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� We study the structural response of rammed earth construction (two-storey building).
� We perform a transient modelling of hygroscopic transfer through the wall.
� We consider the evolution of strength of the wall with hygroscopic conditions.
� We evaluate the effect of annual hygroscopic change on the structural behavior.
� We demonstrate the ability of rammed earth to support conventional loading.
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Rammed earth constructions exhibit strength and deformation properties that evolve as a function of the
relative humidity of the air in contact with the walls. This effect must be considered in the structural
design of the construction. This work studies, through finite element simulation, the impact of the hygro-
scopic transfers through the wall on the structural response of a classical two-storey rammed earth build-
ing. The coupling between the mechanical and the hygroscopic behaviour is considered by the concept of
effective stress for unsaturated soils, in order to reproduce the effect of suction on the strength, the stiff-
ness and the volumetric variations of the rammed earth. The simulations show classical deformation of
the structure due to distributed load on the floors while the hygroscopic changes in the rammed earth
(essentially drying) induce additional displacements of the walls that remain in a very acceptable range.
Finally, an extreme case is envisaged in which the loads on the floors are increased excessively in order to
study the plastic response of the wall.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, earthen construction experiences an evident renas-
cence thanks to numerous advantages of this material. Traditional
construction techniques remain still relevant today but modern
experimental methods and numerical modelling open large per-
spectives for the development of adequate standards for the design
and the construction. Although this material demonstrates moder-
ate mechanical performance, it remains largely sufficient for two-
storey buildings. The local availability of the raw material, the
low embodied energy and its potential for recycling [26,30] make
this construction technique very attractive in the context of the
development of circular economy. Hall & Allison [21] and Beckett
& Cianco [4] demonstrated the efficiency of earthen materials to
provide a natural hygrothermal regulation of the building.

Among different kinds of earthen constructions (see Houben &
Guillaud [22] for an exhaustive review), rammed earth consists
of compacting successive layers of soil inside a formwork to obtain
a continuous and relatively homogeneous wall formed with com-
pacted earth. ‘‘Unstabilized” rammed earth means that there are
no additional binder elements (such as cement or lime). The use
of natural soil without additive reduces the embodied energy and
improves the recycling potential of the construction.

The strength of the construction is brought, for a part, by inter-
locking of soil particles induced by the compaction process that
provides the required density [17]. Also, in addition, capillary cohe-
sion, induced by the partial saturation of the earth, contributes, for
a big part, to the resistance of the wall [16,25]. Consequently, the
mechanical response of the unstabilized rammed earth, in
terms of strength and deformability, is strongly affected by the
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hygroscopic conditions of the wall. All along the life of the building,
the rammed earth wall will be submitted to evolving environmen-
tal conditions (the most important parameter being the air
relative humidity) inducing transient hygroscopic transfers
through the wall. The kinetics of water and vapor transfers through
earthen walls was recently investigated numerically by Soudani
et al. [34].

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

Since approximately one decade, the impact of the hygroscopic
conditions on the mechanical behaviour of earthen construction is
more and more investigated. Experimental studies show that the
strength and the stiffness can be drastically increased when the
earthen material is partially dried [7,8,24]. This effect of soil
strengthening and stiffening is induced by internal suction that
reinforces the contact between soil particles. Gerard et al. [18]
deduced a unified failure criterion based on observed strength on
unconfined compression and indirect tensile tests at different suc-
tion levels. The obtained failure criterion is based on the concept of
effective stress for unsaturated soils that intrinsically includes the
effect of suction and water retention properties inside the stress
state [32].

The link between the mechanical behaviour of the rammed
earth wall (in terms of strength and deformability) and the hygro-
scopic 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 con-
trol the suction distribution which, in turn, affects the mechanical
response of the structure. Up to now, the design rules of rammed
earth constructions are essentially based on empirical relations,
physical properties of selected soil [13] or weak masonry guideli-
nes that ignore those couplings. In most of the countries that estab-
lished recommendations or standards, the only criterion related to
rammed earth resistance consists in a characteristic value of
unconfined compression strength under initial compacted condi-
tions [29,33,35]. However, the evolution of this strength with the
change of internal water content is never considered.

Very few attempts were initiated in the last years to quantify
the structural behaviour of the wall taking hygroscopic conditions
into account. Up to now, most of the approaches consider a con-
stant and homogeneous water content profile in the whole struc-
ture [27,31]. In such a way, the mechanical properties of the wall
are assumed homogeneous and the transient hygro-mechanical
process is totally ignored. Furthermore, numerical modelling has
also been used to quantify the structural behaviour of rammed
earth wall submitted to seismic loading [6,27,28]. But still, the
effect of hygroscopic conditions was not considered.

The present work proposes a hygro-mechanical finite element
approach in order to reproduce those transient and highly non-
linear processes. The computations use a consistent hygro-
mechanical framework for unsaturated soils in which the stiffness
and the strength are controlled by suction. Transient behaviour is
taken into account through the modelling of hygroscopic transfers
through the wall. The strength and deformability of the soil is
based on the experimental study performed by Gerard et al. [18]
on a clayey silt relevant for unstabilized earth construction. The
key parameters are the stiffness evolution as a function of the suc-
tion, the water retention curve that links the suction with the
degree of saturation and the relative permeability that considers
the change of water permeability as a function of the degree of sat-
uration. The mechanical response of a typical two-storey building
is considered along six years with representative atmospheric con-
ditions in Belgium as boundary conditions at the wall faces.
2. Materials

In this study a clayey silt soil that has shown its relevance for
earthen construction [18] is used. It comes from the region of
Marches-Les-Dames (Belgium) and it consists of a clay of low plas-
ticity (CL) according to the Unified Soil Classification System
(USCS). Its index properties are: liquid limit (wL = 32,5%; plasticity
index (IP = 15%. The grain-size distribution curve is presented in
Fig. 1. The clayey fraction represents 13%, the silty one about 61%
and the sandy one about 26%. The grain size distribution of this
clayey silt is very similar to the one suggested by Alley [3] to reach
after compaction relevant soil dry density and strength for earthen
constructions. Indeed the large spreading of the particle size distri-
bution 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. [18]. Here only the
most relevant results are summarized and interpreted for the cal-
ibration 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 in layers 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 having being
attained [20,37]. In order to ensure repeatability of the sample
preparation, we prepared a first sample with the criterion of the
hammer that rings when dropped on the soil; we measured the
density of the obtained sample; and then we repeated always the
same density for all the samples (by controlling the mass of soil
and volume of sample. The optimum water content at compaction
was determined in order to obtain the highest unconfined com-
pression strength. Those conditions were reached for a water con-
tent of 8% and a dry density of 2000 kg/m3. The suction of as-
compacted samples, measured by the filter paper method [9], is
equal to 2.4 MPa.

From those initial conditions, different suctions were applied to
the samples through the control of relative humidity by different
saline solutions [12]. Saturated saline solutions are installed at
the bottom of a desiccator and adjust the water vapor concentra-
tion of the air (and so the relative humidity). Vapour exchange
occurs between saline solution and soil samples placed in this des-
iccator (not in direct contact with the saline solution). The time
necessary to reach equilibrium may be quite long. In our cases, it
took from 5 to 25 days for the small samples and from 10 to
50 days for the biggest samples, depending on the imposed relative
humidity.

The corresponding suction in the sample is obtained through
the Kelvin’s law:

s ¼ �qwRT
Mw

lnRH ð1Þ

where s is the suction, R is the constant of perfect gases
(R = 8.3143 J/mol/K), T is the temperature in Kelvin (T = 293 K),
Mw is the molar mass of water (Mw = 0.018 kg/mol), qw is the bulk
density of water (qw = 1000 kg/m3), and RH is the relative humidity.

Table 1 reports the different applied suctions at a temperature
of 20 �C. Note that the samples that reach the highest suction
(125 MPa) have been dried under ambient conditions in a room
where the temperature and humidity are constant.

Fig. 2a and b present the soil water retention curve expressed in
terms of water content, w, and degree of saturation, Sr, respec-
tively. Only water retention properties for suctions higher than ini-
tial suction were investigated because, as it will be demonstrated
in the numerical modelling, during the life of the building, the



Fig. 1. Particle size distribution of the studied soil.

Table 1
Imposed suction for various saturated saline solutions at a temperature of 20 �C.
(1)Samples placed under ambient laboratory conditions.

Saturated saline solutions Relative humidity RH (%) Suction (MPa)

K2SO4 97 4.17
KNO3 92 11.43
KCl 85 22.29
NaCl 75 39.46
(Ambient air)(1) 40 125
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rammed earth is exclusively subject to suction higher than the ini-
tial suction of 2.4 MPa. It can be noted that the soil reaches very
dry state (Sr = 12%) under ambient conditions. Water retention
hysteresis upon wetting-drying was disregarded for the sake of
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Fig. 2. Soil water retention curve (a) suction vs. water
simplicity and also because the wetting and drying curves tend
to coincide for low degree of saturation (close to the residual
value).

At equilibrium with surrounding relative humidity, the height
and 3 diameters (bottom, middle and top) were measured with a
caliper for each sample. Fig. 3 presents the volumetric strain upon
drying. Volumetric variations less than 1% are observed during a
drastic drying at a relative humidity of 40%. This is not a huge
deformation, but still it may have an impact on the global deforma-
tion of rammed earth structure upon drying. It is important to note
that the addition of a small quantity of sand or gravel could have a
positive impact on the reduction of shrinkage. But this has not
been tested in the frame of this study.

Unconfined compression test are performed in order to deter-
mine the unconfined compressive strength (UCS) of soil samples
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Fig. 3. Contractive volumetric strain upon drying from an initial suction of 2.4 MPa.

B. François et al. / Construction and Building Materials 155 (2017) 164–175 167
with unrestricted horizontal deformation. This is the most widely
used measure of strength for rammed earth materials [37]. Tests
were performed at the different suctions reported in Table 1. The
stiffness modulus was obtained as the steepest slope of the axial
stress – axial strain curve in a strain interval of 0.2% (i.e. the slope
is obtained as a finite difference between +0.1% and �0.1% of strain
around the considered point). The first part of the experimental
curves shows a progressive mobilization of the stiffness before
the maximum stiffness is observed. This is essentially an experi-
mental artefact due to the progressive contact between the loading
piston and the sample. This is not considered in the determination
of the stiffness modulus. The Unconfined Compression Strength
(UCS) is taken as the maximum axial stress reached. This method
allows to deduce the two fundamental mechanical parameters
used in the numerical modelling, with conventional soil mechanics
tests.

UCS and stiffness modulus (E) are reported as a function of suc-
tion in Fig. 4a and b, respectively. For each suction, 2–4 unconfined
compression tests were performed. The stiffness under saturated
conditions has not been reported due to the plastic behaviour of
the specimen. Except for the results at 4.17 MPa of suction, a log-
arithmic regression curve provides a good estimation of the
obtained UCS and E. The low accuracy of the vapour transfer tech-
niques at small suctions [12] can probably explain the out-of-trend
strength and stiffness measured at a suction of 4.17 MPa.
Fig. 4. (a) Unconfined compression strength and (b) stiffne
3. Hygro-mechanical laws

3.1. Balance equations

In this work, the hygro-mechanical behaviour of the rammed
earth wall is addressed through finite element computations con-
sidering mechanical stress-strain behaviour and hygroscopic trans-
fers. The LAGAMINE finite element code, including a thermo-
hydro-mechanical finite element formulation [11,19], has been
used.

The mechanical equilibrium is controlled by the momentum
balance equation

divðrÞ ¼ 0 ð2Þ

where r is the total stress tensor. In this work, the gravity is
neglected and the total stresses are only induced by external load-
ings. This is justified by the moderate height of the building (6.4 m
in total) that induces a self-weight of the wall much lower than the
governing effective stress controlling the mechanical behavior of
the wall (Eq. (3)).

At this stage, it is important to distinguish the total stress and
the effective stress for unsaturated soils. The total stress distribu-
tion fulfills the global equilibrium of the structure while the effec-
tive stress fr0g is a combination of the total stress and the internal
pore pressure [5,32]:

r0 ¼ rþ vsI ¼ rþ ðSrÞasI ð3Þ

where I is the identity matrix and s the suction that is the difference
between air and water pressure (s ¼ pa � pw). In this expression, it
has been decided to use an hyperbolic function of the degree of sat-
uration Sr for the expression of the effective stress parameter v, as
suggested by Alonso et al. [2]. a is a material parameter.

The equilibrium and balance equations, as well as the water
flow, are expressed in the moving current configuration through
a Lagrangian actualized formulation [10] with the consequence
that there is no evolution of solid skeleton mass and the mass is
conserved in any given reference volume:

@

@t
ðqsð1� nÞÞ ¼ 0 ð4Þ

where qs is the bulk density of solid grains, n the soil porosity and t
the time.
ss modulus of the tested soils as a function of suction.



Fig. 5. Yield limit of the Drucker-Prager model: (a) View in the (p’–q) plane and (b) in the principal stress space.
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Fig. 6. Water retention curve. Best fitting between Van Genuchten’s equation and
experimental results.

Fig. 7. Calibration of non-linear elasticity based on elastic stiffness measured on
unconfined compression test. The Young modulus is a function of the mean
effective stress (Eq. (7)), affected by the suction level.

Table 2
reports the calibrated materials parameters.

Parameters Symbols Units Values

Young modulus at reference mean effective
stress p’ref = 1 MPa

Eref MPa 208

Non-linear elasticity exponent ne – 0.81
Poisson coefficient m – 0.25 (*)
Friction angle /’ � 36.5
Cohesion c’ kPa 6.2
Dilatancy angle w � 0 (*)
Exponent of effective stress parameter a – 2.08
Coefficient of the Van Genuchten water

retention curve
nw – 1.325

Coefficient of the Van Genuchten water
retention curve

aw MPa 0.528

Coefficient of the Van Genuchten water
retention curve

Sr,res – 0

Coefficient of permeability ksatw
m2 5.54

10�16

Porosity N – 0.26
Tortuosity s – 0.50
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The water mass balance equation translates the equilibrium
between water (liquid water and water vapour) in- and out-flow
and the storage coefficient that may come from a variation of the
degree of saturation, a variation of porosity or a change of bulk
density of liquid water qw or water vapour qv.

@

@t
ðqwnSr þ qvnð1� SrÞÞ þ divðfwÞ � Qw ¼ 0 ð5Þ
fw is the mass flow. Qw is a volume source of water. Isothermal con-
ditions are assumed so that the thermal transfer through the wall is
ignored.
3.2. Constitutive equations

To relate the unknowns included in the balance equations with
the primary unknowns of the finite element problem (i.e. the x and
y displacements and the pore water pressure pw), a series of consti-
tutive equations are required.

First, the strains are linked to the variation of effective stress
through a Drucker-Prager elasto-plastic constitutive model. The
strain rate is decomposed into elastic dee and plastic dep strain
rate:

de ¼ dee þ dep ð6Þ
The elastic component of the strain is governed through a non-

linear hypoelastic law where the Young modulus E is a function of
the mean effective stress through a hyperbolic function as used by
François & Laloui [15] see also Hujeux [23]:

E ¼ Eref
p0

p0
ref

 !ne

ð7Þ

where p0 is the mean effective stress. Eref is the reference Young
modulus at the reference mean effective stress, p0

ref (= 1 MPa in
our case). ne is a material parameter.

The mechanical behaviour is assumed elastic-perfectly plastic:
the material response is fully elastic up to the yield limit that cor-
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Fig. 8. Unconfined compression tests at different suctions. The non-linear elastic perfectly plastic model is able to reproduce the effect of suction on stiffness and ultimate
strength. Thick curves: Model prediction; Thin curves: Experimental results.

Fig. 9. Volumetric strain upon drying: Comparison between experimental results
and model prediction. It is to note that the model prediction would be fully
reversible upon re-wetting.
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responds to the failure limit. A Drucker–Prager failure surface is
adopted [14] (Fig. 5):

f � q �M
�
p0 þ c0

tan/0

�
¼ 0 ð8Þ

with

M ¼ 6 sin/0

3� sin/0 ð9Þ
p’ and q are the mean effective stress and the deviatoric stress
and c’ and /’ are the cohesion and the friction angle, respectively.

Once the failure criterion is reached, the plastic strains are
determined through the plastic multiplier dk and the derivative
of the plastic potential g:

dep ¼ dk
@g
@r

ð10Þ

with the plastic potential g:

g � q �M0p0 ¼ 0 ð11Þ
with

M0 ¼ 6 sinw
3� sinw

ð12Þ

where w is the dilatancy angle.
The mass flow fw is defined as the sum of the advection of the

liquid water (generalized Darcy’s law for unsaturated conditions)
and the diffusion of water vapour (Fick’s diffusion law):

fw ¼ �qw
ksatw kw;r

lw
ðgradðpwÞÞ � Dsnð1� SrÞðgradðqvÞÞ ð13Þ

where ksatw is the intrinsic permeability under saturated conditions,
kw;r is the relative permeability (see Eq. (15)), lw the dynamic vis-
cosity of water (lw = 0.001 Pa�s), D is the molecular diffusion of
the mixture water vapour – air (D = 2.78 10�5 m2/s), s is the
tortuosity.



Fig. 10. Considered geometry of the case study. Dimensions are in cm.
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Fig. 11. Daily evolution of the external air relative humidity as observed in Uccle
Observatory (Belgium) during the year 2014. This condition is applied according to
the bi-linear fitting as the boundary condition on the external wall face. The same
evolution is repeated during 6 years.
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Classically under partially saturated conditions, a water reten-
tion curve and a water permeability curve are defined to relate
the degree of saturation with suction (i.e. negative pore water
pressure) and the water permeability with the degree of satura-
tion, respectively. These relationships are based on the van Gen-
uchten’s equation [36]:

Sr ¼ 1þ ðsÞ
aw

� �nw� � nw
nw�1

ð14Þ

kw;r ¼
ffiffiffiffi
Sr

p
1� 1� ðSrÞ

nw
1�nw

� �nw�1
nw

� �2

ð15Þ

where nw and aw are material parameters.

4. Material parameters

The coupled hygro-mechanical model is able to reproduce a ser-
ies of coupling processes between the hydraulic behaviour (i.e.
water migration through the wall) and the mechanical behaviour
(stiffness and strength). Parameters are calibrated based on labora-
tory tests as follows.

Fig. 6 reproduces the best fitted Van Genuchten’s water reten-
tion curve in comparison with the experimental curve, in the least
square sense. Then, following the work of Gerard et al. [18], the
effective stress parameter is a hyperbolic function of the degree
of saturation (Eq. (3)) in order to obtain a unified failure criterion
at different suction levels. According to this work performed on
the same material, at the same density, the unified failure criterion
is obtained for an exponent a = 2.08. Also, according to non-linear
elasticity (Eq. (7)), the evolution of effective stress with suction
also reproduces the stiffening of the materials when suction
increases (dry material is usually stiffer than wet material). The
Young modulus is a function of the mean effective stress which
is affected by the suction level, while the Poisson ratio is assumed
constant. The two parameters of Eq. (7) are calibrated based on the
elastic stiffness observed along unconfined compression tests
(Fig. 4b). The water retention curve and the expression of effective
stress being known, it is possible to relate the suction level to the
mean effective stress. Fig. 7 reports the measured Young modulus
as a function of the mean effective stress, as well as the calibrated
evolution of this Young modulus using Eq. (7). The best fit in the
least square sense is obtained for ne = 0.81 and E0 = 208 MPa.

The intrinsic permeability in saturated conditions has been
evaluated experimentally to 5.54 10�16 m2 with a falling head per-
meameter. According to Van Genuchten [36], 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. So, the coefficient nw of Eq.
(15) (relative permeability equation) is deduced from the calibra-
tion of Eq. (14) (water retention curve equation).

Table 2 Materials parameters. (⁄) Without accurate data about
Poisson coefficient and dilatancy angle, usual values have been
chosen, by default.

Fig. 8 shows the ability of the model to predict the stress-strain
response of the material upon unconfined compression tests at dif-
ferent suctions. In particular, the increase of stiffness and strength
when suction increases is well reproduced thanks to the combina-
tion of non-linear elasticity and generalized effective stress. When
suction is modified, the effective stress changes (Eq. (3)) which has
an impact on the failure criterion (Eq. (8)) and the elastic stiffness
(Eq. (7)). The experimental artefact at the start of the curves linked
to the progressive mobilization of the contact between the loading
piston and the sample, not linked to the intrinsic response of the
material, is not considered by the model. As a consequence of the
elastic, perfectly-plastic model, the post-peak response is modelled
as a constant deviatoric stress while the experimental response
shows a brittle failure (not considered by the model). Actually,
brittle post-peak response is very delicate to tackle by numerical
model because of bifurcation process and non-unicity of the solu-
tion. The main objective of the present work being to study the



Fig. 12. Linear approximation of the monthly average external temperature, as recorded at the meteorological observatory of Uccle (Belgium). The internal relative humidity
is linked to external temperature through a linear one-to-one relationship (Eq. (16), when T = 0 �C, RH = 50% and when T = 20 �C, RH = 68%).

Fig. 13. 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.
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behaviour of the structure upon serviceability loading, the aspect
related to failure processes are out of the scope of this paper and
the failure limit is used as a criterion to evaluate how far we are
from the critical situation.

In parallel, this non-linear elasticity coupled with the effective
stress is also able to tackle the volumetric change upon drying,
as demonstrated in Fig. 9. The matching between experimental
results and model prediction is particularly noticeable because
the model results consist exclusively in blind prediction. The
parameters were calibrated on the water retention curve (for the
hygroscopic behaviour) and the unconfined compression tests
(for the mechanical behaviour) and the response upon drying is a
consequence of the coupling between the mechanical and hygro-
scopic behaviours. Upon low suctions, the stiffness is relatively
limited which generates significant volumetric strain upon drying
at low suctions. Then, when suction increases, the material
becomes stiffer and the slope of the volumetric strain vs suction
curve is progressively reduced.
5. 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
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Fig. 15. Evolution of suction in the middle of the wall (x = 22.5 cm) and close to
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Fig. 16. Evolution of the vertical displacements at the mid-span of the two floors for
the basic case (application of the load at time t = 0) and for the case with postponed
loading (loading after 6 months of construction).
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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 [22]. The problem is studied in two
dimensions and only half of the structure is considered for symme-
try reason. Fig. 10 shows the considered geometry.

The rammed earth properties are taken from the experimental
studies above (see Table 2) 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; mconcrete = 0.15; Ewood = 11 GPa;
mwood = 0.25).

5.1. Boundary conditions

Hydraulic conditions are applied as an imposed water pressure
at the wall faces. For the external conditions, 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 simulation starts in January. The daily
values evolving along the year are fitted by a bi-linear curve, as
indicated in Fig. 11. The internal relative humidity in the building
is deduced from the external temperature, recorded in the meteo-
rological observatory of Uccle (Belgium), according to the relation
proposed by AASHRAE Tenworld [1]:

RHint ¼ 50þ 18
20

Text ð16Þ

where RHint is the internal relative humidity expressed in percent
and Text is the external temperature, expressed in �C. According to
AASHRAE Tenworld (2008), this relation is valid from �10 �C to
20 �C. Fig. 12 plots the obtained 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 (Eq. (1)).

The mechanical boundary conditions reproduce the fixed dis-
placement in the horizontal and vertical directions at the level of
the foundation, the fixed horizontal displacement at the symmetry
axis and the uniformly distributed pressures on the floors (vertical
pressure of 10 kN/m2 corresponding to permanent 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 displacement 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 conditions in the
structure induced by climatic changes on both faces of the wall.
This immediate application of the load is the most severe case
because the load is applied on the wall at its wetter and softer
state. So, as an alternative, we have also considered another case
where the load is applied after 6 month of drying (the end of con-
struction is in January while the loading is applied in July).

5.2. Results on conventional loading

Initially, the uniformly distributed pressure on the floors pro-
duces a deflection of the structure induced by the bending of the
slabs and the wall (Fig. 13a). The maximum vertical displacement
at mid-span 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.

In summer, the external environment is dry (s = 69 MPa;
RH = 60%) while the internal condition is wetter (s = 52 MPa;
RH = 68%). In winter, the conditions are reversed: s = 16 MPa
(RH = 89%) and s = 88 MPa (RH = 52%) for external and internal
conditions, respectively. Consequently, the wall is continuously
submitted to hygroscopic changes. Fig. 14 shows the profile of
the suction through the wall at a height of 5 m 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 significantly
because the environmental conditions are much dryer than the ini-
tial conditions of the rammed earth after compaction. Then, after a
few years, the core of the wall is still drying but more gently while



Fig. 17. Map of plastic indicator in the structure (a) after the application of the pressure on floors and (b) at the end of the 6th year of simulation for the standard loading
(10 kN/m2 on the floors).
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the suction change are still noticeable near the external face, on a
skin of around 5 cm thickness. This is confirmed by Fig. 15 that
shows the evolution of suction at the same height in the middle
and close to both faces of the wall during the 6 years of simulation.
It is observed that the middle of the wall is still continuously dry-
ing and 6 years are not enough to reach a kind of steady state. 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.

In terms of displacements, the global drying of the rammed
earth produces a shrinkage of the materials that generates a verti-
cal displacement of the structure increasing from the bottom to the
top. Consequently, the 1.84 cm of displacement induced by the dis-
tributed pressure on the floors at time t = 0 increases up to 3.23 cm
after 6 years due to rammed earth shrinkage (Fig. 12b). The shape
of the deformed configuration does not change significantly. Only
the wall is shortened of approximately 1.4 cm. Fig. 16 shows the
evolution of the vertical displacement 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 displacement 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 environmental conditions.

As an alternative, we have also considered the loading of the
floors 6 months after the construction. In this case, the wall had
already time for partial drying. Consequently the wall is stiffer
and the induced displacement is slightly reduced. The vertical dis-
placement of the top floor at the end of the process is now reduced
to 3.08 cm (instead of 3.23 cm when the load is applied
immediately).
All along the process, the structure is really far from failure.
Fig. 17 shows the plastic indicator PI that is the ratio between
the current deviatoric stress and the deviatoric stress correspond-
ing to failure for the same mean effective stress:

PI ¼ q
qfailure

ð17Þ

This parameter is a local indicator of how far the considered
point is from failure. When PI = 1, the stress state is upon the fail-
ure criterion. As demonstrated in Fig. 17, the plastic indicator
remains lower than 0.5 all along the process. After the loading of
the floors (Fig. 17a), 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 indicator is increased
between time t = 0 (IP = 0.08) and after 6 years of simulation
(IP = 0.2). This is due to the gradient of suction in the wall that pro-
duces a gradient of effective stress which in turn induces deviatoric
stress. Also, at the connection between the wall and the first floor
(Fig. 17b) the IP values are slightly increased because the differen-
tial shrinkage between rammed earth and wood produces some
shear stresses. However, the IP values remains in very acceptable
limits everywhere.

5.3. Results up to plastic state

Let’s now imagine an extreme situation where the pressure on
the floors would induce a state very close to failure. When a pres-
sure of 80 kN/m2 (eight times the recommended maximum pres-
sure in usual standards) is applied on the floors, plastic hinges
are generated at the top and the bottom of the first floor wall



Fig. 18. Map of plastic indicator in the structure (a) after the application of the pressure on slabs and (b) at the end of the 6th year of simulation for an extreme loading
(80 kN/m2 on the slabs). Points A and B are the locations where the stress path is followed in Fig. 19.

Fig. 19. Stress paths followed in the p’-q plane by points A and B (their locations are reported in Fig. 18) during the extreme loading on the floors and the 6 years of
simulation.
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(Fig.18a). The plastic indicator is equal to one almost everywhere
in those two zones that is characteristic of a situation close to fail-
ure. However, along the drying process of the wall (during the
6 years of simulation), the evolution of the plastic indicator is
favorable for the stability of the structure. It decreases everywhere
and comes back to value significantly smaller than one that indi-
cates an elastic response without any failure zone in the structure
(Fig. 18b). This is due to the drying process that strengthens the
rammed earth. This process is demonstrated in Fig. 19 where the
stress path of two points located in the more sensitive zone (in
the initial plastic hinges) is drawn in the (p’-q) plane together with
the failure criterion. The locations of the two points (A and B) are
reported in Fig. 18. One point is located in the side of the wall in
tension (close to the external face, point A) while the other point
is in the compressed side of the wall (close to the internal face,
point B). During the loading on the floors, point A is essentially
submitted to a triaxial extension loading path (the vertical stress
is reduced while the horizontal stress remains constant) while
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point B is submitted to triaxial compression loading path (the ver-
tical stress increases while the horizontal stress remains constant).
Both points reach the failure criterion rapidly before the end of the
loading phase. However, during the drying process, the increase of
mean effective stress (induced by the increase of suction (see Eq.
(3))) produces a displacement of the stress point toward the elastic
domain (far away from the failure criterion).

6. Conclusions

Rammed earth is a material which may be strongly affected by
the hygroscopic conditions. The material strength and stiffness are
constantly evolving due to the change of hygroscopic environmen-
tal conditions. To obtain good compaction, the rammed earth is rel-
atively wet at the moment of construction and tends to dry with
time. The drying is faster on the sides of the wall in direct contact
with the environmental conditions while the core remains wetter.
Several annual cycles are needed to dry the material in the middle
of the wall. The speed of those hygroscopic transfers is controlled
by the permeability of the material.

It is essential to characterize this hygroscopic behaviour
because it has a strong influence on the structural response of
the rammed earth wall, in terms of deformation and failure. Dryer
is the material and higher are the stiffness and strength.

This coupled hygro-mechanical behaviour in a rammed earth
wall has been addressed through finite element computations.
Hygroscopic transfers follow the Darcy’s law extended to unsatu-
rated soils in which the water permeability is a function of the
degree of saturation. The mechanical behaviour is directly coupled
to the hygroscopic conditions through the effective stress for
unsaturated soil. Non-linear elasticity takes into account the stiff-
ening of the material when it is dried.

The hygro-mechanical model has been calibrated based on rel-
atively conventional soil mechanics laboratory tests. Unconfined
compression tests at different controlled suctions (imposed by rel-
ative humidity techniques) and shrinkage measurements upon
drying are enough to obtain the relevant parameters of the model.
This straightforward experimental procedure can be carried out in
any conventional laboratory of soil mechanics.

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

In order to evaluate the ultimate bearing capacity of the
rammed earth structure, an extreme case with a load of 80 kN/
m2 on the floors has been simulated. The results show that plastic
hinges are created in the wall but those plastic zones disappear and
the behaviour comes back into the elastic regime when the wall
dries. From a practical point of view, it indicates that time plays
a positive role for the stability of the earthen structure due to
material drying. Consequently, the walls may resist to important
load (much higher than the recommended maximum loading in
usual standards) several years after the construction.
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