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Abstract

Desiccation cracking significantly affects the unsaturated permeability (K., which governs the water diffusion in the
soil in several engineering applications, such as slope stability, road embankments, long-term risk assessment from waste
disposal sites, recharge for groundwater hydrogeology, petroleum, and CO, storage. Cracking causes the permeability to
increase, which is cited as the cause of failure and damage in a number of the aforementioned works. This paper aims to
experimentally study the unsaturated permeability (K, of a clayey soil during desiccation. Similar to the instantaneous
profile method (IPM), a new method was developed that is based on evaporation tests and water retention curve (SWRC) and
takes into account the strains caused by shrinkage and cracks. Different initial states of a clayey soil are examined including
a slurry soil prepared at the liquid limit water content and compacted soil with varying initial densities on the wet part on
the normal optimum proctor (NPO). Two additional image methods were used: the DIC technique (digital image correla-
tion) to investigate the strain field before cracking and the IAT (image analysis technique) to study the growth of cracks. It
was demonstrated that K, was well related to the initial state in terms of density and moisture content. When the suction
reaches the entry suction value, K., decreases when the suction increases without the appearance of desiccation cracks.
Otherwise, it increases with the growing intensity of the cracks. The proposed experience protocol allowed for different initial
states (density and water content) to be considered in a large suction range without the use of proximity sensors.

Keywords Clayey soil - Initial density - Initial moisture content - Water retention curve - Desiccation cracks - Evaporation -
Unsaturated permeability

Introduction During drying, the water content of soils decreases and

suction increases, which results in an increase in tensile

Although unsaturated permeability is the primary param-
eter that governs the hydraulic behavior of clayey soils dur-
ing drying, the vast majority of the geotechnical works in
the literature deal with the saturated state using exclusively
saturated permeability (Louati et al. 2018a; Xu et al. 2020).
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strength and then a network growth of cracks (Lakshmikantha
et al. 2009; Trabelsi et al. 2012). The importance of cracks
in clayey soil has motivated scientists to study the propaga-
tion of desiccation cracks under different boundary condi-
tions (Hallett and Newson 2001; Tang et al. 2011; Wei et al.
2020, 2021). Desiccation significantly increases the water
infiltration content; however, the experimental understand-
ing of the hydrological consequences of cracks and volume
changes in permeability is still limited. Consequently, this
study aims to determine the permeability during desicca-
tion based on evaporation tests as well as the water reten-
tion property and takes into account the variation of volume
change and cracks.

Primarily, the evaporation rate has been recognized to
play an important role in crack initiation and propagation
(Costa et al. 2013), while the water characteristic curve
(WRC) is the key parameter for determining unsaturated
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permeability during desiccation. Soils” WRC depends on
several factors, such as soil structure (Vanapalli et al. 1999),
soil type (Miller et al. 2003; Marinho 2005), and temperature
(Romero et al. 2001; Zhou et al. 2014). For the same type of
soil, the effect of stress states on the WRC can be attributed
to the density change effect. Sun et al. (2007) and Sun et al.
(2016) have reported that the WRC mainly depends on den-
sity rather than the stress state. These studies investigated
the density effect on the WRC (Romero et al. 1999; Birle
et al. 2008; Salager et al. 2013). However, only a few stud-
ies have investigated the effect of density on the unsaturated
permeability of compacted clayey soil during desiccation.
Accordingly, it is crucial to determine the permeability of
clayey soil, taking into account the effect of initial density
and soil structure variation during drying. Wang et al. (2013)
proposed a statistical method based on the automatic genera-
tion of a 3D crack network, which was used to predict the
anisotropic permeability of saturated, cracked soil.

As indicated in the literature, the effects of density on
soil structure have been investigated by several authors
(Blackwell et al. 1986; Horn et al. 1995; McNabb et al.
2001). Other studies, such as that of Romero et al. (1999),
attempt to shed more light on the relationship between the
microstructure of their sample and its water retention behav-
ior. In the above-referred study, the authors carried out their
experiments on a moderately swelling clay (20-30% kaolin-
ite, 20-30% illite, and 10-20% smectite) with a liquid limit
of w; =56%, a plastic limit of wp=29%, and 50% of parti-
cles <2 mm. They concluded that, for a water content above
15%, the WRC depends on the void ratio in the wetting—
drying paths. They added that the increase in the soil
dry density results in an increase in the air entry value.
However, it is reported that the WRC does not depend on
the soil dry density for a water content ranging from 5 to
15%. Further, it is noted that for dry soils, that is, when
the water content is less than 5%, the drying and wetting
paths converge. It can, therefore, be concluded that the soil
water retention behavior is governed by the microstructure,
mainly by the water present in the inter-aggregate pores
during the initial compaction.

During desiccation, the cracks play a decisive role in the
clayey soil hydraulic behavior (Julina and Thyagaraj 2020;
Cheng et al. 2020). While the variation of permeability was
investigated, the explanation should be confirmed by the
microstructure and macrostructure analyses. Trabelsi et al.
(2018) studied the role of the fabric-soil structure on both
the water retention porosity and the tensile strength. Perme-
ability is strongly affected not only by void ratio but also by
pore structure (Wang et al. 2019; Li et al. 2021). In fact, for
deformable soils, there is a significant variation in the pore
structure. In this paper, a desiccation test was carried out on
a clayey soil, and the volume change, cracks, and porosity
were determined.
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So far, the instantaneous profile method (IPM) has been
used to measure the unsaturated permeability but is not
suitable for cracked clayey soil due to some limitations:
Firstly, permeability measurement depends on the spacing
of sensors. If the number of sensors was increased, it would
lead to a cost increase and may cause sample damage. Sec-
ondly, the suction measurement limit is about 100 kPa for
the tensiometers (Fujimaki and Inoue 2003; Schindler et al.
2015; Louati et al. 2018b, 2021). Thirdly, during desicca-
tion, the water content decreases and cracks appear, result-
ing in poor contact between the specimen and the sensors.
Such a problem needs to be solved in the permeability tests.
Gueddouda et al. (2016) developed an experimental tech-
nique used for determining the unsaturated permeability
in desiccators. However, the test is very long and time-
consuming. In addition, the sample is not thick enough
(1 cm), and the desiccation cracks cannot be represented. To
the best of the authors’ knowledge, a suitable experimental
method for the determination of unsaturated permeability
for a cracked clayey soil during desiccation has never been
achieved. The aforementioned literature analyzes perme-
ability in a nondeformable soil without taking into account
the change in pore structure during desiccation. Besides,
permeability cannot be easily determined in a large suction
range. The present study is aimed at bridging this gap by
investigating the unsaturated permeability of a clayey soil
with different initial states in a large suction range, taking
into account both volume change and the appearance of
cracks and their evolution during the desiccation process
using a new method derived from the IPM.

Different techniques have been developed in the litera-
ture to study the initiation and propagation of cracks in fine
soils. Among these, the digital image correlation (DIC)
technique during desiccation kinetics, complemented by a
binary image analysis after cracking, is the most widely used
(Hattab et al. 2020; Wei et al. 2021; El hajjar et al. 2021).

In this paper, the WRCs of slurry and compacted speci-
mens were determined with different initial densities. At the
macroscopic level, the strain tensors of the clays during dry-
ing, as well as the cracking phenomenon, were studied using
the digital image correlation technique. After that, the corre-
sponding soil hydraulic properties (saturated and unsaturated
permeability) were measured, leading to a more likely and
better understanding of the hydraulic behavior of cracked
clay. This experimental study was conducted according to the
following steps: (1) First, a series of samples were prepared
at initial dry density (y,) and moisture content (w) by static
compaction. (2) The WRCs were determined based on the
initial state of samples (y,, w) and were then submitted to
drying and wetting paths to demonstrate the hydraulic hys-
teresis behavior. However, only the dried path was considered
for suction determination. (3) Using the evaporation profile
method, the suction gradient and rate of water evaporation
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Table 1 Beja clay physical and chemical properties

Soil properties Value
Solids density 2.70 Mg/m?
Liquid limit 67%
Plastic limit 28%
Shrinkage limit (for slurry) Around 15%
Plasticity index 39%
Fraction of fines (< 80 um) 97%
Clay-size fraction (<2 um) 16%
Soil organic content 0.72%
Calcium carbonate content (AFNOR NF X31-106) 36.8%
Clay minerals (qualitative XRD)

Smectite 62%
Illite 22%
Kaolinite 16%
Chemical constituents and LOI at 800 °C

Sio, 33.72%
CaO 33.62%
Al O, 4.38%
Fe,04 3.04%
K,O 0.65%
TiO, 0.56%
Na,O 0.20%
MgO 0.03%
LOI 23.78%

were determined without placing sensors inside the cracked
samples. Using WRC as a noninvasive (nondestructive)
method, the moisture content was measured to obtain suc-
tion. Considering the shrinkage, the variation in height of
the sample during the drying test was quantified by the image
analysis technique using a lateral picture, taken automatically
at the same time as a surface picture, and then the height was
reconsidered in the hydraulic gradient calculation.

Materials and methods
Used materials

The used soil is a clay from Thibar (Tunisia), which has
a liquid limit of 67%, a plastic limit of 28%, a plasticity
index of 39%, and a specific gravity of 2.7. The clay min-
eralogy composition determined using the X-ray diffrac-
tion test is given in Table 1. Figure 1 shows the particle
size distribution of Thibar clay. It can be seen that the soil
consists of 16% clay fraction (<2 pm) and about 97% fines
(< 80 um). According to the LPC-USCS classification, the
soil is plastic clay (CH).

Methods

The unsaturated permeability determination depends on two
steps. Two experiments were conducted with the same initial
conditions (y, w). The first step was the drying process that
allowed the characterization of the water retention curve.
The second was the evaporation test using image analysis.
The sample strain field was determined by a digital image
correlation technique using the VIC-2D software, and the
crack evolution was analyzed using the Imagel software.
The testing conditions for compacted and slurry samples are
displayed in Table 2.

Experimental determination of the water retention curve

In order to identify the unsaturated permeability, the first
step is to study the drying-wetting paths to show the behav-
ior of the clayey soil in different initial conditions. To
achieve this, we determined the relationship between void
ratio, water content, degree of saturation, and suction.

Three methods were used for determining suction during
desiccation (Fleureau et al. 1993).

For s <20 kPa, the samples were placed on tensiometric
plates, and suction was applied to the water; the air pressure
was atmospheric.

For 50 kPa < s <8000 kPa, the osmotic technique was
implemented (Delage et al. 1998; Williams and Shaykewich
1969). The sample was placed in contact with organic mac-
romolecules in a polyethylene glycol (PEG) solution through
a semi-permeable membrane, which allows only water mol-
ecules to pass.

For s> 7000 kPa, saturated salt solutions were used,
and the water transfer occurred during the vapor phase.
The different samples were placed in desiccators in a
temperature-controlled room (Delage et al. 1998), and
the relative humidity of the atmosphere was controlled
by different salt solutions (Table 3). The clay samples
reached equilibrium after about 60 days. The equilibrium
between the soil samples’ suction and the saturated salt
solution’s RH was reached when the mass change did not
exceed 0.01 g in 7 days. When equilibrium was reached,
the properties (water content, void ratio, and saturation
degree) were measured by weighing the sample after it had
been immersed in a non-wetting oil (commercial Kerdane)
(Tessier 1975). Concerning the sensitivity of the technique
used, we followed the Delage et al. (1998) method. The
authors summarized the experimental conditions in terms
of the measurement uncertainty of suction and the sensi-
tivity of the relative humidity to temperature fluctuations
during the salt solution tests.
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Evaporation rate and digital image correlation analysis

Evaporation experience The drying tests were carried out
on slurry and compacted clays with different initial densi-
ties: 1.2 g/em?, 1.35 g/em?, and 1.5 g/em® corresponded
respectively to the compacted sample’s groups noted ClI,
C2, and C3. All the samples were compacted at the same
water content of 26%, i.e., only the dry densities reached
after static compaction differs for the three groups of sam-
ples (see Table 1).

The initial water content was approximately equal to the
liquid limit for slurry samples noted in this case (S). The
same dimensions were used for compacted and slurry sam-
ples: 7 cm in diameter and 2 cm in height. All of the samples
were dried in the same climatic conditions (a relative humid-
ity of 60+ 5% and a temperature of 35+ 1 °C). For each test,
an electronic balance connected to a computer was used to

Table 2 Initial conditions of the clayey soil (S: slurry; C: compacted)

Series Initial void Initial dry Initial water  Initial
ratio density (g/ content (%) saturation
cm’) degree (%)
C1 1.25 1.2 26 57.8
c2 1 1.35 26 63.7
C3 0.8 1.5 26 86.2
S 2 0.9 73 100

0.2

0.05 0.02
0.1 0.01

Particle size, d (mm)

TT 1 T | A L
0.005 0.002 0.0005 0.0002
0.001

measure the weights of samples, which were recorded every
10 min. Then, the change in water content was also calcu-
lated and recorded. After that, the evaporation rates (a time
derivative of water content) were measured based on weight
measurements provided during desiccation. The experimen-
tal device contains the soil sample support, a hygrometer
(PCE-HT110-ICA), a balance, and a digital camera (Canon
600D) (see Fig. 2). The principle of the experimental tech-
nique is to impose zero suction at the bottom of the sam-
ple and control the suction (negative pressure) at the top
using the hygrometer. The suction evolution in the sample
was deduced from the water retention curve. The samples
were sealed laterally with aluminum paper, which offers a
nonadhesive and frictionless interface with the sample. As
desirable consequences, neither shrinkage nor the desicca-
tion process is impacted by aluminum paper. Evidently, the

Table 3 Salt solutions used to impose higher suctions than 7 MPa at
T=20°C

Saturated salt solution RH (%) Suction (MPa)
CuSO, 95 7.1

K,SO, 90.5 13.7

KCL 82.3 26.8

NaCL 75.2 39.3

NH,CL 75.0 39.7

KNCS 59.6 71.3

LiCL 15.2 259.8
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Fig.2 Experience protocol for unsaturated permeability measurement during desiccation. a Experimental set-up. b Experimental set-up schematic

aluminum paper assures an impermeable lateral surface (no
flow across this surface).

Strain field using digital image correlation analysis The
sample strain was investigated using the digital image cor-
relation (DIC) technique via the VIC-2D software that pro-

vides the strain maps (Hattab et al. 2020; El hajjar et al.
2020, 2021). During desiccation, photos of the sample
surface were taken and analyzed every 10 min. For digital
image correlation analyses, a random speckle pattern was
obtained to allow the software to calculate the point dis-
placements (Fig. 2a). The software analyzed the difference
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in the locations of pixels between two photos and derived
the displacement field and the strain map. Eid et al. (2015)
explained that, using the DIC technique, the software is able
to calculate the point displacements (defined from a ran-
dom dot pattern or speckled pattern). During the tests, while
the specimen is subjected to deformation by a constrained
shrinkage, the camera takes one picture before and others
after deformation, and the software analyzes the difference
between the pixels of the different images and correlates
them to derive the displacement as well as strain fields.
Based on the VIC-2D results, the components of deforma-
tions are obtained: €, €y and €y (in the plane defined by
two axes x and y). Consequently, the major and minor prin-
cipal strains ¢, €,, and the angle (o) of the major principal
strains with respect to the x-axis are deduced as follows:

€y T Eyy Exy — Eyy 2 5

el = > +1/( 5 ) +(gy) (D
e, te E —Ey 2

2= —— 2 \/( 5 2) + (e @

2e
0= l(arctan(—xy>) ?3)
2 Exe — €y

Crack evolution using ImageJ software The crack evolu-
tion was analyzed using the ImageJ software to measure the
crack geometric parameters (Costa et al. 2008; Tang et al.
2008). The cracks intensity factor (CIF) is defined as the
ratio between the total area of cracks and the area of the
clayey sample.

Saturated and unsaturated permeability

Saturated permeability In a steady-state oedimetric cell, the
saturated permeability of the samples S, C1, C2, and C3
prepared according to the conditions presented in Table 2
was measured.

For the compacted soil, the samples were directly compacted
in an oedometric mold of 7 cm in diameter and 2 cm in
height. After placing the samples in the oedometric cell,
they were saturated prior to measuring their saturated per-
meability in steady-state with a hydraulic gradient of i=6.5.

For the slurry, the sample was directly put in the oedo-
metric mold, and then 10 vertical progressive steps were
applied. After 24 h of consolidation of each loading step, the
saturated permeability was measured in steady-state with a
hydraulic gradient of i=6.5.

@ Springer

Unsaturated permeability To measure the unsaturated per-
meability during the desiccation test, a new method derived
from IPM was developed, enabling the measurement of
unsaturated permeability without the use of sensors.

The water content changed over time during the desiccation
test. The unsaturated permeability was measured by investigat-
ing the change of water content, actual evaporation rate, and
hydraulic gradient at elapsed times 1=, and ¢, along a 1D soil
sample. The sample was laterally sealed with a thin plastic film
to impose zero flow on the circumference and create a vertical
one-dimensional (1D) flow condition. This plastic film does
not generate any friction with the sample, does not prevent a
lateral deformation of the material, and has no effect on the
initiation and propagation of cracks.

The variation in water volume per unit of time is defined as
the actual evaporation rate (AER) given by Eq. (4). Consider-
ing the 1D continuity equation in a vertical direction:

Am;

AER =
AAt; pw @)

where Am, is the sample mass difference in the time inter-
val (kg), pw is the water density (kg/m?), A is the area of
the whole sample (m?), and At;=1,—t, is the time interval
(second), the total evaporated water volume of the sample
(m?) in the time interval AV, =" / o

Then, the actual evaporation rate AER can be determined
as follows, Eq. (5)

AV,

AER =
AAL, )

To determine the flow conditions, the Reynolds number

was calculated via Eq. (6) as follows:
VD

R,=— (©)
where R, is the flow Reynolds number, V is the water veloc-
ity (m/s), D is the hydraulic diameter (m), and v is the water
kinematic viscosity (m?/s). Considering the viscosity value
at a temperature of 30 °C (0.884 x 1073), the diameter D as
the opening of the fissure, in the range of 0.25-1 cm, and
the velocity V in the range of 0.003-0.92 x 10~> m/s, the
Reynolds numbers fall in the range of 4 to 260. Then the
laminar flow regime has occurred, and Darcy’s is valuable
in the transient regime during drying.

Afterwards, the unsaturated permeability (K,,.,(s), depend-
ing on the suction s) was measured based on Darcy’s law,
where i,, represents the hydraulic gradient:

AER
unsat = T )

In

k
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The evaporation experiment was carried out in the labo-
ratory at a controlled temperature (T=35 °C) and relative
humidity (RH =60%). On the upper sides of the sample,
the applied suction (s) was related to the constant relative
humidity (RH) and temperature (T) imposed in the climatic
chamber. The suction was measured using Eq. (8), derived
from Kelvin’s law:

s = —pw%ln(RH) (8

where R is the universal gas constant, R=8.3143 J/mol K, T'is
the absolute temperature (K), M is the water molecular weight,
M=18.016 g/mol, and RH is the relative humidity (%).

The total volume V is the sum of three-volume compo-
nents: solid V, pore Vp, and crack V, volumes. The solid
volume corresponds to the solid mass M, divided by the
solid density p..

The void ratio (e) and the corresponding degree of satu-
ration (Sr) of the clayey sample can be calculated from Eqs.
(9) and (10). By determining the CIF and considering the
crack depth as constant reaching the bottom of the sample,
we can determine the volume of cracks (Vc), which is deter-
mined as the product between the area of cracks (evaluated
by ImageJ analysis) and the depth (thickness of the sample).
In fact, in this proposed experimental study, it was observed
that the chosen dimensions of the sample favor the propa-
gation of cracks to completely reach the bottom. For thin
samples, it has been demonstrated that almost all cracks
reach the bottom of the samples (see, for example, Peron
et al. 2009; Tang et al. 2011; Julina and Thyagaraj 2019;
Groisman and Kaplan 1994). At a given time, the total vol-
ume of the sample tested is the sum of three volumes: the
Vs, Vp, and Vc volumes. In fact, the solid volume is cal-
culated by dividing the solid mass (m,) by the solid bulk
density (ps) measured using the lab glass-specific gravity
bottle pycnometer device. The pore volume corresponds
to the voids in the soil mass corresponding to the sample
before cracking and precisely for free shrinkage, that is,
without cracking (Trabelsi et al. 2018).

v, V,+V,
VT, ©
w.e
Sr= G, (10)
With G, = p,/pw (11)

The water ratio distribution and void ratio are the basic
parameters for the measurement of the saturation degree dur-
ing the desiccation test. The suction variation was calculated
using the water retention curves (w, s and Sr, s) (Fig. 3a, b).

The mean hydraulic gradient (i,,,) was calculated using Eq. (12),
which is formulated based on the instantaneous profile method.

In fact, the hydraulic gradient was calculated, using a
method similar to the instantaneous profile method, as the
change in average suction. In fact, the gradient of negative
water pressure (suction) was calculated as the average value
between two gradients obtained, respectively, considering
the water flow between the medium and bottom of the sam-
ple and then between the medium and top. To avoid palcing
a sensor in damaged specimen by cracking, the suction at
the medium was obtained according to the succeeding steps:
(1) calculation of the void ratio considering the shrinkage,
(2) calculation of the degree of saturation, and (3) using the
water retention curve (WRC: suction-degree of saturation
curve), we have deduced the suction.

This average suction gradient was divided by the sam-
ple height (h) which was obtained considering its varia-
tion under shrinkage, and pw (9.81 kN/m3). Thus, we have
obtained a dimensionless hydraulic gradient.

As it is mentioned above, average suction was calculated
by measuring water content and the associated WRC for the
four samples (C1, C2, C3, and S).

1 Ss—Sa, S5

lm=2p_w( Az + Az ) (12)

where s; is the suction at the sample surface; s, is the aver-
age suction at point i at time 7s;, is the average suction at
point i at time ¢, (¢, > t,); and Az is the distance between the
surface and the recursive points (for example 1 and 2). To
simplify the calculation, we chose a point in the middle of
the sample height.

Results and discussion
Drying-wetting paths and the role of the initial state

The initial value of suction for compacted materials (C1, C2,
and C3) was determined by the filter paper method. When
the sample is in equilibrium, the filter paper placed inside
the clayey soil is extracted and the suction is measured. The
sample follows a wetting path if the imposed suction is lower
than the initial one. In the opposite case, the sample follows
a drying path. The results of the drying—wetting paths for
the sample with different initial states are shown in Fig. 3.
Figure 3a, b shows the shrinkage curves of slurry and
compacted clay in the [w, e] plan. On a slurry sample
(Fig. 3a), the shrinkage curve follows a drying path along
the saturation line of equation e =w (ys/yw) until reaching
the shrinkage limit, which corresponds to a water content of
wg,. =15% and a void ratio of eg; =0.4. The water content
continues to decrease, and the void ratio remains constant.

@ Springer
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In the case of compacted materials (Fig. 3b), for low C1
and medium C2 compacted samples, the soil follows a wet-
ting path from the initial state, where the void ratio increases
with the water content, passing progressively from the iso-
saturation line of 70% to the saturation line Sr=100%. As
for the highly compacted sample (C3), being initially almost
saturated, it immediately follows the saturation line. On the
drying path, the void ratio decreases progressively toward
the iso-saturation lines, from Sr=70% to Sr=40% when
the shrinkage limit is reached. The water content from the
shrinkage limit wg; is at the intersection of the saturation
line (Sr=100%) with the asymptote of the curve for w=0%.

For the slurry sample in the plan [e, s] (Fig. 3a), the curve
can be split into three parts. The oedometric test was super-
posed in this plane.

For the low suction range, below the air-entry value of
about 450 kPa, the void ratio decreases according to the
classical compressibility curve of a saturated soil (Fleureau
et al. 1993). For the intermediate suction range, from the air-
entry value to the shrinkage limit suction sg; value of about
40 MPa, the suction increase leads to a decrease in the void
ratio. For the high suction range (above the shrinkage limit
suction sg; value), the void ratio becomes almost constant.

For the compacted soils in the plan [e, s] (Fig. 3b),
the samples follow a drying path from their initial state
(onward), when the suction is greater than the initial one.
The void ratio decreases slightly until the shrinkage limit
suction sg; is reached, after which it remains constant. When
the suction is lower than the initial one, the samples follow
a wetting path with an increase in the void ratio.

Figure 3a shows that the saturation degree of a slurry sam-
ple in the [w, S,] plan decreases slowly until the air entry value
(AEV) is about 450 kPa, then decreases with the water content.

For the compacted samples in the plan [w, S,], Fig. 3b,
the wetting paths show that the samples do not saturate com-
pletely from their initial state. The saturation degree reaches
a value between 80 and 95%, depending on the initial state of
compaction. This is also illustrated in the plan [Sr, s] when
the suction values are about zero.

The influence of the initial state or void ratio is high-
lighted. The plot [S,, s] with a high void ratio is slightly
lower than that with a smaller one. This result is in line with
those of Romero et al. (1999) and Salager et al. (2013).

For compacted soils and when the suction is relatively
low on the wetting path, the saturation degree increases to
reach a maximum value below Sr=100%, which depends
on the initial state of the material (Fig. 3b). The plateau of
the maximum degree of saturation is reached for the suction
values of 100, 150, and 250 kPa, which correspond respec-
tively to the initial dry densities of 1.2, 1.35, and 1.5 g/cm3.
The evolution of the saturation degree with suction shows
that the denser the soil sample gets, the higher the suction
of the resaturation value rises.
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The WRC in the plan [w, s] depends on the initial state;
the saturated water content decreases with the increase in the
soil dry density (Fig. 3). In the low suction range (below the
AEV), the water content changes slowly. For the intermedi-
ate suction range (from the AEV to the suction value corre-
sponding to the residual water content), the suction increase
leads to a decrease in the water content. The water content of
the various samples decreases by different magnitudes with
an increase in suction. The specimen’s residual points with
different void ratios are almost the same. The residual water
content and corresponding suction values, called residual
suction values, are about 6% and 40 MPa, respectively. For
the high suction range, above the residual suction value, the
water content almost remains constant for the different suc-
tions. The WRC is independent of the initial dry density
when the suction is higher than 40 MPa, and the hysteresis
between the drying and wetting paths is insignificant.

Evaporation parameters: the role of the initial state

Evaporation tests were performed on compacted and slurry
samples with different initial states. Figure 4 shows the
water content, actual evaporation rate, and suction develop-
ment during desiccation.

Initially, the water content decreases linearly, then it
reaches hydric equilibrium at the end of the test (Fig. 4a). In
fact, the evaporated water came from two different types of
voids, that is, the microvoids (microporosity) and the mac-
rovoids (fissures or macroporosity). During the desiccation
period, the rate of water loss by evaporation adheres to a
linear law until reaching a stabilization of crack growth. The
trend of evaporated water content against time-desiccation
changes tends to reach a residual state (residual water con-
tent). This means that the crack opening kinetic is constant
during the period of desiccation happening. In the second
stage, the growth of cracks stopped, and only water contin-
ued to evaporate from the microporosity. Finally, the evapo-
ration of water stopped and the moisture content reached
the residual value. Note that this water content trend against
time desiccation is in agreement with the results published
by Yan et al. (2021). An et al. (2018) studied the role of soil
texture on evaporation using clayey soil mixed with quartzite
sands. The authors showed that the loss of moisture content
against time follows a trend similar to the one presented
in this paper, particularly for the compacted samples C1,
C2, and C3. In this study, the slope of the evaporated water
content-time curve is shown to be significantly affected by
the microstructure of soil induced differently by compac-
tion and slurry paths. In fact, as demonstrated by Romero
et al. (1999), compaction induces a bimodal microstructure
(microspores and macrospores distributions); however, dry-
ing from the slurry state induces only a mono-modal micro-
structure, that is, only one type of pore dominates; see, for
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Fig.5 Crack intensity factor variation with a water content, b time, ¢ suction, and d saturation degree

@ Springer



Bulletin of Engineering Geology and the Environment (2023) 82:220

Page 130f25 220

instance, Trabelsi et al. (2018). In An et al. (2018), it was
also shown that the slope of evaporated water content over
time depends on the soil texture. The slope is proportional
to the percentage of quartzite sand. The actual evaporation
rate (AER) is related to the initial state and compaction dry
density. Only two evaporation stages were identified for
compacted samples, as opposed to three for a slurry sample
(Fig. 4b). In fact, the higher the density, the greater the evap-
orated water quantity. For the slurry sample, the actual evap-
oration rate is almost constant during the first hours (first
stage); however, this rate will continue to decrease for the
compacted sample. In the second stage, the evaporation rate
in the slurry clay decreases after 1 day and reaches a con-
stant value after about 5 days. In comparison, the compacted
clay takes 3 days to reach a constant evaporation value. In
the last stage, the evaporation rate variation was negligible
for all the samples. During desiccation, it decreases while
suction increases (Fig. 4c).

Crack development

Figure 5a displays the variation of the crack ratio with water
content in the plan [CIF, w]. In the beginning, the water
content was (w;=26%) for the compacted samples and
(w;=71%) for the slurry one, which begins drying without
cracking. During desiccation, the water content decreases
and the crack ratio increases after 1 h for the compacted
sample and 23 h for the slurry sample. During the rest of the
desiccation, the CIF stabilizes and maintains a stable value
when the water content is close to the material shrinkage
limit of the water content (wg; = 15%) for the slurry samples.

For these samples, many desiccation cracks (primary and
secondary cracks) are formed (Fig. 6a). However, only pri-
mary cracks developed in the compacted samples (Fig. 6b).
In fact, the cracks are affected by the dry density (Fig. 5a);
that is, the CIF decreases as the dry density increases.

Figure 5b shows that the CIF develops at different rates
for all samples and then tends to stabilize after 2 days for
the slurry soils and 1 day for the compacted ones. The same
figure also demonstrates that the shrinkage limit is depend-
ent on the initial state of the sample.

For higher densities, lumps are avoided by compaction,
and mainly primary cracks develop. This may explain why
the CIF values for the dense sample C3 with an initial dry
density equal to 1.5 g/cm® are lower than those obtained for
the loose sample C1 with an initial dry density of 1.2 g/cm?,
as shown in Fig. 5a.

These observations confirm the idea that desiccation
cracks develop less frequently in compacted soils with a
more homogeneous porosity distribution. Thus, the hetero-
geneous distribution of porosity is the principal factor for the
development of cracks in clayey soil. The time needed for

the cracks to propagate in the compacted clay is observed to
be less than that needed by the slurry samples, which can be
attributed to the stress relaxation phenomenon that occurs
across the development of cracks.

Figure 5c shows that no cracks appeared in the compacted
clay with different initial densities (C1, C2, and C3) when
the actual suction was approximately that of resaturation
(100, 150, and 200 kPa). In the case of the slurry clay, cracks
appeared before reaching AEV.

Figure 5d reveals that desiccation cracks started when
the saturation degree was less than 100%. In the case of the
slurry sample, the first cracks appeared when the soil was
almost saturated.

Figure 7 displays the evolution of CIF-T, CIF-w, CIF-s, and
CIF-Sr slopes as a function of the soil’s initial state, as deduced
from Fig. 5, before reaching the shrinkage limit plateau.

It can be seen that the CIF-T slope is about 4 times steeper
for the slurry sample than for the weakly compacted soil C1
and reaches a far higher value (about 10) for the strongly
compacted soil C3 (Fig. 7a). This tendency is also observed
for the slopes CIF-w (Fig. 7b), CIF-s (Fig. 7¢), and CIF-Sr
(Fig. 7d). These observations clearly highlight the role of
the initial soil density and instantaneous hydric state (water
content, suction, and saturation degree) on the magnitude of
crack initiation and propagation.

Digital image correlation (DIC) analysis
during the desiccation test

Figure 8 shows the displacement field in the soil during des-
iccation. The displacements in the center are less frequent
than those at the boundaries of the sample. Besides, all the
displacements are oriented toward the center. Similarly, the
global shrinkage orientation in the soil sample is centripetal,
which is in good agreement with Wei et al. (2021).

Figure 9 shows that the major principal strain and visible
cracks are perpendicular, and their orientations are super-
posed on the two sides of the cracks. This confirms the idea

Primary cracks

Secondary cracks

Fig.6 The crack network in a slurry b compacted clayey soils
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Fig. 7 Slope values of a [CIF, T], b [CIF, W], ¢ [CIF, s], and d [CIF, Sr] of slurry (S) and compacted soils (C1, C2, and C3)

that the local deformation can be very heterogeneous during
desiccation. This heterogeneity is responsible for the appear-
ance of local tensile strain leading to desiccation cracks.

Figure 10 displays the crack pattern of the slurry sample
(S) (Fig. 10a—c) and compacted clay (C3) (Fig. 10b—d), as
well as their DIC analysis. Images (c) and (d) display the
principal major strain map. Values vary from —3.2% (purple
color) to more than+ 11.5% (red color). Values of zero are
represented by the dark blue color. It is clear that the sample
is in extension or compression when its value is positive or
negative, respectively. The crack network is obvious in the
slurry sample compared to the compacted one. These results
correlate with the CIF variation.
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Figure 11 shows the development of desiccation cracks
in the compacted sample (C3) in zone 1 (see Fig. 8). At the
beginning of the test, the deformations were very small, and
the cracks appeared at 7=0.16 h. The deformation becomes
more important close to the cracks. The cracks propagate,
and after about 1 day, they stabilize. This stabilization
occurred when the water content was about w,;,=15%.

For the slurry sample, Fig. 12 shows localization of large
strains at certain locations. After 12 h, clearly visible cracks
were noticeable. This network of cracks progressed and
stabilized when the water content was about the shrinkage
limit. This value is confirmed by the desiccation test shown
and interpreted in terms of CIF (Fig. 5).
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Fig.8 Global deformation: X
300 scale

Saturated permeability

Figure 13 shows the saturated permeability evolution as a
function of porosity for slurry (S) and compacted samples
C1 to C3. The experimental results indicate that permeabil-
ity decreases with decreasing porosity.

Rodriguez et al. (2007) suggested a saturated perme-
ability evolution model closely tied to total porosity and
expressed as follows:

///\\\\""‘f“i"\

7 A \

Fig.9 Local deformation: the major principal strain

€1[%] -Lagrange
s

E i
loéal deforimafibp

ksat(n) = ksatO(b(n - nO)) (13)

where kg, (n) is the permeability coefficient corresponding
to a porosity n, kg, is the saturated permeability coefficient
with a reference porosity r,, and b is the material parameter
(see Table 4). The Rodriguez model fits the experimental
results for slurry and compacted samples well, and b appears
to be an intrinsic parameter independent of the initial state
of the material.

Unsaturated permeability

Figure 14a displays the actual evaporation rate (AER)
variation with suction. Three stages were identified. The
first is characterized by a quasi-constant evaporation and
corresponds to the saturated state. The evaporation rate
decreases linearly for the second stage. In this stage, the
suction exceeds the AEV value (AEV =0.45 MPa for the
slurry sample; see Fig. 3a), and the soil is unsaturated.
Therefore, the clayey soil shrinks, and cracks occur and
propagate as shown in Fig. 5c. In the last stage, the mate-
rial has reached the shrinkage limit (s;; =40 MPa), and
evaporation continues at a lower rate (lower slope) without
any volume change. This stage is linked to the sudden drop
in the hydraulic gradient (Fig. 14b).

Figure 15 shows the unsaturated permeability variation
with suction, water content, crack intensity factor, saturation
degree, and soil dry density during the desiccation process.
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Fig. 10 Major principal strain £, map of clayey soil at T=2 days for slurry and compacted samples
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Fig. 12 Strain field evolution versus time for slurry samples

Permeability evolved in two phases: the first occurred
during the desiccation process before the shrinkage limit
was reached, and the second took place after the shrinkage
limit was reached.

During desiccation, the soil shrank, and the cracks
appeared and grew. After that, permeability decreased until
it reached the shrinkage limit, and then it became governed
by the desiccation cracks. It should be noted here that since
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the unsaturated permeability is a 3D parameter including
the vertical dimension, the dependency function between
permeability and cracks needs to be more quantified when
the 3D crack network is quantified. So far, the CIF has been
characterized by ImagelJ calculations based on the upper area
of the sample.

On the other hand, when the suction of samples (S, Cl1,
C2, and C3) increased during desiccation, their unsaturated
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Fig. 13 Comparison between predicted and measured saturated hydraulic conductivity with porosity

permeability decreased (Fig. 15a), along with the decrease
of the water content (Fig. 15b) and the increase of CIF
(Fig. 15¢). The sample shrank and caused a decrease in the
unsaturated permeability and an increase in the soil matrix
density (Fig. 15d). With the decrease in the saturation degree
below Sr=100%, the unsaturated permeability decreased
because of densification (Fig. 15e).

At the end of the desiccation test, the unsaturated perme-
ability increased rapidly, especially for the loose samples (S,
C1) (see Fig. 16a) compared to the dense sample C3 (Fig. 16b).

Physically, this may be linked to the increase in desicca-
tion cracks in loose samples (S and C1). In fact, the specimen
reaches the shrinkage limits (wg; =15%, s ;=40 MPa), beyond
which there are no further volume changes (Fig. 15). Then,
the cracks can directly affect the unsaturated permeability.

As already stated or known, the unsaturated permeability
depends on the initial density and pore structure. Therefore, the

Table 4 Eq. 8 parameters

Parameters Cl Cc2 C3 S

ko (01/S) 3E-9 3E-9 3E-9 TE-8
b 33 33 33 33

ng 0.55 0.55 0.55 0.55

increase in the dry density induces changes in the micropore
size distribution and affects the ability of the soil to shrink and
permit water passage under unsaturated conditions.

Figure 16 shows a decrease in the matrix porosity upon
drying due to shrinkage and an increase in the macro
porosity due to cracks. In fact, during drying, a densifica-
tion process is noticed at the microscopic level, but an
evolution of desiccation cracks occurs also at the macro-
scopic level, leading to an increase in cracks and causing
an increase in permeability.

Unlike the CIF value of the compacted sample (only 4%
for C2), the CIF of the slurry sample (S) is more important at
30% (Fig. 15c and Fig. 17). As for densification, it amounts
to almost 40% for the slurry soil compared to the figure of
18% for the compacted sample C2 (Fig. 17). In the case
of the slurry sample (Fig. 16a), the homogeneous shrink-
age causes the densification of material, which decreases
permeability, whereas the appearance of cracks increases
permeability. These two phenomena occur simultaneously;
they compensate for each other, and permeability becomes
almost constant as a function of Sr (Fig. 15e).

Figure 17 displays the CIF variation versus the matrix
density for both the slurry and compacted samples. The
desiccation causes shrinkage in the solid matrix, which
results in clayey soil densification and a decrease in
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permeability. On the other hand, drying also causes the Based on all these results, it is concluded that the new
appearance of cracks, causing an increase in the total poros-  experimental setup is suitable for the determination of per-
ity and, consequently, an increase in the soil permeability. ~ meability in cracked clay under various initial conditions.
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Fig. 16 Slurry and compacted
sample structural analysis at
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sample S b for compacted

At the macroscopic level

sample C3
| 18%
10 — A — 35
- " |
0 - Densification =:4O % : -
. V¢ T — % \ — 30
8 - I I I B
4 1 ! ! )
5 ] . ! oy — 25
] 1 ( : 1 i
-  desiccation !
< %7 ) ' L 20
< L ! ! i
= ! :
© g : -1
- 1 =
S
2 | i
1 — 5
14 I i
. 1
0 - — 0

0.8 1.2 1.6 2
Soil dry density (g/cm?3)

Fig. 17 Variation of density with crack intensity factor during drying test

Conclusion

The unsaturated permeability during desiccation of the
clayey soil was investigated based on the water retention
curve (WRC), actual evaporation rate (AER) as well as
cracking, and microstructure and macrostructure evo-
lutions. The effects of suction, initial density, volume
change, and desiccation-induced cracking led to the fol-

lowing conclusions:

CTF [slurry](®o)

At the microscopic level

(@)

At the end of the test for
slurry sample S

(b

At the end of the test for
compacted sample C3

Micro- and macrostructural changes affect the saturated
and unsaturated permeabilities during desiccation. The
macrostructural changes take place because of desic-
cation cracks, while the microstructural changes occur
due to shrinkage and densification of the soil matrix.
In the desiccation shrinkage test, the combined use of
DIC and image analysis techniques allows for charac-
terizing the strain fields before, during, and after crack
initiation and propagation and highlighting local tensile
stress concentrations, which are at the origin of the
initiation of cracks.

The crack intensity factor (CIF) depends on the instan-
taneous hydric state (suction, water content, and satura-
tion degree). On the other hand, the slopes of the CIF-
hydric state relationships decrease with the increase of
the initial density.

A new method, derived from the IPM technique, was
developed. Then, the unsaturated permeability can be
simply and quickly measured without using complex
proximity sensors.

During desiccation and before the initiation of cracks, the
unsaturated permeability decreases with the decrease in
water content, and the dry density increases due to shrinkage.
After the initiation of cracking and before reaching the
shrinkage limit, two simultaneous and contradictory phe-
nomena occur: the crack network tends to increase perme-
ability while the shrinkage of the soil matrix continues,
resulting in its densification and decrease in permeability.
When the shrinkage limit is reached, there is no volume
change in the soil matrix. The unsaturated permeability
increases sharply due to the crack network, in particular
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for initially loose soils (slurry S and weakly compacted
soil C1).
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