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ABSTRACT: Curling is a common phenomenon occurring in nature soils due to the rearrangement of soil
particles during the desiccation process. The occurrence of curling in soils is generally associated with desiccation cracking, which can cause significant damages to geo-infrastructures such as slopes, embankments and
pavements. Therefore, understanding the mechanisms of soil curling is vital to deal with key issues, which are
relevant to many applications in geotechnical engineering. In this paper, experimental and numerical studies
are conducted to provide insights into mechanisms of soil curling induced by moisture evaporations. The discrete element method (DEM) with a new water particle concept is proposed to facilitate the modelling of process, while an artificial clay made of kaolin is adopted in the experiment. Experimental results show that the
drying process is separated into three stages: a constant evaporation rate stage, a falling evaporation rate stage
and an equilibrium evaporation rate stage. The upward curling is initiated even when the specimen stage is
close to the liquid limit stage. Comparison between experiments and simulations suggested that the proposed
modelling approach can capture the initiation and development of the upward curling in clay soils, and it is a
promising approach to studying soil curling phenomenon.
1 INTRODUCTION
In nature, under climate changes such as an increase
in temperature and decrease in relative humidity,
soils may lose its moisture content. Consequently,
liquid bridges start to form between soil particles
and capillary pressure or capillary force develops.
The force draws soil particles toward each other and
the soil layer shrinks. This process is called desiccation. In expansive clay, this process is severe. It may
cause the occurrence of cracks, and the development
of the soil curling (Konrad & Ayad, 1997). The
study of Berney et al. (2008) demonstrated that occurrence of curling in soils generally enhances the
development of desiccation cracking process. Therefore, understanding the mechanism of soil curling is
vital to deal with key issues which are relevant to
many applications in geotechnical engineering.
Over the past decades, there have been substantial
research work directed at studying soil curling and
its associated desiccation cracking mechanisms using field observations (Kindle, 1923; Allen, 1986),
traditional laboratory testing techniques (Kindle,
1917; Bradley, 1933; Kodikara et al., 2004) or advanced 3D scanner (Zielinski et al., 2014). These
studies have revealed that soil curling can be up-

wards or downwards depending on various factors
such as the grain size distribution in vertical direction (Bradley, 1933; Allen, 1986; Zielinski et al.,
2014); drying conditions (Bradley, 1933); salt existence and concentration (Kindle, 1923; Kindle, 1926;
Bradley, 1933), and clay content (Kindle, 1917). It
has been explained that as the drying rate is different
along the height of soil specimen, the shrinkage
stress profile is non-uniform, causing bending moments to increase and thus lifting the edge of the
specimen off to form the concave curling, or lifting
off the specimen at the middle to form the convex
curling. This concept was verified in continuumbased numerical study (Kodikara et al., 2004). The
soil curling behavior can also be explained as the existence of capillary force. The vertical component of
capillary forces of the particles which are near edges
is smaller than that of other particles, so the settlement of those particles are different and it causes initial concave curling (Zielinski et al., 2014). However, how the sample is lifted off remains elusive.
Therefore, further studies on mechanism of soil curling are necessary.
So far, continuum and dis-continuum approaches
have been applied to study many aspects of soils and
rock behavior (Bui et al., 2014; Bui et al., 2015

2 EXPERIMENTAL STUDY
2.1 Experiment procedure
The soil sample is prepared by thoroughly mixing
pure kaolin NY clay with properties listed in Table 1
with distilled water at 1.35 times liquid limits to
form a slurry clay mixture. The mixture is then
poured into a Perspex mould with 250mm long,
25mm wide and 12.5mm deep. To eliminate restraints of soil particles movements on the boundaries, all inner sides including the base wall of the
mould are greased prior to pouring the slurry soil.
The specimen is vibrated for five minutes by using a
vibration device to remove entrapped air bubbles and
its surface is flattened by using a spatula. Next, the
prepared specimen is covered with plastic membrane
and left in a desiccator for around 24 hours to allow
the soil sample to hydrate uniformly. Finally, the soil
sample is placed on a weighing balance with 0.001g
accuracy and is dried under a 500W lamp with
75mm length bulb, 180mm diameter lampshade, and
1000mm lamp distance. A camera (Nikon D5100) is
set up to take pictures of the long side face of the
sample. During the drying process, the weighing balance and camera are recorded every 15 minutes. In
addition, a sensor is placed close to the specimen to

continuously measure temperature and relative humidity of the soil specimen. The temperature and
humidity during the test were fairly constant, around
280C±10C, and 25%±3%.
Table 1. Soil properties (Shannon, 2013).
Index property
Liquid limit, LL(%)
Plastic limit, PL (%)
Plasticity Index, PI (%)
Linear shrinkage (%)
Specific gravity
Soil classification

54.8
26
28.8
6.9
2.62
CH

2.2 Experiment results
The water content of the specimen during the drying
period is presented in Figure 1. It can be observed
that the drying process can be separated into three
stages: a constant evaporation rate stage, a falling
evaporation rate stage, and an equilibrium evaporation rate stage. During the constant evaporation rate
stage, the water content decreases linearly with drying time until it reaches 10.2%. After this point, the
drying process moves into a falling evaporation rate
stage, in which the rate of change of the water content is slowed down until 2.2% and remains around
this value afterward (equilibrium evaporation rate
stage). The evolution of water content of the sample
under drying agrees well with findings of previous
studies for other types of clay (Tang et al., 2011).
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Nguyen et al., 2016a; Nguyen et al., 2016b, Gui et
al., 2016a, Nguyen et al., 2017, Tran et al., 2017)
and dis-continuum approach in general or discrete
element method (DEM) in particular is very powerful as both macro and micro views can be investigated (Lee et al., 2012; Tran et al., 2012; O'Sullivan,
2014). In the area of soil desiccation, discrete element method (DEM) has been utilized to study soil
desiccation cracking in both two and three dimensions (Peron et al, 2009; Sima et al., 2014; Gui et al.,
2016b). These studies demonstrate that DEM could
capture well crack initiation and development in clay
soils. Furthermore, the effect of the thickness on the
cracking network could be well captured. Accordingly, DEM is utilized to study the soil curling process in this study.
In this paper, both experimental and numerical
studies are conducted to investigate mechanisms underpinning the soil curling phenomenon. First, the
experimental procedure and results are discussed.
Then, the simulation approach using the proposed
discrete element model is described. Finally, the
proposed approach is employed to study the curling
behavior of rectangular slurry soil samples undergoing drying process and numerical results are compared to those of experiments.
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Figure 1. Water content of the specimen during drying process.
The shrinkage process of the kaolin clay sample is
presented in Figure 2. It can be observed that, as
time goes on, water evaporation causes the water
content of soil sample to decrease, leading to the
shrinkage of the soil sample in all directions. Initially, the shrinkage in vertical direction is more dominant. The specimen then moves off the right and left
sides of the mould after 4.25 hours and 5 hours, respectively, and the shrinkage along the longest side

of the specimen dominates the shrinkage process.
The soil shrinkage is negligible when the water content of the specimen is 27.52%, even though water
still evaporates as illustrated by the decrease in the
water content from 27.52% to 1.94% (Figure 2). The
upward curling can be observed at the edges of the
samples after drying the specimen about 11 hours,
becomes clearer after 17.75 hours and stops developing after this time. The upward curling initiates when
the water content of the specimen is 44.34%, which
is close to liquid limit of the kaolin NY clay. In other
words, the curling takes place even when the specimen is still saturated. This phenomenon is the same
as the first development of a crack in slurry clay.
It is noted that because the overall length of the
bulb and lampshade adopted in the experiment were
slightly shorter than that of the sample, the temperature distribution on the surface of the specimen
might be lightly non-uniform. This might contribute
to the delay in detaching of the left side of the specimen, the non-uniform settlement along the sample
and the minor difference in lift-off height of the edges.

simulation as shown in Figure 3 (Tran et al., 2018).
The main idea of the proposed approach is to use
another set of particles, namely “water particles”, to
represent the water volume in a slurry clay specimen,
while clay particles are used to represent the solid
phase in the specimen. The water particles must be
generated in such a way to avoid any direct contact
between solid particles. The water particles are chosen randomly within a certain range of radius, which
is much smaller than that of clay particles, to fill
gaps among clay particles as much as possible. The
number of water particles is computed to satisfy the
initial water content of the experiment. During the
sample preparation process, it is important to ensure
clay and water particles “touch” each other without
overlapping to eliminate stress-locking affects. All
water particles have no friction and interact with
each other and other soil particles via the spring
model (Tran et al., 2018).
As around 80% of clay particles ranges from 1µ to
3µ (Shannon, 2013), to reduce computation time due
to very small size of particles, uniform particle distribution ranging from 1mm to 3mm is used in this
study to represent clay particles, while another set of
uniformly distributed particles ranging from 0.8mm
to 1.2mm is adopted for water particles. The chosen
numbers of clay particles satisfy the water content of
the experiment. In addition, in DEM simulations, the
drying process is simulated from water content of
46.5% which is lower than the liquid limit the initial
water content of the experiment (liquid limit =
54.8%, water content of experiment = 75.68%). The
stiffness kn and ks for the soil and water particles are
1x107 and 5x106, respectively. The friction coefficient between soil particles is chosen to be 0.5, while
that of water particles and wall boundary is 0.

Figure 2. Shrinkage process of the kaolin clay sample.

3 NUMERICAL STUDY
3.1 Modelling concepts and sample preparation
Figure 3. Water particle concept (Tran et al., 2018).

In slurry clayey soil samples, clayey particles interact
each other by inter-particle forces including van deer
Waal force, double layer force, born’s repulsive
force. These forces help particles to suspend in water
and form the slurry state. To reassemble a similar
clay system in DEM simulations, this research proposes to adopt the water particle concept in the DEM

3.2 Drying process
The drying process of the slurry clay sample is simulated by reducing the size of water particles. In particular, the radius of water particles with respect to
time (t) can be computed using an empirical model

proposed by Peron et al. (2009) for dual particles,
consisting of both solid and water phases, as equation (1). By using this equation, the radius of particles which are close to the top edge of the specimen
decreases faster. In other word, the evaporation rate
is faster on the top of the specimen.

Rw  Rw0e
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(1)

where Rw0 and Rw are the radius of the water particles at time t = 0 and t, respectively; 1 and 2
(1/2=0.5) are shrinkage parameters, which is calculated from experimental water contents;  is the
total duration of the experiment; z is the vertical coordinate of the water particle, and z0 is the reference
height.
As water evaporates during the drying process,
suction inside the specimen increases. To capture the
effects of changes in soil suction on soil particles, a
liquid bridge force model (Lambert et al., 2008) can
be adopted as follows:
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where ijnet is the net stress; ij is the effective
stress; and ijcap is the capillary stress, which can be
computed by:
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where Vlb is the volume of the liquid bridge;  is the
contact angle;  is the surface tension of water; H is
the distance from surface to surface of two spheres;
Ri and Rj are the diameter of spheres i and j, respectively; and n is an amplifying factor (n = r(m)/r(p) with
r(m) and r(p) being the radii of particles used in simulation and real particles; in this study n=1000) (Jiang
et al., 2004).
As could be seen from equation (3), the volume of
liquid bridge is required to calculate the capilarry
force. However, it is difficult or imposible to
estimate this parameter during the drying process. To
faciliate the calculation procedure, the following
equation is proposed by introducing a variable f(w)
which is a function of water content into equation
(3) as follows:

FcwDEM   f (w)n

2R cos 
1  ( H / 2d sp )

(5)

By using equation (5), the volume of the liquid
bridge is the same for every pair of particles and
does not change during the drying process.

(7)

where V is the volume of the RVE; Fcap is the capillary force at the contact c; and xp,q is the vector
pointing from the particle p to the particle q of the
contact c.
In addition, as suggested by Houlsby (1997), the
net stress can be also defined by:

 ijnet   'ij Srij

with

R

Nevertherless, the water content function f(w) is
required and can be calculated through a curve
fitting procedure by mapping the soil suction
computed from the DEM analysis of a representative
volume element (RVE) to that of experimental data
(i.e. the soil water characteristic curves). According
to Scholtès et al. (2009), the net stress of a RVE
consisting of clay and water particles is defined as
follows:

(8)

where  is the suction; Sr is the degree of saturation;
and ij is the Kronecker Delta.
By comparing equations (6) and (8), the suction
can be calculated using the following equation:
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Equation (9) provides a mean to calibrate the water content function f(w) for the calculation of
capillary force for a given soil in DEM. The details
of this calibration procedure is explained in the next
section.
3.3 DEM calibrations
To calibrate parameters for DEM simulations, a
slurry clay RVE sample of 25mm long, 25mm wide
and 25mm deep (Figure 4) is simulated. The specimen preparation process follows the same procedure
described in Section 3.1. In the simulation, the drying process is conducted to obtain multiple designated water contents. The suction ( ) at the corresponding water content is then measured within a
spherical volume, which has a diameter of 18mm
and is located at the center of the specimen. The
computed suctions at multiple designated water contents are finally benchmarked against the soil water
characteristic curve obtained from experiment to ob-

tain the water content function for DEM simulations.
For further details of this calibration process and relevant DEM parameters, we refer readers to Tran et
al. (2018). As could be seen from Figure 5, the calibrated water content function provides a very good
agreement between the DEM simulation and experiment (Shannon, 2013). This suggests that the proposed approach could be used to simulate the slurry
Kaolin NY.

Figure 4. Model setup for calibration f(w): before drying and
after drying (blue particles are soil particles; green particles are
water particles; 3D view).
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stage, the curled edge starts retreating downwards to
its initial position, even though the sample still
shrinks during this period. The finding in the current
DEM simulation is similar with that of Zielinski et
al. (2014) who conducted 2D laser scanner to monitor the development of cracks and curling trend of a
disk soil sample. Compared to the experiment on the
slurry Kaolin NY (Figure 2), the shrinkage process
of the numerical sample in DEM simulation agrees
quite well with that observed in the experiment.
However, the simulation over-predicts the lift-off
height of the curled edges and this can be attributed
to the large size of soil and water particles adopted
in the current DEM simulation and spherical shape is
used instead off flat sheet. Furthermore, the difference in sample width and buck density of the numerical sample can also influences the numerical results
and further researches are required to clarify this
mechanism.
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Figure 5. Soil water characteristic curves from the simulation
and the experiment.
Water content (w) =3.2%

3.4 Soil curling simulation
The soil curling experiment can be now simulated
using the calibrated water content function for the
slurry Kaolin NY. The size of numerical specimen is
the same to that of the curling experiment except
that the sample width is now reduced to 15mm to
save the computational cost. The same DEM model
parameters are adopted in the current simulation and
the drying process is also reproduced by reducing the
radius of water particles.
Figure 6 shows the curling process of the numerical sample at different water content levels. It can be
observed that the upward curling is initiated at the
edges of the sample when the water content is
44.4%, which is very close to that of the experiment
(see Figure 2 at Time = 11h). Next, the curling continuously develops until reaching its max elevation
at the water content of around 11.4%. After this

Figure 6. Shrinkage process of the simulation (blue particles are
soil particles; green particles are water particles; 2D view).

4 CONCLUSIONS
In this paper, the mechanism of soil curling during
desiccation process is studied by experiments and
numerical simulations. The experimental drying test
is conducted on a slurry kaolin NY clay sample,
while the numerical study is carried out the DEM
simulation with the proposed water particle concept.
The study shows that, under the drying process, the
soil specimen continuously shrinks in all directions.
Nevertheless, the vertical deformation is more dominant than the horizontal deformation during the initial stage of the drying process, and this behavior is

reverted after a certain time of drying. In addition,
the edges of the specimen are lifted up even when
the water content of the sample is close to the liquid
limit. The curling edges progressively develop to
reach its maximum elevation and then retreat downwards to the stable position. The simulation study
shows that by adopting the water particle concept,
the curling process of the clayey soil can be captured. It proves that the proposed concept is capable
of representing physical behavior of soil curling and
thus can be applied to provide further insights into
soil curling mechanisms.
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