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The distinct lattice spring model (DLSM) is extended to modelling soil desiccation cracking by introduc-
ing a two-phase bond model. The bond, which comprises a spring bond and water bond, is developed to
consider the interaction of the pore pressure with deformation of the soil matrix. A parameter represent-
ing soil heterogeneity is introduced to consider the uneven drying during desiccation. The capability of
the model is demonstrated through a number of numerical examples, which are in good agreement with
the experimental observations. Three significant factors controlling desiccation cracking, which are soil
particle size, heterogeneity and boundary conditions, are identified.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Desiccation cracking is common in unsaturated soil with a high
degree of saturation, which considerably increases the soil hydrau-
lic conductivity and decreases the shear strength of the soil. Thus,
it poses a significant threat to the hydraulics and structural integ-
rity of earthworks [1], dykes [2], embankments [1,3] and engi-
neered barriers [4,5], and it can increase the erosion potential of
surface soils [1,6]. The phenomenon also has a significant impact
on agricultural engineering related to the soil transportation of
water, air and nutrients [7], and to groundwater system pollution
[7,8]. When clearly elucidated, desiccation-induced cracking also
finds applications in food engineering, process engineering, mate-
rial engineering and chemical engineering.

Many numerical modelling techniques have been developed to
simulate desiccation-induced cracking in soil, and they are primar-
ily based on the finite element method (FEM) (e.g., Refs. [9–13]).
Nevertheless, it is not easy to simulate cracking using a
continuum-based FEM. The current simulation techniques using
FEM generally preset a crack (as a weak face) or multiple cracks
in a continuous medium (e.g., Ref. [13]) or they use the model
boundary as a crack (e.g., Ref. [9]), which undermines the attempts
to predict crack location, initiation and propagation. As an
alternative, the discrete element method (DEM) (e.g., Refs.
[3,14,15]) is a promising approach [14] because of its ability to cap-
ture the discrete nature of soil grains. However, the existing
approaches used with DEM to simulate desiccation cracking either
employ an incorrect desiccation process (e.g., Refs. [3,14]) or
improperly treat the soil microstructures (e.g., Refs. [3,14,15]).
Peron et al. [14] and Sima et al. [3], for example, adopted DEM to
simulate the desiccation of soil; however, they adopted a particle
radius change constitutive law that was incompatible with the vol-
ume change experienced at the pore-scale level.

The main objective of this paper is to extend distinct lattice
spring model (DLSM) to the simulation of soil desiccation cracking
by introducing a two-phase bond model that contains spring and
water bonds. In the two-phase bond model, the water bond is used
to represent the role of the suction during desiccation, whereas the
spring bond represents the mechanical contact between soil parti-
cles. In addition, in the model, soil heterogeneity is accounted by
assigning a multiplier of the water bond breakage suction value
to the water bonds according to a random distribution (i.e.,
Weibull distribution). Various scenarios of laboratory desiccation
tests, including unconstrained desiccation, linearly constrained
desiccation and crack pattern tests, from the literature are simu-
lated, and the simulation results are in good agreement with the
experimental observation in all cases considered. The paper is
organised as follows: in Section 2, DLSM is introduced, and the spe-
cially developed two-phase bond model is comprehensively
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described. The model is then validated via numerical modelling of
the desiccation cracking of various scenarios in Section 3, and the
influential factors, such as particle size and random ratio values,
are investigated. Finally, the paper is summarised with a brief con-
clusion in Section 4.
2. The model

2.1. DLSM

In DLSM, solid media are discretised into mass particles linked
by spring bonds (see Fig. 1a), comprising normal and shear springs
(see Fig. 1b). Whenever two particles are detected in contact, they
are linked together by the spring bonds between their centre
points. The motion of the system is expressed as follows [16–18]:

½K�uþ ½C� _uþ ½M�€u ¼ FðtÞ ð1Þ

where u represents the particle displacement vector, ½K� is the stiff-
ness matrix, ½M� is the diagonal mass matrix, ½C� is the damping
matrix, and FðtÞ is the vector of external forces on the particles.
An explicit central finite difference scheme (also call the Verlet
scheme or leapfrog algorithm) is used to solve the motion equation
and the calculation cycle, as shown in Fig. 1c. Hence, whenever the
particle displacement is set (obtained from either the initial condi-
tions or a previous time step), new contacts and broken bonds are
detected, and the list of neighbouring particles is updated accord-
ingly. Therefore, the particle velocity is updated individually as

_uðtþDt=2Þ
i ¼ _uðt�Dt=2Þ

i þ
RFðtÞj

mp
Dt ð2Þ

where _uðtþDt=2Þ
i and _uðt�Dt=2Þ

i are the particle velocity at ðt þ Dt=2Þ and

ðt � Dt=2Þ, respectively. RFðtÞj is the sum of forces applied on the ith
Fig. 1. (a) Physical model (b), details of the spring bond, (c) calculation flow chart of DLSM
Refs. [19–22]).
particle, including external forces. Therefore, the new displacement
of the particle is calculated as

uðtþDtÞ ¼ uðtÞ þ _uðtþDt=2ÞDt ð3Þ

If the displacement along the normal or shear direction is larger
than a given value, spring bond breakage will be detected, and a
spring bond for which only a normal spring with zero strength is
defined will be applied. The failure criterion used for the spring
bonds is shown in Fig. 1d, demonstrating that the bond exhibits
shear and tension failure but no compression failure. The normal
displacement of the spring bonds is calculated as follows:

un
ij ¼ uij � n

� �
n ð4Þ

where un
ij;uij and n are the normal displacement, total displacement

and normal vector of the spring bond connecting particles i and j
(see Fig. 1b). The normal force in the spring bond can be calculated
as

Fn
ij ¼ knun

ij ð5Þ

where kn is the normal stiffness of the spring bond.
One of the distinct features of DLSM is that the relative shear

displacement is obtained using the local strain of a particle group
instead of the difference between the total displacement and the

normal displacement, that is, us
ij ¼ uij � un

ij

� �
, as adopted in some

conventional lattice spring models (LSMs). Thus, the shear defor-
mation is calculated as follows [17]:

u
_s

ij ¼ ½e�bond � nl� ðð½e�bond � nlÞ � nÞn ð6Þ

where l is the initial bond length or the initial distance between a
pair of particles. This method overcomes the restriction on
Poisson’s ratio while preserving the rotational invariance, which is
encountered in the traditional LSMs. Accordingly, the shear force
between the particles is
and (d) constitutive model of spring bonds (a and c are after Ref. [17] and b is after
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Fs
ij ¼ ksûs

ij ð7Þ

where ks is the shear stiffness of the spring bond. In Eq. (6), ½e�bond is
the bond local strain obtained by averaging the strains of the two
linked particles as

½e�bond ¼
½e�i þ ½e�j

2
ð8Þ

where ½e�i is the strain matrix of the ith particle and is

½e� ¼
exx exy exz

eyx eyy eyz

ezx ezy ezz

2
64

3
75 ð9Þ

The other feature of DLSM is that the input parameters are
material macro-parameters (i.e., the elastic modulus and
Poisson’s ratio) instead of the micro-parameters, such as the nor-
mal and shear stiffness, that are used in conventional DEMs.
Because the total strain energy of the lattice model is equivalent
to that of a continuum model of the same dimension, based on
the Cauchy-Born rule and hyper-elastic theory, the
micro-parameters adopted in DLSM can be directly calculated from
the material elastic properties as follows [16,17]:

kn ¼
3E

a3Dð1� 2tÞ ð10Þ

ks ¼
3ð1� 4tÞE

a3Dð1þ tÞð1� 2tÞ ð11Þ

where kn is the normal stiffness, ks is the shear stiffness, E is Young’s
modulus, t is Poisson’s ratio, and a3D is the microstructure geome-
try coefficient, which is obtained using

a3D ¼
P

l2
i

V
ð12Þ

where li is the original length of the bond and V is the volume of the
geometry model.

2.2. The two-phase bond model

According to Ref. [26], the particle forces contain three compo-
nents: forces due to the applied boundary condition (transmitted
through the skeleton), and particle-level forces comprising gravita-
tional, buoyant and hydrodynamic and contact-level forces. The
contact-level force includes capillary force, electrical forces and
the cementation-reactive force. The first two contact-level forces
can cause strains in the soil mass even at constant boundary loads.
Conversely, the cementation-reactive force possibly arising from
the water evaporation-induced crystal salt bond opposes skeletal
Fig. 2. Illustration of (a) model of the spring and th
deformation. Cementation is often accompanied by either shrink-
age or swelling, with the ensuing changes in inter-particle skeletal
forces. Under desiccation, the capillary force will vanish when the
soil pore is drained. However, due to the cementation-reactive
force, an attractive effect exists between particles to oppose the
separation of two neighbouring particles. In the numerical model,
the attractive effect can be represented by the implied attractive
force of spring bond under tension. This motivates the develop-
ment of the two-phase bond model.

Generally, two types of laboratory desiccation tests are used
according to the external boundary conditions. These types are
unconstrained and constrained desiccation tests, with the respec-
tive absence and presence of restriction on soil sample boundaries.
For unconstrained desiccation shrinkage, the sample volumetric
deformation can be determined by replacing the time component
used in Eq. (6) in Ref. [14] with suction, which is physically more
meaningful for desiccation-induced shrinkage in soil because the
deformation is directly related to the suction induced by desicca-
tion rather than time (suction and time cannot be equivalent).
Therefore, the volumetric strain can be expressed as

ev ¼ 1� expð�asÞ ð13Þ

where ev is the shrinkage volumetric strain, aða > 0Þ is a material
parameter, and s is the suction. Assuming a homogeneous deforma-
tion applied to DLSM in terms of a three-dimensional model, the
force induced in the spring bond will be

Fs ¼ � ev

3
lkn ð14Þ

where l is the original length of the spring bond and Fs is the force in
the spring bond induced by deformation. To produce the given
deformation, according to Newton’s third law, a water bond force
(Fw) representing the capillary force with the same magnitude as
the force in the spring bond must be introduced. However, the
water bond force is applied along the opposite orientation to the
spring bond force. The water bond force is proportional to the value
of suction; thus, it is calculated as

Fw ¼ bs ð15Þ

Substituting Eqs. (13)–(15), the equation b ¼ 1�expð�asÞð Þlkn
3s is

obtained.
Fig. 2a shows the two-phase bond model. The evolution of the

water bond force with suction is presented in Fig. 2b. The horizon-
tal axis is the suction/pore pressure, and the vertical axis is the
water bond force. The soil macroscopic air entry value is the suc-
tion value at which a large number of pores start to drain. Due to
the heterogeneity of soil, some of the pores must be drained before
the macroscopic air entry value while some can be drained after
e water bonds and (b) their constitutive model.



Y. Gui, G.-F. Zhao / Computers and Geotechnics 69 (2015) 578–587 581
the macroscopic air entry value. The suction value determines the
drainage of pore (i.e., water bond), which is called local water bond
breakage suction. In this model, when suction reaches the water
bond breakage suction value, the water bond force is reduced to
zero. Taking the water bond breakage suction value into account,
the criterion for water bond breakage is given as

Fw P Fa� ð16Þ

where Fa� is the water bond force corresponding to the water bond
breakage suction value (sae); it can be calculated as

Fa� ¼ 1�expð�asseÞð Þlkn
3 .

Numerous studies have demonstrated that heterogeneity in soil
in the form of soil structure, particle size, and geometry plays a sig-
nificant role in soil macroscopic behaviour. These forms of hetero-
geneity produce an uneven evaporation surface when the soil is
being desiccated, because desiccation is a continuous pore drai-
nage process that constitutes the intrinsic cause of desiccation
cracking in soil. To account for the influence of the heterogeneity,
different failure parameters (e.g., the local water bond breakage
suction value) are assigned to different water bonds in different
spatial positions locally without using the spatial structure auto-
correlation. The spatial structure autocorrelation variation has
been widely used in large-scale analysis, for example slope stabil-
ity [27]. The autocorrelation has not been found in use for
small-scale analysis in soil, such as the laboratory desiccation test
of soil. In addition, the desiccation phenomenon is dependent on
the pore distribution of a soil sample, which is highly dependent
on the soil grain distribution, which may be locally determined.
Therefore, it is reasonable to treat laboratory desiccation phe-
nomenon purely locally. Assuming a soil macroscopic air entry
value (sM

ae), which is normally obtained using laboratory tests
(e.g., axial plate method), the local water bond breakage suction
can be obtained using a multiplier as follows:

sae ¼ hsM
ae ð17Þ

where sae is the local water bond breakage suction, and h is the mul-
tiplier of the local water bond breakage suction. The multiplier is
chosen as follows:
(a)

(c)

Fig. 3. Illustration of a soil crack initiation in constrained desiccation: (a) initial saturat
failure and (d) heterogeneous water bond failure.
h ¼
c for breakage of local water bond
gc for the drainage of residual pore water

�
ð18Þ

where the parameter c, which ranges from 0 to 1, is a random ratio
obtained through a Weibull distribution [23]. g is a coefficient
needed for the drainage of the residual water content in soil under
desiccation. It is known that water in a pore during desiccation con-
sists of two main parts: one is primary water and the other one is
residual water. The primary water is drained once the local water
bond breakage suction is reached, while the residual water
describes the condition where the pore water resides primarily as
isolated pendular menisci and extremely large changes in suction
are required to remove additional water from the soil system. The
parameter g is used to account for the drainage of the residual
water. It is determined empirically. From several experiments
[25], it can be seen that the residual water content is about the
one-tenth of the initial water content during desiccation.
Therefore, it is reasonable to assume that the residual water in each
water bond could be drained when the suction value is ten times
the local water bond breakage suction, because once the primary
water is drained, the water bond is broken. From this point of view,
the local water bond breakage suction can be replaced by:

sae ¼ csM
ae ð19Þ

In the DLSM-two-phase bond coupled model, the spring bond
deformation is treated homogeneously. For a given soil, it is ini-
tially saturated, and both water and spring bonds exist between
neighbouring particles (Fig. 3a). Considering desiccation under
constrained boundary conditions (e.g., specified displacement),
the force in the water bond gradually builds with suction as the
force in the spring bond and soil volume decrease (Fig. 3b) with
the progress of desiccation. No cracking will appear if all of the
water bonds are broken simultaneously (Fig. 3c). However, if the
water bonds fail heterogeneously, tensile deformation can form
in the spring bond where the water bond has failed under the drag-
ging force from neighbouring water bonds that have not failed yet.
This may result in mechanical failure of the spring bond in the form
of a crack if the tensile deformation exceeds the limit (Fig. 3d).
Nevertheless, in perfectly unconstrained shrinkage, regardless of
(b)

(d)

ed state, (b) shrinkage deformation with desiccation, (c) homogeneous water bond



Fig. 4. Evolution of the strains with respect to the water content for the
unconstrained desiccation test.
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how high the negative pore water pressure (suction) is, no cracks
will form because the displacement of particles is allowed and
the free movement can accommodate the relaxation of the
mechanical deformation of spring bonds. Therefore, the boundary
condition is an external cause of desiccation cracking in soil. In
general, three important factors control the cracking of soil during
desiccation: the air entry value, the heterogeneity of the soil and
constraints (e.g., traction or friction boundary conditions and resid-
ual stresses in the soil).
3. Numerical validations

In this section, the model is applied to simulate desiccation
tests in Bioley silt [1]. The tests contained three components:
unconstrained desiccation, linearly constrained desiccation and
crack pattern tests. For the unconstrained desiccation test, soil
slurry was poured into a mould with dimensions of
295 � 49 � 12 mm and then placed on a Teflon plate to minimise
Fig. 5. Axial displacement of the unconstrained desiccation, (a) step 1 (2.7 k
friction. The environment of the test was temperature and humid-
ity controlled, with an average relative humidity of 40% and a tem-
perature of 19 �C with a variation of 1 �C. During desiccation, the
evolution of strain with water content was measured. For the lin-
early constrained desiccation test, the sample size was the same
as that of the unconstrained desiccation test. However, the desicca-
tion was conducted on a notched base to create a longitudinal
restraint. The testing environment of the crack pattern test was
the same as in the two other tests, but the dimensions were
300 � 300 � 12 mm.

3.1. Unconstrained desiccation test

The unconstrained desiccation test was used to calibrate the
numerical scheme and to obtain elastic parameters. The model size
was the same as the laboratory testing soil sample, that is,
295 � 49 � 12 mm with an identical particle size of 2 mm. It is a
cubic lattice model. The boundary condition used was that all
model boundaries were kept free of any constraints. The water
content ranged from 32% to 22%, which corresponded to a suction
level ranging from 0 to 80 kPa. The experimental volumetric strain
ev at the end of the test was taken to be 0.145 as the value adopted
in Ref. [14], and the corresponding water content was 22% (suction
level of 80 kPa from Fig. 3.17e in Ref. [13]). For the unconstrained
desiccation, the longitudinal direction was considered, and the
axial strain was taken to be ev=3 based on the assumption that
the shrinkage is isotropic so that a could be expressed using Eq.
(13) as

a ¼ � lnð1� ev=3Þ
s

¼ 0:0006193 ð20Þ

This value was used in the remaining desiccation tests. The random
ratio adopted for the unconstrained desiccation was 10%. However,
for unconstrained desiccation, because of the unconstrained bound-
ary, the soil is usually saturated during the shrinkage. When the soil
becomes unsaturated, the soil shrinkage almost ceases during the
experimental observation [13]. Therefore, the macroscopic air entry
Pa), (b) step 10 (26 kPa), (c) step 20 (52 kPa) and (d) step 30 (80 kPa).
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value is not taken into account. The simulated strains with respect
to the water content are shown in Fig. 4. The water content was
obtained from the laboratory relationship between suction and
the water content, which was almost linear in this range (see
Fig. 3.17e in Ref. [13]). From Fig. 4, it can be observed that good
agreement with the experimental results was attained. More specif-
ically, all three directional strains increased nearly linearly with
suction due to homogeneous shrinkage, although the soil hetero-
geneity had been considered in the simulation. It is worth noting
that the small difference between the numerical simulation and
the experimental result is from the final volumetric strain value
adopted. In the simulation, a final volumetic strain of 0.145 was
adopted as used in Ref. [14], while the actual final volumetric strain
from the laboratory result as shown in Fig. 4 was 0.1527. In addi-
tion, because isotropic shrinkage was assumed in numerical simula-
tion, the numerically obtained three directional strains almost
overlap. Fig. 5 presents the evolution of axial displacement with
suction, which increased with suction and led to larger displace-
ment at the two extremities. The distribution of the axial displace-
ment is almost symmetric. Although the axial displacement
increased with suction, no cracking occurred. This corroborated
Fig. 6. Axial displacement evolution of the linearly constrained desiccation under a rand
step 30 (80 kPa), and (e) experimental result.
the results of the experiments during which no cracking was
observed [13] and other numerical modelling experiments [14].
Based on the modelling of the unconstrained desiccation, the elastic
modulus and Poisson’s ratio were calibrated to be 20 MPa and 0.2,
respectively, which are close to the values obtained in laboratory
from the normally consolidated test [13]. These elastic parameters
are used for the rest of the simulation. Although the elastic param-
eters are not constants during desiccation, they are treated as con-
stants for the current research.

3.2. Linearly constrained desiccation

The model size was the same as that of the laboratory testing
soil sample, that is, 295 � 49 � 12 mm with an identical particle
size of 2 mm. A random ratio of 10% is used. The boundary condi-
tion used was that displacements were prevented for the bottom
particles with no restrictions for the other particles. The water
bond breakage suction value of the large pores in the simulated soil
was selected to be 60 kPa. In the simulation, only tensile failure
was considered because desiccation cracking is primarily tensile
cracking. According to the theory of DLSM (see Section 2.1), if the
om ratio of 10%, (a) step 1 (2.7 kPa), (b) step 23 (61 kPa), (c) step 25 (67 kPa) and (d)



Fig. 7. Axial displacement of the linearly constrained desiccation for different degrees of heterogeneity/random ratios of (a) 5%, (b) 10%, (c) 30%, (d) 50% and (e) random ratio
is zero.

Fig. 8. The statistical crack number with random ratio (particle size is 2 mm).
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displacement along the normal or shear direction is larger than a given
value, the spring bond breakage will be detected, and a spring bond for
which only a normal spring with zero strength is defined will be
applied. Therefore, the ultimate tensile deformation of the normal
spring (u�n) was the only failure parameter that needed to be cali-
brated for the constrained desiccation modelling. This parameter
was obtained from a trial-and-error process. By running a number
of simulations with different u�n, the corresponding value with the
closest failure pattern to the experimental observation (i.e., the
number of cracks) was selected as the calibrated value (i.e.,
u�n ¼ 0:00185 mm for the 2 mm particle model). The value of u�n
was used for the remaining constrained desiccation simulations.
The random ratio selected here was 10%. Fig. 6 presents the results
of the axial displacement in the modelling. The axial displacement
also increased with suction. However, a number of obvious cracks
occurred due to the constrained boundary condition. The cracks
started from the top surface and propagated almost vertically
and horizontally. In the horizontal direction, some cracks were ini-
tiated at one side boundary and propagated to the opposite side
boundary (Fig. 6c). In addition, some cracks started at the middle
of the top surface and then propagated to both side boundaries
(Fig. 6b). In the vertical direction, the cracks propagated towards
the bottom, but they did not fully penetrate due to the constraints
applied at the bottom boundary. As expected, with desiccation, the
crack openings widened. The first crack was not initiated in the
middle of the soil bar, as shown in Fig. 6(b), which differs from
the prediction in Ref. [24], where the first crack was expected to



Fig. 10. Statistical crack number with particle size (random ratio is 10%).
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initiate in the middle of a soil bar because it was argued that the
tensile stress in the middle was the highest. The current simulation
results are similar to the experimental observation, as shown in
Fig. 6(e).

In the uniform particle size model, one of the critical factors
affecting crack patterns is the random ratio of soil, which is related
to the heterogeneity of the pore size distribution (i.e., water bond
in the model). In this paragraph, the effect of the random ratio
on the desiccation cracking pattern is investigated. The random
ratio of 50% is the most heterogeneous case, whereas the random
ratio of 0% corresponds to a homogenous case in this paper.
Currently, the DLSM can only qualitatively determine the random
ratio that is accomplished by testing different values. Fig. 7 shows
the final axial displacement for the linearly constrained desiccation
simulations using five different random ratios, that is, 5%, 10%, 30%,
50% and 0%, respectively for (a), (b), (c), (d), and (e). The desiccation
crack patterns are closely related to the random ratio of the water
bond. Generally, a higher random ratio indicates that the observed
cracks are more frequent and smaller. When the random ratio
reaches 50%, all of the cracks become smaller and more compli-
cated. However, if all of the water bonds are distributed homoge-
neously, then a random ratio of 0% is obtained. In this case, no
desiccation cracks are created (see Fig. 7e). More specifically, the
relationship between the random ratio and number of cracks in
this study is quantitatively presented in Fig. 8. The crack number
initially increases from zero to seven with five and seven cracks,
respectively for random ratio of 5–10%. However, if the random
ratio continues to increase to 50% which represents the most
heterogeneous scenario, the number of cracks decreases again to
three. It is worth noting that the crack is counted once it is
observable.

Particle size is another factor that significantly affects the desic-
cation crack pattern in soil. The determination of the proper parti-
cle size in the model is also qualitative, and it should be calibrated
Fig. 9. Axial displacement of the linearly constrained desiccation with parti
with the random ratio for the cracking observed in a controlled test
case. The choice of the particle size is typically controlled by the
capacity of the computational environment. For a given volume
of soil, more particles must be created if a higher resolution of
the numerical results is desired. Fig. 9 shows the influence of the
particle size on the crack pattern. For a given random ratio (i.e.,
10%), models with smaller particles lead to greater formation of
soil cracks. Fig. 10 presents the quantitative relationship of the
crack number and particle sizes investigated in this paper. Three
imperceptible cracks are formed when the particle size is 6 mm;
however, this number increases and reaches to seven when the
particle size decreases to 2 mm. For the particle size of 1 mm, the
obtained crack number is six. For any problem of interest. this find-
ing implies that the desired number of regular particles can be sat-
isfactorily obtained by adjusting the value of the random ratio to
match the crack pattern observed in the calibration test case of
the problem.
cle size of (a) 6, (b) 3, (c) 2 and (d) 1 mm under a random ratio of 10%.



Fig. 11. Comparison of (a–d) the 3D crack pattern simulation results (random ratio is 10%) with (e) the experimental result.
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3.3. Crack pattern simulation

Based on the unconstrained and linear constrained desiccation
simulations, the elastic parameters (i.e., elastic modulus and
Poisson’s ratio) and failure parameter (i.e., critical normal displace-
ment of the spring bond) of the model for Bioley silt were estab-
lished. These parameters were also applied in the crack pattern
simulation.

For the simulation, a square slab model was built. The model
had the same dimension as the experimental sample, which was
300 � 300 � 12 mm, with identical particles of 2 mm. Therefore,
the model comprised 135,000 particles. A random ratio of 10%
was used for the simulation. Fig. 11 presents a comparison of the
simulation and the experimental result. The network in red colour
in Fig. 11a represents the crack network, which is in good agree-
ment with the experimental result (see Fig. 11b). The cracks always
intersect each other at approximately right angles or 120�. Right
angles are formed because the tensile stress along the direction
perpendicular to the current crack paths is the largest. The inter-
sections at 120� occur to create the minimum crack surface and
energy loss in a unit volume of soil. These are consistent with
the observation results in Refs. [10,13].
4. Conclusions

In this paper, a two-phase bond model is introduced into the
DLSM to simulate desiccation shrinkage and cracking in soil. The
model considers the interaction of the pore pressure with the
deformation of the soil matrix by applying a water bond theory.
Compared with the existing particle size shrinking model (e.g.,
Refs. [3,14]), the proposed two-phase bond model is a more phys-
ically appropriate treatment for desiccation shrinkage and crack-
ing. In the particle size shrinking model, the particle size
decreases as a function of time. However, in real soil desiccation,
the soil volume shrinks because the soil matrix is deformed, rather
than the soil particles. The proposed coupled DLSM with
two-phase bond model is verified against the experimental results.
The numerical simulation and the experimental data are in good
agreement for the different scenarios considered. From the
modelling, three essential factors that control desiccation cracking
in soil are verified, that is, air entering the soil, heterogeneity and
boundary conditions of the soil sample during desiccation.
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