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1 INTRODUCTION 

Nowadays, modern experimental methods and nu-
merical modelling open large perspectives for the 
development of adequate standards for rammed earth 
construction. Although this material demonstrates 
moderate mechanical performance, it remains largely 
sufficient for two-storey buildings. The local availa-
bility of the raw material, the low embodied energy 
and its potential for recycling (Morel et al. 2001) 
make this construction technique very attractive in 
the context of the development of circular economy. 

Among different kinds of earthen constructions 
(see Houben and Guillaud 1994 for an exhaustive 
review), rammed earth consists of compacting suc-
cessive layers of soil inside a formwork to obtain a 
continuous and relatively homogeneous wall formed 
with compacted earth. “Unstabilized” rammed earth 
means that there are no additional binder elements 
(such as cement or lime).  

The strength of the construction is brought, for a 
part, by interlocking of soil particles induced by the 
compaction process that provides the required densi-
ty (Gallipolli et al. 2017). Also, in addition, capillary 
cohesion, induced by the partial saturation of the 
earth, contributes, for a big part, to the resistance of 
the wall (Laloui et al. 2010). Consequently, the me-
chanical response of the unstabilized rammed earth, 
in terms of strength and deformability, is strongly af-
fected by the hygroscopic conditions of the wall. As 

a consequence of the continuous changes of water 
retention conditions, the stress-strain behaviour of 
the wall is permanently changing and its deformation 
and strength must be predicted as a function of the 
distribution of pore pressure conditions in the wall.  

Experimental studies show that the strength and 
the stiffness can be drastically increased when the 
earthen material is partially dried (Jaquin et al. 2009; 
Bui et al., 2014; Champiré et al. 2016). This effect of 
soil strengthening and stiffening is induced by inter-
nal suction that reinforces the contact between soil 
particles. Gerard et al. (2015) deduced a unified fail-
ure criterion based on observed strength on uncon-
fined compression and indirect tensile tests at differ-
ent suction levels. The obtained failure criterion is 
based on the concept of effective stress for unsatu-
rated soils that intrinsically includes the effect of 
suction and water retention properties inside the 
stress state (Nuth and Laloui, 2008).  

The link between the mechanical behaviour of the 
rammed earth wall (in terms of strength and deform-
ability) and the hygroscopic conditions should be 
considered in the design of such a structure through 
an approach that considers the hygro-mechanical 
coupling. Hygroscopic transfers through the wall 
control the suction distribution which, in turn, af-
fects the mechanical response of the structure.  

Very few attempts were initiated in the last years 
to quantify the structural behaviour of the wall tak-
ing hygroscopic conditions into account. Up to now, 
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most of the approaches consider a constant and ho-
mogeneous water content profile in the whole struc-
ture (Nowamooz and Chazallon 2011). In such a 
way, the mechanical properties of the wall are as-
sumed homogeneous and the transient hygro-
mechanical process is totally ignored.  

The present work proposes a hygro-mechanical fi-
nite element approach in order to reproduce those 
transient and highly non-linear processes. The com-
putations use a consistent hygro-mechanical frame-
work for unsaturated soils in which the stiffness and 
the strength are controlled by suction. Transient be-
haviour is taken into account through the modelling 
of hygroscopic transfers through the wall. 

2 MATERIALS 

In this study, a clayey silt soil (CL, according to the 
Unified Soil Classification System - USCS) that has 
shown its relevance for earthen construction is used. 
Its index properties are: liquid limit (wL) = 32.5 %; 
plasticity index (IP) = 15%. The clayey fraction rep-
resents 13 %, the silty one about 61 % and the sandy 
one about 26 %. The large spreading of the particle 
size distribution provides a good interlocking of the 
grains, and therefore good mechanical properties. A 
full mechanical characterization of this clayey silt 
can be found in Gerard et al. (2015). Here only the 
most relevant results are summarized and interpreted 
for the calibration of material parameters needed for 
the hygro-mechanical computations.  

For sample preparation, the soil was dynamically 
compacted in three layers by sequentially ramming 
the soil directly inside a mold of 36 mm in diameter 
and 72 mm in height. The compaction of each layer 
was achieved until the handle of the hammer “rings” 
when dropped onto the compacted soil, which is 
considered as the indication of full compaction hav-
ing being attained (Hall and Djerbib 2004). The op-
timum water content at compaction was determined 
in order to obtain the highest unconfined compres-
sive strength. Those conditions were reached for a 
water content of 8% and a dry density of 2000 
kg/m3. The suction of as-compacted samples, meas-
ured by the filter paper method, is equal to 2.4 MPa.   
From those initial conditions, different total suctions 
(4.17; 11.43; 22.29; 39.46; 125 MPa) were applied 
to the samples through the control of relative humid-
ity by different saline solutions. 

From the sample mass at equilibrium with the air 
relative humidity, soil water retention curve can be 
deduced. The equilibrium and homogeneity of water 
distribution was assumed to be reached when the 
sample mass does not change of more than 0.1% 
within 1 day. Figure 1 presents the soil water reten-
tion curve expressed in terms of water content, w, 
and degree of saturation, Sr. Only water retention 
properties for suctions higher than initial suction 

were investigated because, as it will be demonstrated 
in the numerical modelling, during the life of the 
building, the rammed earth is exclusively subject to 
suction higher than the initial suction of 2.4 MPa. It 
can be noted that the soil reaches very dry state (Sr = 
12%) under ambient conditions (at 125 MPa). Water 
retention hysteresis upon wetting-drying was disre-
garded for the sake of simplicity and also because 
the wetting and drying curves tend to coincide for 
low degree of saturation (close to the residual value). 

Figure 1. Soil water retention curve: suction vs. water content; 
suction vs. degree of saturation. 

 
At equilibrium with surrounding relative humidi-

ty, the height and 3 diameters (bottom, middle and 
top) were measured with a caliper for each sample. 
Figure 3 presents the volumetric strain upon drying. 

 

Figure 2. Contractive volumetric strain upon drying from an 

initial suction of 2.4 MPa. 

 
Unconfined compression tests are performed in 

order to determine the unconfined compressive 
strength (UCS) of soil samples with unrestricted hor-
izontal deformation. Tests were performed at differ-
ent suctions described previously. The stiffness 
modulus was obtained as the steepest slope of the 
axial stress–strain curve in a strain interval of 0.2% 
(i.e. the slope is obtained as a finite difference be-
tween +0.1% and -0.1% of strain around the consid-
ered point). The Unconfined Compressive Strength 
(UCS) is taken as the maximum axial stress reached. 

UCS and stiffness modulus (E) are reported as a 
function of suction in Figure 3. For each suction, 2 
to 4 unconfined compression tests were performed. 
Except for the results at 4.17 MPa of suction, a loga-
rithmic regression curve provides a good estimation 
of the obtained UCS and E. The low accuracy of the 
vapour transfer techniques at small suctions (Delage 
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et al. 1998) can probably explain the out-of-trend 
strength and stiffness measured at a suction of 4.17 
MPa. 

 

Figure 3. Unconfined compressive strength and stiffness modu-

lus of the tested soils as a function of suction. 

3 HYGRO-MECHANICAL BEHAVIOUR 

3.1 Constitutive laws 

In this work, the hygro-mechanical behaviour of the 
rammed earth wall is addressed through finite ele-
ment computations considering mechanical stress-
strain behaviour and hygroscopic transfers. The 
LAGAMINE finite element code, including a ther-
mo-hydro-mechanical finite element formulation 
(Collin et al. 2002; Gerard et al. 2008), has been 
used. The complete formulation, with the details of 
equilibrium and balance equations as well as the wa-
ter flow and vapor diffusion equations, can be found 
in François et al. (2017). Here only the important 
coupling equations are highlighted. 

The mechanical behavior is governed by the effec-
tive stress for unsaturated soil ’, as a combination 
of the total stress  and suction s (Bishop 1959; 
Nuth and Laloui 2008): 

 rs S s
   σ σ I σ I  (1) 

where I is the identity matrix and s the suction that is 
the difference between air and water pressure. In this 
expression, it has been decided to use a hyperbolic 
function of the degree of saturation Sr for the expres-
sion of the effective stress parameter , as suggested 
by Alonso et al. (2010).  is a material parameter. 

The mechanical law is a Drucker-Prager elasto-
plastic constitutive model with non-linear hypo-
elasticity where the Young modulus E is a function 
of the mean effective stress through a hyperbolic 
function: 
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where p’ is the mean effective stress. Eref is the refer-
ence Young modulus at the reference mean effective 
stress, p’ref (= 1 MPa in our case). ne is a material pa-
rameter. 

The mechanical behaviour is elastic-perfectly 
plastic: the material response is fully elastic up to the 
Drucker–Prager failure surface:  
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q is the deviatoric stress and c’ and ’ are the effec-
tive cohesion and friction angle. 

3.2 Material parameters 

Table 1 reports the calibrated materials parameters.  
 

Table 1. Material parameters. 

Parameters Symbols Units Values 

Young modulus at reference mean  

effective stress p’ref = 1MPa 
Eref MPa 208 

Non-linear elasticity exponent ne - 0.81 

Poisson coefficient  - 0.25  

Friction angle ’ ° 36.5 

Cohesion c' kPa 6.2 

Dilatancy angle  ° 0  

Exponent of effective stress parameter  - 2.08 

Coefficient for water retention curve nw - 1.325 

Coefficient for water retention curve w MPa 0.528 

Coefficient for water retention curve Sr,res - 0 

Coefficient of permeability 
sat

wk  m2 5.54E-16 

Porosity n - 0.26 

Tortuosity  - 0.50 

 
The parameters of the van Genuchten’s water re-

tention curve (nw, w, Sr,res) have been calibrated to ob-
tain the best fit with the experimental curve, in the 
least square sense. The exponent of the effective 
stress parameter  has been fixed at 2.08 to obtain a 
unified failure criterion (unaffected by suction) ac-
cording to the methodology developed by Gerard et 
al. (2015). The two parameters of Eq. 2 (Eref and ne) 
are calibrated based on the elastic stiffness observed 
along unconfined compression tests. The best fit in 
the least square sense is obtained for ne = 0.81 and 
E0 = 208 MPa. The intrinsic permeability in saturat-
ed conditions has been evaluated experimentally to 
5.54 10-16 m2. According to van Genuchten (1980), it 
is assumed that the relative permeability coefficient 
that controls the evolution of the permeability with 
the degree of saturation can be directly obtained 
from the retention curve parameters.  

4 CASE STUDY 

We consider a classical two-storey building (a 
ground floor plus a first floor) supported by 45 cm 
thick rammed earth external walls with two 6 m span 
floors made of wood. At the connection between 
slabs and walls, a piece of concrete is placed to 
avoid stress concentration at the contact between 



wood and rammed earth. Also, the base course of the 
wall is made of concrete on a height of 50 cm. Those 
construction techniques are conventional for rammed 
earth building (Houben and Guillaud 1994). The 
problem is studied in two dimensions and only half 
of the structure is considered for symmetry reason. 
Figure 4 shows the considered geometry. 

Figure 4. Considered geometry of the case study. Dimensions 

are in cm. 

 
The rammed earth properties are taken from the 

experimental studies above (see Table 1) while the 
properties of concrete and wood are conventional. 
We neglect the hygroscopic transfers in those two 
materials (i.e. the governing stress is the total stress) 
and the mechanical response of those two materials 
is assumed linear elastic (Econcrete= 20 GPa; νconcrete = 
0.15; Ewood = 11 GPa; νwood = 0.25). 

4.1 Boundary conditions 

Hydraulic conditions are applied as an imposed wa-
ter pressure at the wall faces. For the external condi-
tions, the evolution of air relative humidity during 
the year 2014 collected in the observatory of Uccle 
(Belgium) is considered. To evaluate the behaviour 
of the structure during several years, the same annual 
conditions are repeated during 6 years. The simula-
tion starts in January. The daily values evolving 
along the year are fitted by a bi-linear curve, as indi-
cated in Figure 5. The internal relative humidity in 
the building is deduced from the external tempera-
ture, recorded in the meteorological observatory of 

Uccle (Belgium), according to the relation proposed 
by AASHRAE Tenworld (2008): 

18
50

20
int extRH T   (4) 

where RHint is the internal relative humidity, in per-
cent and Text is the external temperature, in °C. Ac-
cording to AASHRAE Tenworld (2008), this rela-
tion is valid from -10°C to 20°C. Figure 6 plots the 
obtained internal relative humidity.  

Figure 5. Daily evolution of the external air relative humidity as 

observed in Uccle Observatory (Belgium) during the year 2014. 

 

Figure 6. Linear approximation of the monthly average external 

temperature, as recorded at the meteorological observatory of 

Uccle (Belgium), and corresponding internal relative humidity. 
 
Once the relative humidities are known on both 

faces of the wall, the corresponding negative water 
pressures can be deduced from the Kelvin’s law.  
The mechanical boundary conditions reproduce the 
fixed displacement in the horizontal and vertical di-
rections at the level of the foundation, the fixed hori-
zontal displacement at the symmetry axis and the 
uniformly distributed pressures on the floors (verti-
cal pressure of 10 kN/m2 corresponding to perma-
nent and temporary loads).  

The mechanical load is immediately applied at the 
beginning of the simulation and is maintained all 
along the process. So, at time t0, the displacements in 
the structure are only due to the mechanical loading 
(10 kN/m2 on each floor) and then the displacements 
evolve due to the evolution of the hydraulic condi-
tions in the structure induced by climatic changes on 
both faces of the wall.  
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4.2 Results 

In summer, the external environment is dry (s = 69 
MPa; RH = 60%) while the internal condition is wet-
ter (s = 52 MPa; RH = 68%). In winter, the condi-
tions are reversed: s = 16 MPa (RH = 89%) and s = 
88 MPa (RH = 52%) for external and internal condi-
tions, respectively. Consequently, the wall is contin-
uously submitted to hygroscopic changes. Figure 7 
shows the profile of the suction through the wall at a 
height of 5 meters in January and July during the 6 
years of simulation. During the first years of simula-
tion, the suction in the core of the wall increases sig-
nificantly because the environmental conditions are 
much dryer than the initial conditions of the rammed 
earth after compaction. Then, after a few years, the 
core of the wall is still drying but more gently while 
the suction changes are still noticeable near the ex-
ternal face, on a skin of around 5 cm thickness. Time 
required to reach a constant hygroscopic condition in 
the middle of the wall depends on the permeability 
of the soil, the thickness of the wall and the climatic 
conditions. 

 
Figure 7. Profile of suction through the wall at a height of 5 

meters in January and June during 6 years.  

 
In terms of displacements, the uniformly distribut-

ed pressure on the floors produces a deflection of the 
structure induced by the bending of the slabs and the 
wall. The maximum vertical displacement at mid-
span induced by the distributed load is 1.84 cm for 
the top floor and 1.29 cm for the bottom floor. The 
connections between slab and wall slightly rotate 
due to the flexibility of the wall. Then, the global 
drying of the rammed earth along the 6 years of sim-
ulation produces a shrinkage of the materials that 
generates an additional vertical displacement of the 
structure increasing from the bottom to the top. Con-
sequently, the 1.84 cm of displacement induced by 
the distributed pressure on the floors at time t=0 in-
creases up to 3.23 cm after 6 years due to rammed 
earth shrinkage (Figure 8).  

Figure 9 shows the evolution of the vertical dis-
placement at the mid-span of the two floors during 
the 6 years of simulation. After the initial deflection 
due to the immediate mechanical loading, the dis-

placement still increases due to shrinkage of the 
wall. However, this process tends progressively to 
stabilize because the suction change in the core of 
the wall is slower with time. Small oscillations are 
observed due to the annual cycles of the environ-
mental conditions. 

 

Figure 8: Deformed structure (a) after the application of the 

pressure on floors at time t=0 and (b) at the end of the 6th year 

of simulation. Amplification of the displacement: 20. 

Figure 9. Evolution of the vertical displacements at the mid-

span of the two floors.  

 
All along the process, the structure is really far 

from failure. Figure 10 shows the plastic indicator PI 
that is the ratio between the current deviatoric stress 
and the deviatoric stress corresponding to failure for 
the same mean effective stress: 

failure

q
PI

q
  (6) 

This parameter is a local indicator of how far the 
considered point is from failure. When PI=1, the 
stress state is upon the failure criterion. As demon-
strated in Figure 10, the plastic indicator remains 
lower than 0.5 all along the process. After the load-
ing of the floors (Figure 10a), the maximum PI are 
located at the top of the wall close to both faces. 
This is due to the bending of the wall that generates 
uniaxial tension and compression on the sides of the 
wall. Then, in the bulk of the wall, the plastic indica-
tor is increased between time t=0 (PI = 0.08) and af-
ter 6 years of simulation (PI =0.2). This is due to the 
gradient of suction in the wall that produces a gradi-
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ent of effective stress which in turn induces devia-
toric stress. Also, at the connection between the wall 
and the first floor (Figure 10b), the PI values are 
slightly increased because the differential shrinkage 
between rammed earth and wood produces some 
shear stresses. However, the PI values remain in very 
acceptable limits everywhere. 

Figure 10: Map of plastic indicator in the structure (a) after the 

application of the pressure on floors at time t=0 and (b) at the 

end of the 6th year of simulation for the standard loading (10 

kN/m2 on the floors). 

5 CONCLUSIONS 

It is essential to characterize the hygroscopic behav-
iour of rammed earth construction because it has a 
strong influence on the structural response of the 
rammed earth wall, in terms of deformation and po-
tential failure. This coupled hygro-mechanical be-
haviour in a rammed earth wall has been addressed 
through finite element computations. The mechani-
cal behaviour is directly coupled to the hygroscopic 
conditions through the effective stress for unsaturat-
ed soils. Non-linear elasticity takes into account the 
stiffening of the material when it is dried. 
The hygro-mechanical model has been calibrated 
based on relatively conventional soil mechanics la-
boratory tests (unconfined compression tests at dif-
ferent controlled suctions and shrinkage measure-
ments upon drying).   

A typical two-storey rammed earth building has 
been considered as a case study. The problem has 
been addressed in two dimensions. A uniform load 
of 10 kN/m2 applied on the floors produces classical 
bending and contraction of the walls without local 
failure. Additionally, the hygroscopic changes in the 
wall produce further settlements induced by the ma-
terial drying that remain in a very acceptable range. 
It is observed that the structure is continuously 
evolving because of the endless change of the hygro-
scopic environmental conditions but the global trend 
is essentially drying during the 6 first years, in a 
Belgian climate.  
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