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Desiccation cracks in clay play an important role in many geoenvironmental applications such as clay liners in
engineered landfills, preferential flows and contaminant transport. In this study, a comprehensive series of
experiments was conducted to investigate the desiccation cracks due to the combined effects of initial water content
and layer thickness on bentonite clay. Slurries of bentonite were prepared with initial water contents ranging from
1200 to 2200%. The slurry was placed in a glass Petri dish and dried at a temperature of 30 ± 2°C. Results from the
experiments were illustrated in a phase diagram, and it was found that the interplay between the initial water content
and layer thickness has a significant effect on the formation and prevention of desiccation cracks. More specifically, a
phase boundary distinguishing between cracked and non-cracked samples was obtained in the constructed phase
diagram. A theoretical model based on the critical cracking thickness was developed and then was used to predict this
observed phase boundary. Furthermore, a detailed morphology of crack patterns was investigated by employing image
analysis techniques followed by statistical analyses. Findings from this study have potential use in clay liner design,
where bentonite is used as the main material, as well as in other problems associated with drying soils.
Notation
a1, a2 fitting parameters
b1, b2 fitting parameters
C combined material constant
Cf material constant for fracture
d specimen characteristic dimension
d0 reference dimension
E Young’s modulus of clay
E0
1 plane strain elastic modulus

GIC critical strain-energy release rate
Gs specific gravity of clay
h final film thickness of the layer
hc critical cracking thickness
KIC fracture toughness of clay slurry
w gravimetric water content
w0 critical (cracking) water content
wi initial water content
ws mass of the solid (clay) content
ww mass of water in the sample
x observed data
a slope parameter
l, l0 parameters that can be determined from regression analysis
m logarithmic mean of the distribution
n Poisson’s ratio of clay
rp clay particle density
rw density of water
s2 logarithmic variance of the distribution
smax maximum stress during drying before cracks appear
st tensile strength of clay
f particle volume fraction of clay
f0 average volume fraction
fi initial particle volume fraction
W material constant for critical cracking thickness

Introduction
The cracking of clay soils during desiccation is a global issue in
many fields of engineering. For example, in geotechnical
engineering, soil cracking is a significant problem in roads, earth
embankments, slopes and foundations (Li et al., 2009). In
agricultural engineering, soil cracks can divert water and act as a
major conduit for solute movement in an irrigated land
(Bronswijk, 1991). In environmental geotechnics, clay liners
underlying sanitary waste landfills are very susceptible to damage
due to desiccation cracking (Daniel and Brown, 1987). Clay liners
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in landfills damaged as a result of desiccation cracks promote
water and leachate migration in surrounding underground soils
(Peron et al., 2009a). Long-term trends towards drier soils have
been documented, likely due to changes in hydrological cycles
and higher rates of evapotranspiration, both of which are driven
by anthropogenic climate change (e.g. Leao, 2014). Desiccation
of clay is hence a critical mechanism through which geotechnical
and geoenvironmental structures may experience high
vulnerability to climate change (El-Zein, 2016).

Desiccation cracking in clay soils and their consequences have
motivated many researchers to investigate crack formation and
prevention under various conditions (Colina and Roux, 2000; Costa
et al., 2013; Khatun et al., 2015; Kodikara and Choi, 2006;
Lakshmikantha et al., 2012; Lau, 1987; Li, 2014; Li and Zhang,
2011; Morris et al., 1992; Peron et al., 2009a; Shokri et al., 2015;
Tang et al., 2011a; Vogel et al., 2005). Several factors affect soil
desiccation cracking, such as soil mineral compositions, clay content
and soil density (Albrecht and Benson, 2001; da Silva et al., 2013;
Jayanthi et al., 2017; Lu et al., 2015; Shinde et al., 2012; Tang et al.,
2008). Meanwhile, natural conditions and physical environments,
including soil layer thickness, boundary conditions, temperature and
humidity (DeCarlo and Shokri, 2014; Lakshmikantha et al., 2018;
Tang et al., 2010; Uday and Singh, 2013a, 2013b; Uday et al.,
2015), also have important influences on the desiccation cracking
behaviour. Despite significant research efforts on soil cracking over
the past few decades, many questions remain unanswered.

Layer thickness is one of the most dominating factors for crack
morphology due to its various effects on the soil desiccation cracking
behaviour (Khatun et al., 2015). Crack pattern and spacing can be
controlled by layer thickness found in pastes made of clay, sand and
water (Colina and Roux, 2000). The average length and width of
cracks as well as crack density increase when clay layer thicknesses
increase (Guo et al., 2018; Tang et al., 2008). Furthermore, layer
thickness influences cracking water content (defined as the water
content at which cracks first appear), with thicker layers having higher
cracking water contents and vice versa (Nahlawi and Kodikara, 2006;
Tang et al., 2011b; Tollenaar et al., 2017). On the other hand, critical
cracking thickness, defined as the minimum thickness of clay layers
above which cracks will form, has been considered by researchers as
a means of preventing cracking (Costa et al., 2018; Khatun et al.,
2015; Singh and Tirumkudulu, 2007; Tang et al., 2011c; Xia and
Hutchinson, 2000). However, the initial water content, which
influences soil particle arrangement during drying and consequently
affects the initiation and formation of desiccation cracking in clay
layers (Tang et al., 2010, 2011a), has not been considered in these
studies. Therefore, it is important to develop a better understanding of
the way that clay layer thickness combined with the initial water
content influences cracking patterns and evolution.

In this study, the authors investigated the desiccation cracks
(formation and prevention) in thin bentonite clay layers of varying
thicknesses with a wide range of initial water contents. The critical
crack phase boundary distinguishing cracked and non-cracked
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samples was observed in a constructed phase diagram, which is
controlled by both clay layer thickness and initial clay-water
content. This study also estimated the cracking water contents for
the cracked samples. Furthermore, detailed morphological
characteristics of cracks were presented using different image
analysis techniques and statistical analyses. To achieve these
goals, a comprehensive series of experiments and analyses was
performed, which are discussed in the following sections.

Material and methods

Material properties
Sodium bentonite was used in this study. Bentonite is a geological
term of soil materials that has high-swelling minerals called
montmorillonite. The general chemical formula of bentonite is
Na0.033[Al1.67Mg0.33]Si4O10[OH]2. Bentonite from the soil mechanics
laboratory stock (ActiveGel 150 bentonite, activated sodium
bentonite with high montmorillonite and low grit content) was used
for the experiments. This bentonite is commercially available and
originally found in Queensland, Australia. The properties of the
bentonite used in this study are shown in Table 1.

Experimental methods
At first, bentonite was oven-dried and water was added to bentonite
at a solid:liquid mass ratio between 1:12 and 1:22 to obtain slurries
with initial water contents of 1200–2200%. A stirring rod and a lab
mixer were used for making a homogeneous mixture. After preparing
the slurries, the containers were sealed with aluminium foil to avoid
water evaporation and kept in a cupboard to soak for 2–3 days.
These uniform slurries were then placed on Petri dishes with various
thicknesses for the tests. Unless stated otherwise, all thicknesses
mentioned in the paper are final thicknesses – that is, measured at the
end of drying. Final thicknesses were controlled through the initial
amount of clay in the slurry. The thickest sample was 0.21mm deep,
synthesised with 6 g of clay, followed by 0.18mm with 5 g of clay
and so on, with each reduction of 1 g of clay yielding around a
0.03mm reduction in thickness. The smallest sample was 0.09mm
deep, obtained from 2 g of clay. The final thickness was found to be
independent of the initial water content of the samples, for the range
of thicknesses and water content considered here. Special care was
taken to make the surfaces of the samples as uniform as possible
before dehydration started. The tests were continued until the
samples are fully dried (details about drying are in the section headed
‘Drying curves and crack formation’). Drying periods depend on the
Table 1. Typical properties of the bentonite used in this
experiment (Shannon et al., 2010)
ri
Property
ghts reserved.
Value
Swelling volume: ml/2 g
 35

Bulk density: kg/m3
 900

Liquid limit: %
 550.0

Plastic limit:%
 36.0

Natural water content: %
 8–15

Cation-exchange capacity: mE/100 g
 75

Specific gravity
 2.69
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thickness and initial water content (as shown in Figure 4). Thicker
samples, and those with a higher initial water content, took longer to
desiccate (compared with thinner and initially drier samples,
respectively).

The dimensions of glass Petri dishes were 140 mm (diameter) ×
20 mm (height) × 2 mm (thickness). The experiments were
conducted using a hotplate as temperature source (30 ± 2°C on
the top surface of samples) to desiccate the samples. Desiccation
takes place due to the evaporation from only the upper surface of
the samples. Since bentonite slurries desiccate on solid Petri
dishes, only lateral and vertical shrinkage occur. The difference in
temperature between the hotplate and the surface of the samples
was found to be no more than 3°C.

A digital liquid-crystal display (LCD) temperature gun (non-contact
LCD laser infrared digital temperature gun; accuracy: ±1.5°C;
resolution: ±1°C) was used to measure the surface temperature at
multiple positions – for example, in the centre and near the edge of
the sample – at different times throughout the experiment. The
samples together with the hotplate were mounted on the top of the
electronic balance to record the weight loss due to evaporation as
shown in Figure 1. The weight was recorded at intervals of 60 s. In
addition, in order to capture the images of crack patterns, a digital
camera (Nikon D750) was installed over the top of the samples (at
around 500mm distance). Colour images (resolution of 42.6 mm/
pixel) were recorded from the surface of the samples at 60 s
intervals. At least three repetitions were conducted for each sample
(with a given thickness and initial water content), and the
morphological characteristics of the final crack patterns were
analysed. The thicknesses of the dried samples were measured by
using an LCD gauge micrometer digital vernier calliper (Mitutoyo;
accuracy: ±0.01 mm; resolution: ±0.01 mm). In addition, at the end
of the tests, some dried samples were scanned using scanning
electron microscopy (SEM) to observe the particle volume fraction
across the layers (details are in the section headed ‘Scanning
electron microscopy’). The schematic diagram of the experimental
set-up is shown in Figure 1.
 [ University of Plymouth] on [21/03/23]. Copyright © ICE Publishing, all rights
To investigate the water retention properties of specimens during
dying, the gravimetric water content, w (%), was calculated as

w %ð Þ ¼ ww

ws
� 100

1.

where ww (g) is the mass of water in the sample and ws (g) is the
mass of the solid (clay) content.

Phase boundary detection
A phase diagram was constructed and tested in the laboratory. In
the phase diagram, a phase boundary that distinguishes the
cracked and non-cracked samples was identified. A theoretical
model was developed to predict this phase boundary by
modifying the model for critical cracking thickness originally
proposed by Goehring et al. (2015). Using Griffith’s fracture
criterion, Goehring et al. (2015) calculated the critical cracking
thickness of clay below which cracks will not occur under
desiccation.

The model was simplified in terms of the fracture toughness and
shear strength of clay materials. Both the fracture toughness and
shear strength were then expressed as a function of water content
following empirical relationships taken from the literature.
However, the critical thickness needs to be related to initial water
contents in order to predict the phase boundary. For this purpose,
the water content was converted to the initial water content by
assuming a linear distribution of clay particle volume fraction
over the layer thickness. Thus, the model developed in this study
could predict the phase boundary (between crack formation and
prevention) for combined effects of layer thickness and initial
water content on desiccation cracks. Details of the model
derivation are provided in the section headed ‘Crack prevention’.

Scanning electron microscopy
At the end of the desiccation test, dried films were chosen from
different positions across the sample and investigated using SEM
(Zeiss Sigma VP HD) to observe the clay particle distribution
throughout the layer. SEM was conducted across the layer (the
cross-section) as well as on both the top and bottom surfaces of
the layer. The sample was first cut into small pieces by using a
small knife. For the top/bottom surface observations, the sample
was placed on a SEM stub with a carbon adhesive tape. For the
cross-sectional observation, the sample was kept in the slotted
stub to have the surface exposed for scanning. The extra clay
layers were removed using a fan. The sample was grounded on
the stub using silver painting to avoid the charging effect.
Afterwards, the sample was coated by gold sputtering (Emitech
K550X) using 25 mA for 2 min in order to obtain a 15 nm thick
gold layer. The sample was then taken for SEM imaging, where
the sample was scanned in the secondary electron mode for
surface morphology. All SEM images were taken at an
accelerating voltage of 5 kV and a working distance of
approximately 5 mm with an aperture of 60 mm.
Power supply

Hotplate

Camera

Sample

Balance

Data
acquisition

Figure 1. Schematic drawing of the experimental set-up
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Image processing
A series of image analysis techniques was applied to analyse the
morphology of crack patterns. The procedure of image processing is
shown in Figure 2. The original images were preprocessed using
standard algorithms of Matlab (Figures 2(a) and 2(b)). At first, cracks
at edges were ignored so as to remove boundary effects (Costa et al.,
2008). Light reflection was then cleared using Lab thresholding
before converting the images to greyscale. Afterwards, different
morphological techniques, such as noise removal, crack smoothing
and crack restoration, were used to process the final binary images
(Shokri and Or, 2013). Binary images were then used in the Pore and
Crack Analysis System (Pcas) software to quantify the cell
(uncracked area surrounded by cracks) and cracks (Figures 2(c) and
2(d)). Details of the Pcas software program can be found in the paper
by Liu et al. (2013). In summary, the Pcas software program gives
the total crack area, individual crack areas, lengths, widths and
numbers. These results were used for statistical analysis to quantify
the crack patterns later in the section headed ‘Results and discussion’.

Statistical analysis
To understand better the geometrical characteristics of crack patterns,
the following quantitative parameters were calculated: (a) crack
density, which is the ratio of the total crack area to the total surface
area (Lu et al., 2015); (b) total crack length, which is the sum of all
individual crack lengths (Lakshmikantha et al., 2009); (c) average
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Figure 3. Crack development stages with drying time for a sample thickness of 0.18mm and an initial water content of 1400%:
(a) changes in mass over the drying period; (b) drying rate over the drying period; (c) crack evolution of desiccating bentonite at varying
intervals. Here, S1 to S6 refer to different steps during three stages
(a) (b)

(d)(c)

Figure 2. Image-processing techniques used in this study:
(a) original image; (b) binarised image after noise removal and
crack restoration; (c) cell details; (d) crack quantification
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crack length, defined as the mean of all individual crack lengths;
(d) average crack width, the mean of all individual crack widths; and
(e) probability density of crack lengths and widths. Since the
distributions of crack length and width follow a typical log-normal
distribution (Hudson and Priest, 1979; Li et al., 2011; McKay et al.,
1993), the maximum likelihood estimation (MLE) of log-normal
distributions was used to estimate the fitting parameters of statistical
models. The well-known probability density function (PDF) of a log-
normal distribution is

f xjm, s2� � ¼ 1

x
ffiffiffiffiffiffiffiffiffiffiffi
2ps2

p exp −
ln xð Þ − m½ �2

2s2

( )
2.

where x (x > 0) is the observed data and m and s2 are the
logarithmic mean and variance of the distribution, respectively.
The likelihood function of the log-normal distribution is

L m, s2jx� � ¼
Yn
i¼1

1

xi
ffiffiffiffiffiffiffiffiffiffiffi
2ps2

p exp −
ln xið Þ − m½ �2

2s2

( )
3.

The likelihood function needs to be optimised with respect to
parameters m and s2, where −∞ < m < ∞ and s2 > 0. Thus, setting
the derivative to zero, the MLEs of m and s2 are

�m ¼
Xn

i¼1
ln xi

n4.

and

�s2 ¼
Xn

i¼1
ln xi − �mð Þ2
n5.
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Results and discussion

Drying curves and crack formation
The desiccation progress of samples and drying curves, which
indicate changes in the water content with time and the
corresponding crack development, are shown in Figure 3. On
drying, the water content (i.e. mass remaining, defined as a mass
that remains after deducting the mass lost due to evaporation from
total mass of the sample) decreased rapidly at the beginning of the
tests. It then reduced gradually before it flattened to nil and the
water content reached a steady condition (Figures 3(a) and 4).
This condition indicates that the hydraulic steady state has been
reached, which was found to correspond to less than 10% in water
content as seen in Figure 4, and drying is finished. Three stages
can be discerned when examining the drying rates (the slope of
the drying curve is defined as a drying rate) in Figure 3(b):
evaporation period (stage I), sharp decreasing transition period
(stage II) and low-rate evaporation period (stage III). The water
content decreases linearly during stage I, and the drying rate is
almost the same and higher (about 4.0 g/h) than at any other
stage. In stage II, the water content continues to decline but the
drying rate falls sharply. Finally, evaporation enters a stable stage
(stage III) and almost ceases. The majority of cracks are generated
at the second stage (S3 and S4 in Figure 3(c)). There are no major
changes in crack patterns in the last stage (S5 and S6 in Figure
3(c)) compared with the second stage (S3 and S4 in Figure 3(c)).
In the last stage, existing cracks widen slightly and thin cracks
appear. This is illustrated for a typical example (layer thickness is
0.18 mm and initial water content is 1400%) that is true for all
other samples. Similar results were reported by Shokri and Sahimi
(2012) and Zhang et al. (2017).

It is generally proposed that cracks develop due to an increase in
capillary suction and tensile stress in the clay layer (Yesiller et al.,
2000). When the water content decreases during drying, the
contact angle of the capillary meniscus increases, and thus,
capillary suction as well as effective stress increases. As a result,
Time: h
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Figure 4. Drying curves and critical water content with drying time: (a) different water contents for the same thickness (0.18mm);
(b) different layer thicknesses for the same initial water content (2200%). NC refers to uncracked samples, and CWC refers to the critical
water content for cracked samples (stars indicate points at which cracking first occurs)
551
 reserved.



Environmental Geotechnics
Volume 9 Issue 8

Desiccation crack formation and
prevention in thin bentonite layers
Mohammad, Meng, Zhang et al.

Download
clay layers consolidate and shrinkage occurs. Once the developed
tensile stress due to shrinkage exceeds the tensile strength of the
clay layer, cracks initiate on the surface (Tang et al., 2011a). In
this experiment, as bentonite slurry dehydration proceeds, a large
volume change (i.e. shrinkage) occurs due to the water loss. This
volume change is accommodated by the formation of cracks.

Figure 4 shows drying curves for various initial water contents and
layer thicknesses. Under higher water contents and for thicker
layers, cracks take longer to initiate and finish desiccation. The
water content at which a crack first occurs is called the critical
water content (Corte and Higashi, 1964; Lakshmikantha et al.,
2018; Nahlawi and Kodikara, 2006; Tang et al., 2011a). Figure 4
shows that the critical water content was not influenced much by
the changes in both layer thicknesses and initial water contents, at
least not for the ranges considered here, with the critical water
content always between 335 and 390%. This finding is not
consistent with those of Corte and Higashi (1964), who reported
that the critical water content increases when the sample thickness
552
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increases (between 3.5 and 33.5mm). However, the results of
Nahlawi and Kodikara (2006) and Sima et al. (2014) showed that
small differences in layer thicknesses (6–10mm) alone may not
change the critical water content. The water content gradient along
the vertical direction may be one possible reason behind this fact
(Tang et al., 2010). According to the study by Peron et al. (2009b),
a higher water content gradient along the vertical direction causes
greater tensile stress. This means that cracks occur at higher water
contents in thicker samples. In the case of the present study,
samples are considerably thin, so the difference in water content
across the thickness is small and the observed cracking water
content seems to be quite stable compared with different samples
(Figure 4). Rodríguez et al. (2007) also reported that critical water
contents may not change noticeably in very thin layers. Here, the
critical water content refers only to the transient stage of the initial
crack for individual samples during desiccation.

Crack prevention
As shown in Figures 3 and 4, crack evolution and morphology
depend on the initial water contents and layer thicknesses. Thus,
in order to investigate the cracking behaviour, a phase diagram
was constructed and tested in this study (Figure 5). Figure 5
shows that in several cases, no cracks appear even after complete
drying; it reveals, furthermore, that there is a critical thickness
above which cracking occurs (Khatun et al., 2015; Santanach
et al., 2007). The figure also shows that the critical thickness (i.e.
crack-free layer as crack prevention) does not depend only on
clay layer thickness but also on the initial water content. Other
works (Ávila et al., 2005; Tollenaar et al., 2017) also reported
that the initial water content has influence over the formation and
morphology of the desiccation cracks. Based on the critical
thicknesses (crosses in Figure 5), an average line is drawn and
defined as a crack phase boundary, which distinguishes between
cracked and non-cracked samples.

In order to obtain the final thickness of the phase diagram, some
broken layers of the desiccated samples were taken and measured
using a digital slide calliper. Thicknesses vary from around 0.09
to about 0.21 mm (Table 2). The mean thicknesses of the final
layers are shown in Figure 5 against the initial water contents.

As defined in Figure 5, the phase boundary reveals a border
between crack formation and prevention in the phase diagram.
When the layer thickness exceeds the critical thickness value,
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Figure 5. Phase diagram and crack patterns of thin bentonite clay
layers. The sample in the blank (bottom left of the figure) was not
tested assuming that this one would be a non-cracked sample.
Crosses represent the critical thickness, and the average dashed
line drawn based on the critical thickness is defined as the phase
boundary
Table 2. Mean values of the measured final thickness of the dried clay film for different initial water contents (in %)
Number

Final thickness: mm
1200%
 1400%
 1600%
rights
1800%
 reserved.
2000%
 2200%
 Mean
1
 0.21(0.01)
 0.21(0.02)
 0.20(0.01)
 0.22(0.01)
 0.20(0.03)
 0.21(0.04)
 0.21

2
 0.18(0.01)
 0.18(0.01)
 0.18(0.01)
 0.18(0.01)
 0.18(0.01)
 0.17(0.01)
 0.18

3
 0.14(0.01)
 0.14(0.01)
 0.14(0.01)
 0.14(0.01)
 0.16(0.01)
 0.15(0.02)
 0.15

4
 0.11(±0.01)
 0.12(±0.01)
 0.13(±0.01)
 0.12(0.01)
 0.13(0.02)
 0.12(0.01)
 0.12

5
 —
 0.09(0.01)
 0.09(0.01)
 0.09(0.01)
 0.09(0.01)
 0.09(0.0)
 0.09
Standard deviations around the mean of measurements from three repetitions for each test are shown in parentheses, and the values are in millimetres



Environmental Geotechnics
Volume 9 Issue 8

Desiccation crack formation and
prevention in thin bentonite layers
Mohammad, Meng, Zhang et al.

Downloaded by
crack occurs in any materials (Santanach et al., 2007; Singh and
Tirumkudulu, 2007). Thus, the critical thickness can be used to
determine the phase boundary separating cracked and non-cracked
zones in the constructed phase diagram. Griffith’s fracture
criterion, based on the change in free energy caused by the crack,
takes into account internal strain-energy release and surface
energy as a result of crack formation. Hence, the critical cracking
thickness, hc (m), is given by (Goehring et al., 2015)

hc ¼
WE0GIc

s2
max6.

where W is a constant (i.e. 0.8 for soils; see the book chapter by
Goehring et al. (2015) for details); E0

1 (kPa) is the plane strain
elastic modulus; GIC (kN/m) is the critical strain-energy release
rate; and smax (kPa) is the maximum stress during drying before
cracks appear. E0

1, the plane strain elastic modulus, is defined as
(Goehring et al., 2015)

E0 ¼ E

1 − n27.

where E (kPa) is the Young’s modulus of clay and n is the
Poisson’s ratio of clay. GIC (kN/m) is the critical strain-energy
release rate and can be expressed by (Lakshmikantha et al., 2012)

GIC ¼ K2
IC

E8.

where KIC (kN/m1.5) is the fracture toughness of clay slurry.
Combining Equations 6–8, the critical cracking thickness can be
written as

hc ¼
W

1 − n2

KIC

smax

� �2

9.

Using the well-known size-effect law, the maximum stress can be
expressed in terms of the tensile strength (st (kPa)) as (Bažant,
1984; Lakshmikantha et al., 2012)
 [ University of Plymouth] on [21/03/23]. Copyright © ICE Publishing, all rights
smax ¼ lstffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ d=l0d0ð Þ

p
10.

where d (mm) is the specimen characteristic dimension (here,
diameter of the sample); d0 (mm) is the reference dimension (e.g.
maximum particle size); l and l0 are two parameters that can be
determined from regression analysis (l ≅ 1.48 and l0 ≅ 479.5; see
the paper by Lakshmikantha et al. (2012) for details). Substituting
Equation 10 into Equation 9, the critical cracking thickness becomes

hc ¼
W 1 þ d=l0d0ð Þ

1 − n2ð Þl2

KIC

st

� �2

11.

Since W, n, d, d0, l and l0 are material-dependent constants,
Equation 11 can be simplified and written as
hc ¼ C
KIC

st

� �2

12.
where C can be defined as combined material constant and C =
W(1 + d/l0d0)/(1 − n2)l2), where W is the material constant for
critical cracking thickness. Equation 12 is an expression of the
critical thickness of soil layer below which cracks do not occur.
Experimental evidence shows that the term (KIC/st)2 in Equation
12 decreases when the material becomes brittle (Costa et al.,
2018), and some studies have developed a relationship between
KIC and st (Xu et al. 2018).

Fracture toughness can be obtained as a function of the water
content (w (%)) through the following empirical relationship
(Costa, 2009):

KIC ¼ a1 exp −b1wð Þ13.

where a1 (kN/m1.5) and b1 (/%) are fitting parameters (e.g. a1 =
897.76 kN/m1.5 and b1 = 0.1076/% for Werribee Clay; details in
Table 3). Tensile strength has also been expressed as a function of
water content (Costa, 2009; Stirling et al., 2015; Trabelsi et al.,
2012) as
Table 3. Values of parameters a (= a1/a2) and b (= b1 − b2) for different clays
a1: kN/m
1.5
 a2: kPa
 b1: /%
 b2: /%
 reserved.
Soil
 Reference
897.76
 0.1076
 Werribee Clay
 Costa (2009)

1018.9
 0.1148
 Merri Creek Clay
 Costa (2009)

272.25
 0.204
 Silty clay
 Nichols and Grismer (1997)

116.18
 0.112
 Silty clay (local)
 Wang et al. (2007)
148.97
 0.039
 Werribee Clay
 Amarasiri et al. (2011)

148.65
 0.066
 Beja Clay
 Trabelsi et al. (2012)

305.05
 0.111
 Silty clay (local)
 Wang et al. (2007)

144.937
 0.1252
 Loess (clay)
 Wang et al. (2001)
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st ¼ a2 exp −b2wð Þ14.

where a2 (kPa) and b2 (/%) are fitting parameters (e.g. a2 =
148.97 kPa and b2 = 0.039/% for Werribee Clay; details in Table 3).

Substituting Equations 13 and 14 into Equation 12, the critical
cracking thickness becomes

hc ¼ C a exp −bwð Þ½ �215.

where a = a1/a2 (m
0.5) and b = b1 − b2(b1 > b2) (/%). The values

of the parameters depend on the types of clay as well the
experimental methods used in the laboratory (Xu et al., 2018). As
shown in Table 3, although there are many variations, values of a
and b could have a range of 0.4–6.0 m0.5 and 0.001–0.0686/%,
respectively (considering the Werribee Clay and local silty clay).
For the sake of simplicity of the model, the value of a has been
taken as constant (0.40). The parameter b will be considered as a
fitting parameter to predict the experimental results. Therefore,
Equation 15 can be written further as

hc ¼ Cf exp −bwð Þ½ �216.

where Cf can be defined as material constant for fracture and Cf =
Ca2 (m). In this study, it is 2.096 m, with calculation details
presented in the Appendix (which also includes Figure 13).

In Equation 16, water content (w) is the current water content of the
clay slurry. In order to predict the phase boundary found in the phase
diagram (Figure 5), the current water content needs to be related to
the initial water content. This relationship could be established by the
clay particle volume fraction distribution within the layer thickness.

During hydration, water evaporates from the top surface, and
thus, clay particles come closer and closer. As a result, the
554
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mixture becomes denser at the top surface of the layer compared
with the bottom one. Thus, the volume fraction of clay particles is
likely to be a depth-dependent parameter during dehydration of
the samples. In light of this concept, the following assumptions
are made in order to generate a reasonably simple relationship
between clay volume fraction and initial water content:

■ The particle volume fraction of clay (f) is linearly distributed
across the depth of the sample during dehydration so that f is
higher at the top compared with the bottom (Figure 6).

■ The slope k of the f distribution is equal to a times the initial
particle volume fraction (fi) divided by the final film
thickness (h) of the layer, with the particle volume fraction
given by (Figure 6)

f hð Þ ¼ f0 � kh and k ¼ a
fi
h17.

where f0 is the average volume fraction and a(0 < a £ 2) is a
parameter that depends on both material properties and
environmental conditions (temperature, humidity, etc.)

■ Given that in experiments reported in this paper, the layer is
considerably thin and the temperature difference between the
top and bottom surfaces is small, the temperature gradient
across the thickness of the sample is negligible.

SEM images (Figure 7) of the dried clay layer show that the
particles are more homogenised at the top surface compared with
the bottom one. This homogenisation of the clay particles can be
regarded as a reflection of the particle volume fraction (density)
and is broadly consistent with the assumption of linear variation
of the particle volume fraction of clay.

Now, the particle volume fraction of clay is

f ¼ 1=rp
1=rp þ 0:01w=rw

¼ 1

1 þ0:01Gsw18.
Bottom surface

Mid surface

Top surface

Evaporation

h/2

0

–h/2
φ = φ0 –

φ = φ0 +

αφi

αφi

αφi

2
(a) (b)

2

h
k =

φ0 φ

Figure 6. Distribution of clay particle volume fraction (f) within the thickness (h) of layer: (a) linear distribution of f showing the variations
between the top and bottom surfaces; (b) simple representation of clay particles on evaporation (desiccation)
rights reserved.
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where rp (kg/m3) is the clay particle density, rw (kg/m3) is the density
of water and Gs is the specific gravity of clay. Thus, the water content
(w(%)) in terms of clay particle volume fraction can be written as

w ¼ 1 − f
0:01Gsf19.

Using the assumptions detailed above and Equations 17–19, the
relationship between the particle volume fraction of clay (at the
top surface) and the corresponding water content becomes

w ¼ 1 − f0 þ afi=2ð Þ
0:01Gs f0 þ afi=2ð Þ20.

where f0(= 1/(1 + 0.01Gsw0)) is the critical volume fraction of clay
and fi(= 1/((1 + 0.01Gswi)) is the initial volume fraction of clay,
where w0 (%) and wi (%) are the critical (cracking) water content and
initial water content, respectively. Variation of the water content with
initial water contents is shown in the Appendix. Thus, the final
expression for the critical cracking thickness can be written as

hc ¼ Cf exp −b
1 − f0 þ afi=2ð Þ

0:01Gs f0 þ afi=2ð Þ
� �	 
� �2

21.

The model given by Equation 12 has two fitting parameters: a
and b. The values of model parameters used to predict the phase
 [ University of Plymouth] on [21/03/23]. Copyright © ICE Publishing, all rights
boundary for the experiments reported earlier are shown in
Table 4. It is found that the best-fit value for b is 0.0145, which
falls well within the range of 0.001–0.0686/%, reported in the
literature for a range of different clays (Amarasiri et al., 2011;
Costa, 2009; Wang et al., 2007).

Prediction of the phase boundary yielded by Equation 21 is
shown in Figure 8, as well as its sensitivity to the fitting
parameters. The model predictions show good agreement with
experimental data.

Crack morphology
Tables 5 and 6 show changes in the values of descriptive crack
parameters with the initial water content and layer thickness.
Three water contents (1400, 1800 and 2200%) and three clay
layer thicknesses (0.15, 0.18 and 0.22 mm) are considered here. It
can be seen that crack properties, such as crack density, total
crack length and average crack length and width, increase with
increasing initial water content and layer thickness. These results
Top surface

(a)

Bottom surface
(c)

(b)

10 µm

2 µm2 µm

Figure 7. SEM images of the dried clay layer: (a) top surface; (b) bottom surface; (c) along the side (cross-section) (images refer to the
sample of Figure 5 where the layer thickness is 0.18 and the initial water content is 1800%)
Table 4. Values of model parameters
 r
Parameter
eserved.
Value
 Unit
 Source
v
 0.26
 —
 Wang et al. (2001)

d
 140
 mm
 This study (plate size)

d0
 9
 mm
 This study (clay particle size)

w0
 341.7
 %
 This study (critical water content)

a
 0.71
 —
 Fitting values

b
 0.0145
 /%
 Fitting values
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are consistent with the findings of Tang et al. (2008). However,
the initial water content and layer thickness do not appear to have
any influence on crack numbers. For example, crack numbers fall
within 38–41 on average.

Crack density is more sensitive to changes in the initial water content
than changes in thickness within the ranges considered here. Crack
density increases from 0.10 to more than 0.13 (mm2/mm2) when the
initial water content rises from 1400 to 2200% (Table 5). On the
other hand, no significant change in crack density (i.e.
0.12–0.13mm2/mm2) is observed when the layer thickness increases
from 0.15 to 0.22mm (Table 6). The total crack length is higher in
thicker layers and, in larger water contents, falls between 687.5 and
818.5mm (for wi between 1400 and 2200%) and between 753.5 and
818.5mm (for h between 0.15 and 0.22mm). Average crack lengths
and widths also increase with increments in water content and layer
556
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thickness, and average crack widths appear to be more sensitive than
average crack lengths, indicating that increases in specimen thickness
would increase the probability of forming longer and wider cracks.

Figures 9 and 10 show the probability distributions of crack lengths
at different initial moisture contents and clay layer thicknesses. For
distributions of crack lengths, four water contents and layer
thicknesses are presented. The distributions of crack lengths show the
log-normal distributions in all cases. As stated earlier (Equations
2–5), the MLEs of log-normal fits show that crack lengths fall
mainly within 0–50mm. The maximum frequencies were observed
for 10–20mm of crack lengths in all cases. If the layer thickness is
small with a high initial water content, crack lengths can be much
longer. This might be due to the more uniform suction profile, which
allows the crack to continue rather than branch into new cracks
(Costa et al., 2018). The mean value shows an increasing trend due
Initial water content: %
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Figure 8. Phase boundary comparisons between experimental data and model predictions: (a) sensitivity to a with b = 0.0145/%;
(b) sensitivity to b with a = 0.71. Here, filled circles indicate uncracked samples and empty circles represent cracked samples
Table 5. Effect of initial moisture content (in %) on crack morphology (layer thickness is 0.18 mm)
Number
 Crack property
 1400%
rights reserved.
1800%
 2200%
1
 Crack density: mm2/mm2
 0.10(0.02)
 0.14(0.04)
 0.13(0.04)

2
 Total crack length: mm
 687.55(50.73)
 747.81(49.0)
 818.47(94.75)

3
 Average crack length: mm
 18.17(2.11)
 21.39(4.48)
 21.96(2.19)

4
 Average crack width: mm
 1.40(0.28)
 2.44(0.62)
 2.03(0.52)

5
 Crack number
 38(3)
 36 (5)
 38(7)
Values in the parentheses are the corresponding standard deviations
Table 6. Effects of layer thickness (in mm) on crack morphology (initial water content is 2200%)
Number
 Crack property
 0.15mm
 0.18mm
 0.22mm
1
 Crack density: mm2/mm2
 0.12(0.01)
 0.13(0.04)
 0.13(0.01)

2
 Total crack length: mm
 753.56(170.49)
 818.47(94.75)
 809.75(277.75)

3
 Average crack length: mm
 18.50(0.77)
 21.96(2.189)
 20.31(0.92)

4
 Average crack width: mm
 1.97(0.19)
 2.03(0.52)
 2.34(1.04)

5
 Crack number
 41(11)
 38(7)
 40(15)
Values in parentheses are the corresponding standard deviations
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Figure 9. Crack length distributions for different water contents: (a) 1400%; (b) 1800%; (c) 2000%; (d) 2200%. The clay thickness for all
cases is 0.18 mm
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Figure 10. Crack length distributions for different layer thicknesses: (a) 0.12 mm; (b) 0.15mm; (c) 0.18mm; (d) 0.22 mm. The initial
content for all cases is 2200%
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to the increase in water content as well as in layer thickness.
However, there are no clear trends in the standard deviations for
variations in water content and layer thickness.

The PDFs of crack widths due to the effects of initial water
contents and layer thicknesses are also presented in Figures 11
and 12. Similar to crack lengths, crack widths show log-normal
distributions. The MLEs of log-normal fits match nicely with the
experimental results. Most crack widths are in the range of
0–5 mm. Peak values are always observed within the interval
0–1 mm. As the initial water content or layer thickness increases,
more wider cracks appear (Figures 11 and 12). Changes in water
contents and layer thicknesses have little influence on both mean
and standard deviation values for crack width.

By analysing the results shown in Tables 5 and 6 and Figures 9–12,
it can be stated that crack properties, with the exception of crack
numbers, are influenced by both the initial water content and layer
thickness. Crack properties are influenced more by changes in water
contents than changes in layer thicknesses, bearing in mind the
limited thickness range considered here. The vertical suction profile
could be one reason for this fact. When water evaporates at the
surface of the sample during desiccation, water moves from the
bottom to the surface as a result of capillary action creating a suction
profile along the depth (Costa et al., 2008). For thinner layers, the
suction gradient is smaller and the cracks are more likely extended to
a full depth when initiated (Kodikara and Choi, 2006). Thus, thinner
558
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layers are less influenced by the suction profile. On the other hand,
as a wet cohesive soil undergoes desiccation, soil particles become
dense and come closer. When desiccation starts from the surface and
moves downwards, the dehydrated surface shrinks. Adjustments
preventing this shrinkage between top and bottom surfaces create
more tensile stress (Tang et al., 2008), and thereby, the layer breaks
and cracks occur. Thus, a higher initial water content (at least some
ranges as found by Kassiff and Shalom (1971)) may cause more
shrinkage, with the desiccation accommodating this volume change
into cracks (Ávila et al., 2013).

Key findings
In this study, a comprehensive series of experiments was performed
in order to capture desiccation and cracking behaviour under different
conditions. The drying and cracking phases were tracked with
photographic monitoring and weighing of samples, followed by SEM
and image analyses, as well as statistical description of crack
morphology. The authors have elicited the key features of the genesis
of desiccation crack in bentonite clays, particularly as they are
affected by the layer thickness and initial water content, and found
that both these variables influence crack formation and prevention.
Results presented in terms of phase diagrams revealed important
information about the crack formation process in clays. The
theoretical model developed here considers the initial water content
and proceeds from an assumption of depth-dependent porosity
distribution. The model was found to be quite efficient in capturing
the development of desiccation cracks, in particular distinguishing
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Figure 11. Crack width distributions for different water contents of (a) 1400, (b) 1800, (c) 2000 and (d) 2200% when the layer thickness
is 0.18mm
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between cracked and non-cracked zones and predicting the crack
phase boundary. Hence, the model proposed here can be used to
explore the desiccation behaviour of other types of clay as well as
the influence of variables other than those considered here (thickness
and water content), including, among others, sample diameter, rate of
evaporation and friction between clay and sample container material.

Conclusion
Desiccation cracks in thin bentonite clay layers were investigated for
a wide range of initial water contents in this study. A phase diagram,
which is controlled by bentonite layer thicknesses and initial clay-
water contents, was constructed and tested in the laboratory. Based
on the results, the following conclusions were made.

■ The critical crack thickness plays an important role in the
phase diagram and distinguishes between cracked and non-
cracked samples. The critical crack thickness could be used as
an indicator of cracking and to detect the phase boundary
depending on the initial water content and layer thickness.

■ Changes in the initial water content for thin bentonite layers
do not significantly influence the cracking water content under
the conditions explored in this paper.

■ Crack properties such as crack density, total crack length,
average crack length and crack width increase with increasing
layer thicknesses and initial water contents.

■ Changes in initial water contents have more effects on crack
morphology than changes in layer thicknesses within the
ranges of the present investigation.
 [ University of Plymouth] on [21/03/23]. Copyright © ICE Publishing, all rights
Two lines of investigation can be pursued as extension of this
research. The range of thicknesses of the clay layer, considered in
this paper, is small. Hence, the applicability of Equation 21 within
a wider range of thicknesses would be of interest. More generally,
the behaviour of soils, in particular bentonite, in nature is more
complex, in part because of the influence of factors such as
temperature, loading conditions and chemistry of pore water.
Therefore, the applicability to field conditions of the insights and
equations developed here remains an open question.
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Appendix
Calculation of Cf (m):

Cf ¼
W 1 þ d=l0d0ð Þ

1 − n2ð Þl2
� a2

Cf ¼
0:8 � 1 þ 0:140= 479:5 � 9 � 10−6

� �� �
1 − 0:262
� �

1:482
� 0:42

Cf ¼ 13:099 � 0:42 ¼ 2:096 m22.
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The variations in the current water content with the initial water
content is shown in Figure 13.
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