and tensile strength are the 

parameters with the greatest influence on the maximum shear stress of the wall. Thus, experimental 

investigations of the mechanical behaviour of rammed earth should address carefully the determination of 

the aforementioned parameters. The strong influence of these material parameters indicate a sensitivity of the 

global response to effects related to cracking in tension. Regarding the parameters of the interface elements, 

the tensile strength and the friction angle are shown as critical parameters in relation to the sliding failure. On 

the other hand, the cohesion showed a little influence on the shear behaviour. 

 

5. CONCLUSIONS 

The experimental characterisation and numerical simulation of rammed earth walls under cyclic loading are 

here presented. In the first part the non-linear behaviour of rammed earth was assessed through an 

experimental programme based on pseudo-dynamic testing. In the second part the micro-modelling approach 

was used to model the non-linear behaviour of rammed earth. Based on the positive results on modelling 

rammed earth shear behaviour under diagonal compression test in a previous study [9] the TSRCM was used 

to simulate the behaviour of the rammed earth material, while the Mohr-Coulomb failure criterion was used 

to model the interfaces between layers. The first results showed that the calibrated numerical model fitted the 

experimental hysteresis loops and their damage pattern well. Although numerical results calibrated with the 
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experimental results were satisfactory, a sensitivity analysis was performed to assess the influence of 

different input parameters on the global shear behaviour.  

A better understanding of the modelling of rammed earth walls with the TSRCM and the Coulomb friction 

model was provided thanks to the model calibration and the sensitivity analysis performed. In particular 

these two phases were preparatory for the definition of the stress-strain relationships and their respective 

parameters. 

The numerical simulation of rammed earth requires the definition of the multi-linear relationship (fc and E) 

and the Poisson’s ratio ν through a complete characterisation of the compression behaviour. Additional 

testing is required to define the parameters in tension and of the interfaces between layers. In some cases the 

complexity to obtain all these parameters in the experimental phase suggest to provide a list of recommended 

values for the parameters in the model (Table 4). These parameters were obtained using the results of the 

compression tests carried out in a previous study [9], integrated with the results of the cyclic shear-

compression tests and the numerical analysis performed in this paper. Although this table represents a good 

base to perform a reliable FEM of rammed earth walls, more experimental data should be collected to refine 

the recommended values and for proposing other relations between parameters. In conclusion the numerical 

modelling of full-scale walls subjected to shaking table tests could represent an important development for 

the validation of the modelling approach here proposed. 
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LIST OF TABLE CAPTIONS 

 

Table 1  Results from cyclic tests at different limit states 

 

Table 1 Results from cyclic tests at different limit states 

Sample Hf 

(kN) 

δf 

(mm) 
θf 

(%) 

δcr 

(kN) 
θcr 

(mm) 

θcr 

(%) 

Hmax 

(kN) 

 δmax 

(mm) 
θmax 

(%)  

Hu 

(kN)  

δu 

(mm) 
θu 

(%) 

Failure 

mode 

REW1 39.2 1.6 0.12 58.7 3.6 0.12 73.8 6.8 0.52 73.8 6.8 0.52 Shear 

REW2 35.2 1.8 0.14 49.9 3.9 0.14 59.7 6.1 0.47 59.1 6.9 0.53 Shear 

REW3 40.3 1.7 0.13 65.0 4.7 0.13 77.6 7.1 0.55 76.6 9.0 0.69 Shear 

 

 

 

Table 2 Mechanical properties for numerical analysis 

 

Table 2 Mechanical properties for numerical analysis 

TSCRM 

Material E (N/mm2) ν (-) fc (N/mm2) Gc (N/mm) ft (N/mm2) Gf
I (N/mm) 

Rammed Earth 4207 0.27 3.7 5.98 0.37 0.11 

Coulomb friction model 

Material kn (N/mm3) ks (N/mm3) c (N/mm2) tan(φ) (-) tan(ψ) (-) ft
i (N/mm2) 

Interfaces 42.1 16.6 0.56 0.75 0 0.25 

 

 

 

 

Table 3 Values of the numerically derived shear force in kN at peak displacement in each loading 

sequence for different material properties (% difference from initial analysis in brackets) 
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Table 3 Values of the numerically derived shear force in kN at peak displacement in each loading sequence 

for different material properties (% difference from initial analysis in brackets) 

Parameters considered  Gf
I (N/mm)  ft (N/mm2)   c (N/mm2)  ν (-) 

   0.022 a 0.545 b  0.19 a  0.74 b   0.281 a 1.122 b  0.10 a  0.40 b 

δ (mm) H (kN)  H (kN)  H (kN)  H (kN)  H (kN) 

Actuator extension 

2.5 80  79  (-1.3%) 79 (-1.3%)  75 (-6.3%) 80 (0.0%)  80 (0.0%) 80 (0.0%)  80 (0.0%) 79 (-1.3%) 

5.0 95  96  (1.1%) 94 (-1.1%)  67 (-29.5%) 95 (0.0%)  94 (-1.1%) 94 (-1.1%)  94 (-1.1%) 94 (-1.1%) 

7.5 79  89  (1.3%) 71 (-11.3%)  65 (-18.8%) 91 (13.8%)  65 (-18.8%) 79 (-1.3%)  78 (-2.5%) 83 (3.8%) 

10.0 63  20  (-68.8%) 73 (14.1%)  65 (1.6%) 77 (20.3%)  66 (3.1%) 62 (-3.1%)  63 (-1.6%) 59 (-7.8%) 

12.5 64  0  (-100.0%) 76 (18.8%)  65 (1.6%) 73 (14.1%)  67 (4.7%) 65 (1.6%)  64 (0.0%) 62 (-3.1%) 

Actuator retraction 

2.5 80  79 (-1.3%) 80 (0.0%)  16 (-80.0%) 80 (0.0%)  81 (1.3%) 81 (1.3%)  81 (1.3%) 80 (0.0%) 

5.0 90  91 (1.1%) 89 (-1.1%)  32 (-64.4%) 95 (5.6%)  88 (-2.2%) 95 (5.6%)  95 (5.6%) 95 (5.6%) 

7.5 63  25 (-60.9%) 76 (18.8%)  44 (-31.3%) 90 (40.6%)  63 (-1.6%) 73 (14.1%)  69 (7.8%) 49 (-23.4%) 

10.0 57  12 (-78.9%) 76 (33.3%)  50 (-12.3%) 77 (35.1%)  63 (10.5%) 61 (7.0%)  67 (17.5%) 37 (-35.1%) 

12.5 50  0 (-100.0%) 76 (55.1%)  50 (2.0%) 75 (53.1%)  56 (14.3%) 61 (24.5%)  67 (36.7%) 36 (-26.5%) 

Parameters considered  tan(φ) (°)  fi
t (N/mm)  fc (N/mm2)  E (N/mm2) 

   20 a 50 b  0.125 a  0.500 b   2.93 a 4.40 b  2140 a  8414 b 

δ (mm) H (kN)  H (kN)  H (kN)  H (kN)  H (kN) 

Actuator extension 

2.5 80  80 (0.0%) 79 (-1.3%)  80 (0.0%) 81 (1.3%)  77 (-3.8%) 81 (1.3%)  76 (-5.0%) 80 (0.0%) 

5.0 95  95 (0.0%) 95 (0.0%)  94 (-1.1%) 91 (-4.2%)  91 (-4.2%) 96 (1.1%)  92 (-3.2%) 94 (-1.1%) 

7.5 79  82 (2.5%) 69 (-13.8%)  79 (-1.3%) 61 (-23.8%)  72 (-10.0%) 83 (3.8%)  78 (-2.5%) 81 (1.3%) 

10.0 63  55 (-14.1%) 71 (10.9%)  62 (-3.1%) 60 (-6.3%)  57 (-10.9%) 66 (3.1%)  72 (12.5%) 70 (9.4%) 

12.5 64  53 (-17.2%) 70 (9.4%)  60 (-6.3%) 59 (-7.8%)  59 (-7.8%) 65 (1.6%)  41 (-35.9%) 0 (-100.0%) 

Actuator retraction 

2.5 80  81 (1.3%) 81 (1.3%)  80 (0.0%) 81 (1.3%)  78 (-2.5%) 82 (2.5%)  77 (-3.8%) 80 (0.0%) 

5.0 90  90 (0.0%) 80 (-11.1%)  92 (2.2%) 91 (1.1%)  90 (0.0%) 93 (3.3%)  90 (0.0%) 87 (-3.3%) 

7.5 63  66 (3.1%) 57 (-10.9%)  70 (9.4%) 57 (-10.9%)  72 (12.5%) 67 (4.7%)  77 (20.3%) 80 (25.0%) 

10.0 57  64 (12.3%) 57 (0.0%)  67 (17.5%) 47 (-17.5%)  57 (0.0%) 67 (17.5%)  73 (28.1%) 74 (29.8%) 

12.5 50  65 (32.7%) 61 (24.5%)  66 (34.7%) 46 (-6.1%)  59 (20.4%) 64 (30.6%)  52 (6.1%) 0 (-100.0%) 

a = lower value, b = upper value 

 

 

Table 4 Recommended values for the numerical analysis of rammed earth with the TSRCM and the 

Coulomb friction model (a = from testing) 

Table 4 Recommended values for the numerical analysis of rammed earth with the TSRCM and the Coulomb 

friction model (a = from testing) 

TSRCM  
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Material E (N/mm2)  (-) 
cf (N/mm2) cG  (N/mm) tf  (N/mm2) 

I

fG (N/mm) 

Rammed earth a a Multi-linear 

relationship a 

Multi-linear 

relationship a 

(0.08-0.12)
c

f  (0.10-0.50)
t

f  

(N/mm2) 

Coulomb friction model 

Material 
nk  (N/mm3) sk (N/mm3) 

c  (N/mm2) tan( ) (-) tan( ) (-) 
i

tf (N/mm) 

Interfaces 
E/100 (N/mm2) 

2(1 )

n

s

k
k

+
=  

(1.5-2.0)
t

f  0.58-1.00 0 (0.67-1.00)
t

f  
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LIST OF FIGURE CAPTIONS 

 

Fig. 1.  Scheme of the cyclic in-plane shear-compression test and the placement of sensors (P1–P6)  

       

Fig. 2. Crack pattern of one of the rammed earth walls under a combination of vertical compression and 

cyclic shear (REW1) 

 

Fig. 3. Experimental hysteresis loops of one of the rammed earth walls (REW1) 
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Fig. 4. Shear-compression envelope curves of rammed earth walls 

 

Fig. 5. Numerically derived hysteresis loops from the numerical analysis 

 

Fig. 6. Crack pattern under cyclic loading at the last level of displacement (12.5 mm) 
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Fig. 7. Effect of the horizontal load on the displacement for different levels of the parameter assessed for 

actuator extension (+) or retraction (-)(a), ν (b), ft (c), GI
f (d), and fi

t (e) 


