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ABSTRACT: Desiccation crack networks can directly affect soil properties, specifically unsaturated
permeability. The aim of this study is to evaluate hydraulic properties, such as the water retention curve, as well
as saturated and unsaturated hydraulic conductivities. We propose a new model to determine the unsaturated
permeability for cracked clay based on the Natural Evaporation Method. The validity and reliability of the
model will be evaluated using experimental data to make a comparison with the proposed model. The hydraulic
properties of a cracked soil during a drying process change in response to the combination of suction change
and cracked volume change. Hence, propagation of cracks will lead to significant change in the coefficient of
permeability of the clayey soil, and will in turn alter the water infiltration.

1. INTRODUCTION
The development of a water retention curve and
hydraulic conductivity function for a cracked soil is
crucial to the study of the soil stability and for longterm risk assessment from waste disposal sites,
recharge estimation for groundwater hydrogeology,
and petroleum engineering. Experiments involve
changes in water permeability after the crack
formation. The density of the presence of cracks in
clayey soil and its hydrological consequences
motivated many scientists to investigate cracking
patterns and dynamics under a variety of boundary
conditions Hallett and Newson (2001),Tang et al.
(2010), Trabelsi et al. (2012), and Sanchez et al.
(2013). However, few experimental studies have been
conducted on the hydraulic property functions of
cracked soils.
First, the evaporation method was used to quantify
the hydraulic functions. This method allows the
simultaneous measurement of the water retention
curve (WRC) and hydraulic conductivity function
(HCF) but it contains some limitations, namely the
measurement limit of about 70 kPa of the tensiometers
and the smaller samples; the cylinder diameter was 80
mm and height 50 mm in Schindler et al. (2010), and
the cylinder had a diameter 48 mm and height 50 mm
in Garnier et al. (1997).
Many hydrologic and plant physiological studies,
on the other hand, require soil hydraulic property
measurements at both lower and higher tensions with
large samples. In this study, we determine
experimentally the soil hydraulic properties at higher
suction (reaching 100MPa) using the natural
evaporation method in a large soil sample (400 mm in
diameter and 100 mm in height). Secondly, the soils

examined here contain a double porosity (cracks or
secondary porosity) due to volume change effects. We
attempt to improve the previous models made by van
Genuchten (1980) (monomodal function) and by
Booth et al. (2013), Durner et al. (1994), and Kohne et
al. (2002). We assume that the soil can be separated
into two distinct pore systems for the soil matrix and
cracks with separate hydraulic properties, and that the
cracks are deformable and thus change volume if the
soil is drying.
2. MATERIALS AND METHODS
2.1. Material
The soil used in this study was extracted from Tibar in
Northern Tunisia. Its main geotechnical properties are
reported in Table 1. According to the United Soil
Classification System (USCS, ASTM D2487) and
Atterberg limit, this clay belongs to high-plastic
inorganic clay (CH).
Table 1. Physical parameters of the clayey soil
Physical properties
Density of solids grains (g/cm3)
Liquid limit, LL (%) (ASTM D4318-00 ,2000)
Plastic limit, PL (%) (ASTM D4318-00 ,2000)
Plasticity index (%) (PI = LL−PL)
Shrinkage limit (%) (ASTM D-4318)
Activity
Granulometry
<80 𝝻m (%)
<2 𝝻m (%)
Organic matter content MO (%)
Calcium carbonate content (%) (NF X31-106)
Value of blue methylene (%) (NF, P94-068)
γd (max), gr/cm3 (ASTM D-698)
w (opt), (%) (ASTM D-698)

Value
2.7
62
30
32
15
3
97
13
0.717
36.84
8.3
1.5
20

2.2. Method:
2.2.1. Experimental set-up
The experiments were divided into two parts:
iCrack image analysis and permeability
tests. For crack image analysis, the
digital image method was used to
determine the crack intensity factor (CIF)
during the 77 days of drying.
iiFor permeability tests, two tensiometers
were installed at depths of 40 mm and 80
mm and a hygrometer at 50 mm. Its
surface remains open to free evaporation.
Suction (s) and sample mass (m) are
recorded at consecutive interval times.

𝐾(s) = ,
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where s is the average suction between the upper
tensiometers at position z1 (80 mm above the bottom
of the sample) and the lower tensiometers at
position z2 (40 mm above the bottom), at the
hygrometer at position z3 (50 mm above the bottom)
geometrically averaged over a time interval Δt. The
hygrometer is placed in the middle of the height of
the sample.
The time step Δt = ti+1 – ti, with i =1…n; Δm is
the sample mass difference in the time interval
(assumed to be equal to the total evaporated water
volume of the whole sample in the interval; 𝜌 is the
density of water, 𝑖$ is the hydraulic gradient
averaged over the time interval.
𝑖7 = 9 :
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Figure 1 presents the relatively large soil specimen
(of 400 mm diameter and of 100 mm height), with
sensors measuring suction (S1 and S2), relative
humidity (V1) and temperature (V1). Load cells
recorded the loss of weight (water evaporation),
temperature
and
relative
humidity
are
systematically controlled (Figure 2). During the
tests, pictures of the samples were taken using a
Canon EOS 500D camera at 15 megapixels. The
pictures were used to measure the approximate cell
area at every step of the experiments. The
tensiometers and balance are connected to a
computer. The flux (q) is derived from the soil water
volume difference ΔV (1 cm3 of water = 1 g) per
surface area (A) and time unit (Δt). The mean
hydraulic gradient (𝑖$ ) is calculated based on the
mean tensions in time intervals. The suction on both
tensiometers (suction < 300kPa) and the hygrometer
(suction > 1000kPa) and the weight change of the
specimen are recorded simultaneously. The
procedure assumes quasi steady-state conditions
over time in which flux and hydraulic gradient are
approximately constant over time, and the water
content within the core is assumed to decrease
linearly with depth. Then the unsaturated hydraulic
conductivity (K) was calculated according to the
Darcy–Buckingham law (Eqn. 1. Cchindler, 1980)
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Where 𝜓L8
and𝜓L8
indicate the upper and
lower tensiometer values at times t1 and t2,
respectively (the suction is equivalent in mm); and
Δz is the vertical distance of the tensiometer
positions.
∆𝑉V
(3)
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Figure 1. Position of two tensiometers S1 and S2 and a
hygrometer V1.
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𝑎 is the flux factor (in the case of rigid soils 𝑎 = 2;
see Schindler et al., 2010); 𝐴 is the cross-sectional
area of the sample.
In general, soils and their pore size systems are
assumed to be rigid during the loss of water on
drying. In reality, this is not the case for most soils,
especially for soils with high quantities of clay. In
shrinking soils, and for isotropic conditions, the flux
factor 𝑎X and the changing cross-sectional area 𝐴X
are adopted to the changed geometry of the sample.
2.2.2. Determination of water retention curve and
unsaturated permeability
We consider in this work an isotropic shrinkage
(𝜀]] = 𝜀^^ = 𝜀GG = 𝜀4 ). 𝜀4 is the strain at time 𝑡4 .
Then:
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𝐶𝐼𝐹(𝑡4 ) = 𝐶𝐼𝐹4 = 1 − (𝐴4 /𝐴d )
= 1 − (1 + 𝜀4 )²

( 4)

The entire surface of shrinking = surface
open cracks h is the initial height of the
sample 10cm and ℎV , 𝑟V and 𝐴V are height,
radius and section at time 𝑡V . In deformable
soils, we use the Crack porosity 𝑛r was
defined by Li et al. (2011).
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𝑉4 is the total volume of the crack pore system, and
𝑉d is the total volume including the crack network
and the soil matrix (volume at initial time, t=0).
The clayey soils examined here contain a double
porosity (cracks or secondary porosity)due to
volume change effects. In our efforts to improve the
previous models made by booth et al (2014) and
Durner et al.( 1994), in equation 6, we apply a
bimodal pore size distribution to generate the soil
water retention curve and the unsaturated hydraulic
conductivity K in clayey soil with deformable
desiccations cracks.
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The curve fitting parameters 𝑎w , n and m define the
fit and gradient of the curve; n controls the slope of
the water content function, a is a pivot point about
which n changes the slope of the function. The final
parameter m affects the sharpness of the sloping
portion, 𝜃| residual water content, 𝜃X saturated
water content. 𝑛s is essentially the crack porosity,
the matrix porosity ( 𝑛$ = (1 − nr ) ), 𝜃 is the
water content, s is the suction, 𝑚 = 1 − 1/
7
s
𝑛and𝐾X,0
, 𝐾X,0
are saturated hydraulic conductivity
for matrix and crack respectively.

Figure 2: variation of various controlled variables for
specimen 40-10 (laboratory tests).

3. RESULTS AND DISCUSSION
3.1. Experimental results
Figure 2 presents the moisture water content, the
evaporation rate, the relative humidity and
temperature in the soil and air. The suction at
surface is calculated, using the Kelvin’s law, and
basing on the measured relative of air and
temperature of air. The suction in position h=5cm is
deduced from the RH of the soil and temperature of
soil when the hygrometer equilibrium is reached.
During the first 28 days, the evaporation rate was
quasi-constant, the flow rate is in range of (35-50)
gr/h.m² and the water content decreases down to
38% at 28 days, the clay soil is saturated and the
suction is zero. Between 28 and 50 days, the flow
rate variation was neglected, which was associated
to suction increase and cracks development by
shrinkage. The first crack appears after 28 days.
This network of cracks spreads, covers the air
surface with soil then the flow rate decreases, and
the cracks keep a stable value when the water
content is close to the material shrinkage limit water
content (wSL= 14%).
In Figure 3, the sample begins to dry without
cracking with the initial water content about 72 %,
In the first phase, the moisture content decreased
linearly and reached the hydraulic equilibrium at the
end of the test.The first crack occurs at an average
water content of about 42%. As the average water
content decreases, there is the evolution of crack
ratio between 28 to 50 days, then a trend toward
stabilization is observed during the rest of drying
and a central crack appears at t=50 days. Shrink and
cracks development were stopped. The suction is
determined by the sensors used in the experimental
test (Figure 1).
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the evolution of these primary cracks. At time =50
days, a large crack appear in the middle of the
sample.
All the experimental data were verified through
a model.
Cracks in soils will deform during a drying
process. The hydraulic conductivity and water
retention ability of a cracked soil will vary with
changes in both crack volume and suction. In a rigid
soil with permanent preferential paths, the crack
porosity does not depend on the water content or the
suction. Then the crack porosity is function of
suction needs to be known to implement a bimodal
model.
The new model estimates that the coefficients of
permeability assume that volume change occurs as
soil suctions is changed. Cracking initiates when
tensile stresses generated by increasing suctions
exceed the soil strength, which, is controlled by soil
water content .
van genuchten model
booth cte
booth var

Figure 3 Evolution of CIF and suction from relative humidity
at laboratory conditions
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Figure 5. Water retention curve (gravimetric water content)
for drying path.
35 days nc =3,95%

50 days nc =14,8%

3.2 Water retention curve
Figure 4. Crack development during drying path with suction
change.

The suction is well increased in this range until the
reach of the hydraulic equilibrium (for which
corresponds the residual moisture content).
Figure 4 shows some images taken from the
surface of the tested sample. The duration of this test
was 77 days. The time evolution of the surface
cracks pattern is also given in figure 4, where 4
selected images of the top surface of the specimen
was taken during the test. The first image
corresponds to the starting of the test. No cracks
were observed during 20 days, the first cracks
appearing at around t = 28 days. The images
corresponding to t = 28 days and t = 35 days show

The comparison of the experimental data to the
bimodal models with constant and variable crack
porosity indicates that the bimodal distribution
when cracks porosity change provides somewhat
more realistic predictions than the constant one. The
Soil Water Retention Curve is one of the basic
characteristics in the determination of soil hydraulic
parameters including unsaturated hydraulic
conductivity. There is an obvious strong positive
relationship between changes in soil porosity, for
both matrix and fissures fractions, and both
saturated and unsaturated permeability. This
extension of the dual permeability approach is an
important step for better understanding the water
movement in soil under realistic field conditions.
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Figure 6 presents the shrinkage curve and the
consistency limits, in which the desaturation under
unstressed conditions leads to a linear trend between
void ratio and water content, and stabilizes when the
water content reaches the shrinkage limit, which is
around of 15%. The equation used to fit the
microstructural void ratio evolution against the
water content is as following:
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ew = eSr : is the water ratio according to della
Vecchia (2014); em* is the micro-shrinkage limit in
terms of micro void ratio, and b is the slope of the
microstructural shrinkage curve (see Fig. 6). This
equation reproduces well the experimental results. The
shrinkage tends to decrease the value of void ratio
(Figure 6) and especially the permeability (Figure
7).
3.3. Unsaturated permeability

(8)

The saturated coefficient of permeability is a
function of porosity is show in figure 7. The
laboratory tests are carried out in a suitably adapted
odometer. In a first phase, the sample is saturated,
then a hydraulic gradient is applied. The hydraulic
head as function of time is evaluated through Darcy
law for a falling water head, an exponential law has
been fitted to express K X,0 as a function of porosity
given by Rodríguez Sánchez (2007) by Equation (2)
𝐾X,0 (n) = 𝐾d expˆ𝑏(𝑛 − 𝑛d )Š

wL = 62%

0.0

em is the microstructural void ratio;

𝑐
𝐾S = (1 − 𝑛r )𝐾𝑚
sat 𝐾P$ + 𝑛r 𝐾sat 𝐾Pr

Microstructural void ratio (-)

3.2. Macro-Micro shrinkage

(9)

Where b is a parameter of material, and 𝐾d is the
saturated permeability of reference to the reference
porosity 𝑛d . Hydraulic conductivity of 2.7 × 10-11
m/s was measured for a porosity of nd = 0.45.
Figure 6. Shrinkage curves in terms of void ratio (dried from
slurry) and microstructural void ratio.

A value of b = 25 was determined with experimental
data shown in Figure 6 .
In classical (or conventional) flow models, as the
one presented up by Rodríguez Sánchez ( 2007 ),
the dependence of permeability on the pore
structure is introduced through a relationship
between permeability and total porosity.
Considering that the macro porosity is the void
fraction that has the main influence on the water

movement due to hydraulic gradient, it seems more
appropriate to relate the intrinsic permeability in
terms of macropore changes. An advantage of the
double structure model is that as the two pore levels
are explicitly considered in the analysis, the
evolution of macro and microporosity can be
tracked and then they can be used to update the
permeability field. In this work, it is suggested that
the saturated permeability is simply a function of the
macroporosity through an exponential law (Sánchez
2012), as follows:
K X,0 (𝑛) = K d expˆ𝑏(𝑛œ − 𝑛œd )Š

(10)

This law is extended to account for the doubleporosity, so that the saturated water permeability
𝐾X,0 is a function of the macrostructural void ratio
nM = n – nm also we can define macro porosity as
nM = (e – em)/(1+e) and a reference macrostructural
void ratio nM0. A hydraulic conductivity of 10-6m/s
was measured for a porosity of nM0 = 0.26. A value
of b = 42 was determined with experimental data
shown in Figure 6 and this law reproduces the
measured data quite well for the range of considered
porosities. After comparing these two models of
porosity we choose the model of Sánchez (2012) for
this study.
Desiccation cracks were identified as causes for
increasing the permeability values of up to three
orders of magnitude larger than the permeability of
intact clay Albercht et al. (2001), Omidi et al. (1996).
s
was chosen based on the results
The value of 𝐾X,0
run by previous authors.
r
$
Then𝐾X,0
= 10t 𝐾X,0
. The appearance of cracks
creates a system consisting of two overlapping and
interacting domains; the desiccation cracks and the
matrix, which have their own characteristic and
properties (i.e. porosity, hydraulic conductivity).

Slurry clay
Sánchez 2007
Sánchez 2012
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Figure 7. Change in saturated permeability as a function of
the porosity of slurry clay
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van genuchten
booth 2014
permeability matrix soil (km)
permeability cracks (Kf)
new model

4. CONCLUSION:

1E-006

1E-007

Stabilization
of cracks

permeability (m/s)

1E-008

1E-009

First crack
1E-010

1E-011

1E-012

1E-013

1E-014
0.01

0.1

1

10

cracked soil. The formation of the initial crack is
indicated in Figure 8. It is well identified that when the
suction is more-or-less smaller than the air-entry
suction (AEV=360KPa) no desiccation cracks appear.
Here, the first crack appears at a suction around 800
kPa and cracking stabilizes when the cracking no
longer changes about 3 MPa. Then, the unsaturated
hydraulic conductivity function for cracked clay
decreases as the suction increases (or water content
decreases) and the hydraulic conductivity remained
reasonably the same as the saturated hydraulic
conductivity until suction increases to the air-entry
value. The results affirm that the permeability is
controlled by soil matrix (no cracks appear initially) in
the range of low suctions (until reaching AEV) that is
generally low. But, when desiccation cracks appear,
the permeability of the soil can be dominated by the
desiccation cracks and water can flow through the
crack network. The new model reproduces well the
experimental results.

100

suction (MPa)

Figure 8. variation of unsaturated permeability as a function
of the suction of slurry clay and cracked during desiccation.

In Figure 8, water flow is allowed in both domains
(matrix and cracks) and the unsaturated flow is
controlled by the unsaturated hydraulic conductivity
of matrix and cracks domain respectively. We
measure the permeability by assuming either
hydraulic properties accounting for soil shrinking with
a function nc (new model) or a rigid soil with a
constant nc (Booth et al. 2014).
The results highlight that cracks connectivity and
fissure permeability play an important role in
distributing water within a clayey soil. Both the
presence of cracks and the change of cracks will
significantly affect the hydraulic properties of the

The complexity of preferential cracks flow processes,
and their high spatial and temporal variability, make it
very difficult to measure the processes in the
laboratory and to include them in hydrological
modeling. Few studies have been conducted on the
hydraulic properties of unsaturated cracked soils
considering the crack volume change during dryingwetting cycles and the large sample. In this study we
measured experimentally, the saturated hydraulic
conductivities by the œdometer, the unsaturated
hydraulic conductivities by the evaporation method
and the water retention curves by the two methods
(WP4, Tensiometers). Methods for testing water
retention curve and permeability function for a crack
network have been well developed in laboratory. We
find that the new water retention and unsaturated
hydraulic conductivity models fit well the measured
data.
The hydraulic-suction-crack porosity relationship
is defined and will be used in differential equation
unsteady flow in unsaturated soil for future research.
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