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Abstract: Mechanisms of shrinkage and the conditions leading to cracking of drying soils are addressed. 
An elastic formulation of the hydro-mechanical drying problem is presented. It relies on the analogy which 
can be drawn between the desiccation process and thermo-elasticity. The validity of the analogy is discussed 
in the light of finite element simulations of air drying experiments on a rectangular soil slab resting on a 
substrate. Two kinds of tests are dealt with: free desiccation and substrate constrained desiccation tests, with 
different kinematic boundary conditions. The discussed model is able to reproduce some of the experimental 
observations. 

 
 

1. INTRODUCTION 
Drying of soils and the ensuing cracking are a 

crucial issue in geo-environmental engineering. 
Drying fractures strongly affect permeability and 
may compromise the integrity of structures such as 
clay buffers for nuclear waste isolation. In addition, 
cracking is the cause of substantial damage in 
foundation supported structures. Compressibility 
increases substantially while the rate of 
consolidation decreases, with appearance of 
desiccation cracks (Morris et al. 1992). Cracks are 
also a possible precursor for inception of failure 
surface at the top of dams and embankments. 
Assessment of the potential for such damage is 
difficult as mechanisms and principal variables in 
the process are poorly understood despite decades 
of research, see e.g. Corte and Higashi (1960), 
Abu-Hejleh (1993), Konrad and Ayad (1997).  

Desiccation macro-cracks are likely to occur if 
the shrinkage is constrained and/or if tensile 
stresses are generated in the soil, which reaches its 
tensile strength (Corte and Higashi 1960). 
Typically, these constraints can arise from different 
causes (Hueckel 1992): (i) a frictional or any other 
traction or displacement boundary conditions, (ii) 
any eigen-stress concentrations within the soil 
sample, and (iii) intrinsic factors, such as soil 
texture and soil structure. In the field, (i) can arise 
from any restraining structure, and (ii) from soil 
moisture gradients, which do not respect the 
compatibility conditions.  

In this paper, it is assumed that the desiccation 
induced stress increment dσij may be expressed by: 
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where Eijkl is a stiffness tensor, dεm

kl refers to the 
mechanical strain rate responsible for stress 
generation, dεkl is the observed total strain rate, 
dεh

kl is a free desiccation strain rate (the only one 
occurring if desiccation is not constrained).  

Having those concepts in mind, drying is 
numerically and experimentally investigated in this 
paper. Its aim is to identify principal features of 
soil behaviour, which leads to cracking. First an 
elastic formulation of the hydro-mechanical 
problem is presented. Then, the validity of the 
formulation is discussed in the light of finite 
element simulations of the air drying experiments. 

 
 

2. NUMERICAL MODEL  
In this section the field and constitutive 

equations of the numerical model are summarized. 
The linear momentum conservation law reads: 
 
div 0ρ+ =σ g  (2)
 
where σ  is the total (Cauchy) stress tensor with 
tensile stresses taken as positive, g  is the gravity 
vector. ρ  is the total mass density of the medium. 

The mechanical behaviour of the whole medium 
is assumed to be governed by total stress, which is 
related to a mechanical elastic strain meε  through: 

 
:= meσ D ε  (3)

 



 2

where D  is the linear elastic constitutive tensor. 
Assuming that drying induced water mass 

transfer through the body is solely governed by a 
diffusion law and neglecting the deformation 
influence on water mass transfer (Péron 2007), 
mass conservation of water states:  
 

[ ]div grad 0t w wλ∂ − =  (4)
 
where λ  is a diffusivity coefficient [m2.s-1], and w 
is the gravimetric water content. 

The total strain rate ε  (positive in 
compression) is divided into two parts, the drying 
induced part hε  due to water mass removal and the 
mechanical part mε  due to total stress variation. 
The mechanical strain rate is assumed to be purely 
elastic (referred as meε ) and the drying induced 
strain rate is assumed to be proportional and 
opposite in sign to water content increment w . 
These assumptions lead to: 

 
wα= + = +m h meε ε ε ε I  (5)
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where K and G are bulk and shear elastic moduli. 

vε  and dε  are volumetric and deviatoric strain rate 
invariants, p and q are mean and deviatoric stress 
invariants. α is a hydric expansion/shrinkage 
coefficient.  

Considering the boundary conditions, the weak 
form of the governing equations may be obtained 
through a variational approach. The governing 
equations written in matrix form become: 
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where u  and w  are the nodal unknowns, K is the 
stiffness matrix, H1 is a “water diffusivity” matrix 
and H2 is a time dependence matrix. fu and fw are 
nodal flux vectors. 

The formulation of the problem is analogous to 
thermal diffusion in an elastic body. It is solved as 
follows. First the water content field is determined. 
Then water content field intervenes as a solicitation 
for the determination of the displacement field. 
Eventually, in Equation (7), the term fu includes a 

nodal force term due to the drying induced strain 
hε , deduced from the water content.  

The 2D formulation of the model is available in 
a general purpose finite element code Gefdyn 
(Modaressi et al. 1991; Aubry et al. 1995). Linear 
elements are used for the computation of water 
content, and quadratic elements for the 
displacements computation. An implicit time 
integration scheme is adopted. 

 
 

3. VALIDATION OF THE NUMERICAL 
MODEL 

In order to validate the above model, two kinds 
of air drying experiments, with different kinematic 
boundary conditions are performed and 
numerically simulated: free desiccation and 
constrained desiccation test.  

 

3.1 Experimental results 
Clayey silt from Bioley (Switzerland) was 

prepared as a saturated slurry (w = 49%), and 
shaped in rectangular bars (length 300 mm, width 
50 mm, height 12 mm). Details on experiments can 
be found in Peron et al. (2006) and in Hu et al. 
(2006). Free desiccation tests consisted in drying a 
bar at fixed temperature (18 oC) and relative 
humidity (40 %), on a Teflon substrate (which 
minimises the boundary constraint). Strain/water 
content data were obtained by calliper 
measurements and weighing. Water content 
repartition throughout the sample was also 
monitored. For constrained desiccation tests, a 
constraint was created at the bottom surface in the 
axial direction only, by using a substrate with thin 
parallel lateral notches. In both cases, horizontal 
strains were measured at mid height; vertical strain 
was measured in the centre of the bar. 

For all of the free desiccation tests, none of the 
bars experienced cracking. The strain / water 
content evolution is depicted in Figure 1 from w = 
32 % (liquid limit value) to 20 % (shrinkage limit). 
The evolution is quasi-linear and isotropic. Up to 
liquid limit, the bar was in a quasi-liquid state, and 
its behavior is not considered here. Local water 
content measurements reveal small heterogeneities 
between bar center and extremities, which 
disappears below w = 25 % (see Figure 2).  

For all of the constrained desiccation tests, 
strain evolutions with respect to average water 
content below the liquid limit value are plotted in 
Figure 3. Due to the parallel notches, the value of 
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axial strains is 0.5 % at the onset of cracking, hence 
much lower than in the free desiccation tests. 
Strains in the transversal direction are also lower 
(due to a slight friction). In turn, vertical strains are 
larger. 

Cracks appeared successively in the bar at an 
average water content range comprised between 24 
and 22 %. They formed a parallel set (see Figure 4) 
normal to the axial constraint. Often times several 
cracks formed simultaneously, but most commonly 
they would cut the bar in two pieces, and then the 
formed pieces again in two pieces. Just before the 
appearance of the main cracks, smaller, localised 
and diffused cracks were observed at the bar 
bottom corner, causing a slight detachment of the 
bar extremities from the support. 

Apart from bar desiccation tests, Water 
Retention Curve (WRC) was determined for Bioley 
silt using pressure plate apparatus. Strains, 
saturation ratio, at different stages of drying and re-
wetting were determined (Péron et al. 2007). 
Comparing WRC to desiccation tests results, it 
appears that: (1) drying strains experienced during 
desiccation up to w = 22 % are mainly irreversible 
and occur in saturated conditions, (2) cracking 
water content (22-24 %) corresponds to the end of 
the saturated range, close to air entry value. Tensile 
tests were performed in triaxial condition on a 
saturated sample revealing tensile strength of 
Bioley silt is comprised between 5 and 10 kPa. 

 

3.2 Finite elements simulations 
A 2D bar of soil is examined, with the 

dimension 300 mm x 12 mm. The finite elements 
mesh is shown in Figure 5. Only a half bar is 
considered, taking advantage of the axial 
symmetry. Finite element simulations of drying 
process using GefDyn code are performed in plane 
strains (the choice is somewhat arbitrary given the 
geometry). Material characteristics are ν = 0.3 
(deduced from triaxial test on Bioley silt), E = 1 x 
105 Pa, α =1.26 x 10-2 and  λ = 8 x 10-6 m2.s-1 
(values determined to fit to the experimental 
results, see below). The gravity is ignored in order 
to examine the shrinkage as isotropic and 
homogeneous. The 2D bar is subjected to two 
kinds of kinematic boundary conditions: a perfectly 
smooth substrate (type 1 boundary conditions) to 
simulate free desiccation tests, and a condition of 
zero displacement at the bottom (type 2 boundary 
conditions) to simulate constrained desiccation 

tests. Horizontal displacements are prescribed 
along the symmetry axis. 

 

 
Figure 1. Average strain evolution vs. average 

water content from liquid limit to 
shrinkage limit values, free desiccation. 

 

 
Figure 2. Gravimetric water content distribution 

during drying, free desiccation tests. 

 

 
Figure 3. Average strain evolution vs. average 

water content, constrained desiccation. 
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Figure 4. Examples of final crack patterns. 

 
 
Water content (drying) boundary conditions 

consist in imposing water content on the surfaces 
of the top and side extremities of the bar. Water 
content is reduced with a constant rate of 1.2 % per 
hour, from 32 % to 20 %, for both free and 
constrained tests. This rate is directly taken from 
the desiccation tests experimental results. Note the 
mesh is refined near the drying surfaces. 

The value of E to be used in the simulations was 
first determined. Knowing the value of tensile 
strength, as well as the cracking water content of 
constrained desiccation tests, the following 
simulation was performed. Type 2 boundary 
conditions were applied, with a homogeneous 
water content distribution everywhere in the bar, 
constantly decreasing from the initial value. E was 
chosen so that the horizontal stress observed at the 
cracking water content (24 %) was equal to the 
tensile strength. As strains experienced during 
desiccation are elasto-plastic as revealed in WRC 
tests, so is the determined modulus. So, even if a 
stress-strain relationship is actually linear it is 
indeed an elasto-plastic relationship. 

Water content fields are now examined. 
Homogeneity of the water content field depends on 
the diffusivity coefficient. With a value of 1 x 10-5 
m2.s-1, it is possible to simulate the observed slight 
heterogeneity along the bar axis (see Figure 2). 
Figure 6 shows water content repartition through 
the bar after 6.5 hour of drying from w = 32 %. Bar 
average water content is then of 24 %, and roughly 
varies between 25 % and 23 %. This variation is in 
the range of the experimental error. 

A vertical water content profile along the axis of 
symmetry is represented in Figure 7. Note that the 
variation of water content along the vertical axis 
(12 mm high), highlighted by the simulation, was 
out of reliable measurement range. This water 
content field is subsequently used for free and 
constrained desiccation tests simulations. 

Free desiccation test conditions are reproduced 
by applying type 1 boundary conditions. The 
amount of shrinkage strain is primarily determined  

 
Figure 5. Finite element mesh (half bar). 

 

 
Figure 6. Typical simulated water content field 

during drying (half bar).  

 
 
by α coefficient. A value of 1.26 x 10-2 (directly 
deduced from volumetric strain – water content 
variation relationship, see Figure 1) reproduces the 
experimentally observed shrinkage. While only 
slight strain heterogeneities are caused by water 
content heterogeneities, in such a situation, some 
stresses arise. 

Horizontal total stress profile along the axis of 
symmetry is shown in Figure 8, for an average 
water content of 24 %. Compressive stresses are 
originated at the bottom of the bar (where the 
material is wetter), which become tensile towards 
the bar surface (where the material is dryer). 
Nevertheless, with the chosen Young modulus, 
stress values are extremely low (they do not exceed 
1.3 kPa in the tensile range). 

Finally, constrained desiccation tests conditions 
are reproduced by applying type 2 boundary 
conditions, with the same water content fields as 
for free desiccation conditions. In Figure 9 
experimental axial and vertical strains and their 
simulated counterpart values are compared. While 
the numerical values of the axial strains are almost 
identical to the experimental one, the numerical 
values of vertical strains are somewhat less than 
experimental ones, yet very close. 

Simulation reveals that the difference in 
shortening between the top surface (free) and the 
bottom (where displacements are set to zero) 
affects the bar extremities only, where it generates 
some shear stresses. Tensile stresses are maximum 
in a very small zone at the bottom corner. This 
result is in accordance with a slight bar extremity 
detachment that was experimentally observed. 
Otherwise, horizontal stresses are mainly tensile 
and rather uniformly distributed in the central 
region of the bar (see Figure 10). 
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Figure 7. Water content, simulation of free 

desiccation test (vertical profile, centre 
of the bar).  

 

 
Figure 8. Horizontal total stress, simulation of 

free desiccation test (vertical profile, 
centre of the bar).  

 
 
This stress field is clearly responsible for the 

formation of the observed crack pattern of Figure 4. 
Eventually, maximum tensile stress in horizontal 
direction is reached along the central vertical 
section (axis of symmetry), indicating the first 
vertical crack would occur at this location, splitting 
the bar in two identical parts. Experiments 
generally showed the first vertical crack could form 
anywhere in the central part of the cake. 

Horizontal total stress profile along the axis of 
symmetry, for an average bar water content of 24 
% (i.e. when cracking was experimentally 
observed) is shown in Figure 11. Stress values are 
substantially higher than free desiccation ones (see 
Figure 8). They still reveal some differences 
between the bottom and top of the bar 
(presumably) related to the water content  

 
Figure 9. Strains evolution of the constrained bar, 

experimental results and simulations. 

 

 
Figure 10. Horizontal stress field, simulation of 

constrained desiccation tests, onset of 
cracking (half bar). 

 

 
Figure 11. Horizontal total stress, simulation of 

constrained desiccation test (vertical 
profile, centre of the bar). 

 
 
repartition. A maximum value of 6 kPa is reached 
at the top of the bar, meaning crack initiates at the 
bar surface. It was not possible, at this time, to 
check experimentally if it was the case. 

3.3 Discussion 
First, one has to be aware that the reason why 

the adopted elastic formulation succeeds in 
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reproducing test results is primarily because the 
fitted E parameter corresponds to an elasto-plastic 
slope (and is not representative of the real elastic 
value). Drying induced strains are actually elasto-
plastic (see WRC results). Moreover, in the present 
formulation, the multiphase nature of the medium 
is ignored. Cracking occurs at the end of the 
saturated domain, so the question arises if a 
parameter such as air entry value is likely to play a 
role in cracking, which classically is linked to 
tensile stresses arising due to constraints.  

Now, in spite of these limitations, the addressed 
modelling frame, through finite element 
simulations, outlines the role of moisture gradients 
(which do not satisfy compatibility conditions) in 
the generation of desiccation induced stresses. It 
confirms that for the discussed constrained 
desiccation tests, stresses and cracking are 
primarily originated by boundary constraints. 
Eventually, this is supported by the observed crack 
pattern parallel to the notches and thus the axial 
boundary constraint. It appears that the process is 
mainly dependent on the hydric 
expansion/shrinkage strain coefficient, α. 

Constant diffusivity and constant moduli are 
used. Drying process is likely to induce a 
significant increase in soil stiffness (Laloui et al. 
1995), while diffusivity should decrease as drying 
progress (in a similar way as permeability). 
Considering that, those features would enrich the 
model, yet the obtained results are satisfactory in 
the present case.  

 
 

4. CONCLUSIONS 
A numerical model for soil desiccation is 

presented. It relies on the analogy which can be 
drawn between the desiccation process and thermo-
elasticity. The model is used for simulation of 
desiccation tests. The material parameters were 
determined with the use of some approximations. 
The simulation is able to reasonably reproduce the 
deformational response of the soil up to the 
initiation of cracking. 
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