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Abstract

In unsaturated granular soil, capillary suction produces an adhesive force that acts perpendicular to the tangential plane at each
contact point. In this paper, the collapse behavior of unsaturated granular soil during isotropic compression and biaxial shear are

numerically simulated using the distinct element method (DEM) by incorporating this adhesive force initially at all contacts and
then releasing it continuously to zero. The simulated results are compared with the results of triaxial compression tests on unsatu-
rated compacted clay and qualitative similarities are obtained. Based on the simulation results, the yield stresses under different
interparticle adhesive forces are determined and the collapse processes before and after yielding are investigated in detail. Moreover,

the effect of initial void ratio and principal stress ratio on collapse is also investigated and discussed. The paper illustrates the
capacity of simulating qualitatively the collapse behavior of unsaturated granular soils through the changes of the interparticle
adhesive forces produced by the capillary suction.

# 2003 Published by Elsevier Science Ltd.
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1. Introduction

Volume decreases accompanying increases in water
content at essentially unchanging total stresses in loose,
partly saturated natural soil deposits have been termed
collapse. Considerable experimental research has been
conducted to study collapse of naturally deposited or
artificially compacted soils [1,2] using both a conven-
tional or double oedometer and a triaxial laboratory
test. Several soil constitutive models [3–6] have been
proposed for modeling the collapsing soil behavior.
Through these studies, it has been revealed that the
wetting-induced collapse is mainly due to the changes of
the matric suction acting on the unsaturated soil struc-
ture. For unsaturated granular soils, the matric suction
is considered to result essentially from the capillary
action of the meniscus water surrounding the contacts
between soil particles, which produce an interparticle

adhesive force acting perpendicular to the contact plane
of soil particles. Therefore, wetting-induced collapse is
also considered to result from the changes of the inter-
particle adhesive forces. By incorporating an inter-
particle adhesive force in the specimen, Liu and Sun [7]
proposed a numerical method for simulating the col-
lapse of unsaturated granular soils by the distinct ele-
ment method (DEM) [8]. In this paper, a biaxial
compression test is simulated using this numerical
method in order to study the collapse of unsaturated
granular soils. The effects of interparticle adhesive force,
initial void ratio and deviatoric stress are considered.
The numerical study of soil collapse by the DEM has

some advantages over laboratory tests. For example, in
laboratory tests on unsaturated soils, it’s difficult to
prepare soil specimens with different suction while
keeping the other initial conditions identical. It is also
difficult to measure accurately the volume change of the
specimens due to the existence of pore air in unsaturated
soil specimens. However, in DEM simulation, different
interparticle adhesive forces (equivalent to matric suc-
tions) can be incorporated in the specimen with the
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same initial void ratio, and the volume change of the
specimen can be correctly calculated.

2. Suction and interparticle adhesive force

Because water is attached to soil particles and it can
develop surface tension, capillary menisci form between
particles in a partially saturated soil mass. The curved
air–water interface causes a pore water tension which, in
turn, generates a suction s and an interparticle force Ps.
If the soil particles are modeled as uniform spheres, then
the generated suction s and interparticle force Ps can be
calculated by the following equations (cf. Fig. 1):

s ¼ ua � uw ¼ T 1=r� 1=bð Þ

Ps ¼ ua � uwð Þ�b2 þ T 2�bð Þ

�
ð1Þ

where ua and uw are the pore-air and pore-water pres-
sures, respectively, T is the surface tension of the capil-
lary water, and r and b are the radii of the meniscus and
capillary water cylinder at its center. The radii, r and b,
can further be expressed in terms of the radius R of the
particle and the angle � of capillary water retention,
using geometrical considerations, by Eqs. (2) and (3).

b ¼ R tan�þ 1� sec�ð Þ ð2Þ

r ¼ R sec�� 1ð Þ ð3Þ

The real soil particle has different shapes and may not
be uniformly spherical as shown in Fig. 1, but the
meniscus and its capillary action usually exist in a par-
tially saturated soil when the degree of saturation is low,
which induces an interparticle adhesive force. This force
affects the mechanical behavior of partially saturated
soil. In simulating the collapse phenomenon of an
unsaturated granular material using DEM, an inter-
particle adhesive force is incorporated at particle con-

tacts in an initial DEM specimen and then released
under a constant stress state.
It is usually considered that wetting-induced collapse

occurs when the bonding or cementing agent in the
partially saturated condition is reduced. From a micro-
mechanical point of view, this bonding results from the
interparticle adhesive force due to the water meniscus,
and the bonding stress �s in the specimen can be esti-
mated by Eq. (4) [9].

�s ¼
2Ps

�2R2m 1þ eð Þ
ð4Þ

where Rm is the average radius of the particles along the
mobilized plane and e is the void ratio of the specimen.
This internal bonding stress �s is equivalent to the suc-
tion stress �0(s) that is defined for unsaturated soils and
is related to the suction s [5].

3. Biaxial compression test simulation

3.1. Outline of DEM analysis with an interparticle
adhesive force

Only a brief introduction to the two-dimensional DEM
is given here. The DEM is a numerical technique in which
individual particles are represented as rigid bodies. In two
dimensions, each particle has three degrees of freedom
(two translations and one rotation). Each particle can be
in contact with neighboring particles or structure bound-
aries. The contact between two particles, or a particle and
a boundary, is modeled by a spring and dashpot in both
the normal and tangential directions [see Fig. 2(b)]. The
normal direction spring has a no-tension constraint. In the
tangential direction, if the tangential force reaches a Cou-
lomb friction limit, it is allowed to slide. Small amounts of
viscous damping are often included to help provide dis-
sipation of high-frequency motion. The forces generated
at a contact are computed based on the overlap of the
bodies at the contact and the stiffness of the springs.

Fig. 1. Interparticle adhesive force due to water menisus.
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In this study, the computer code used for the DEM is
GRADIA, which was programmed by Yamamoto [10].
In order to account for the effect of suction in an unsa-
turated soil, we incorporate an interparticle adhesive
force at contacts in GRADIA. The interparticle adhe-
sive force that acts perpendicular to the contact plane
between particles i and j is denoted as Psij [see Fig. 2(c)].
The components of the resultant forces in the x and y
directions, as well as the resultant moment acting on
particle i due to Psij, are given by the following equa-
tions:

F
p
xi

� �
t
¼

P
j

Psijcos�ij

F
p
yi

h i
t
¼

P
j

Psijsin�ij

M
p
i

� �
t
¼ 0

9>>>=
>>>;

ð5Þ

where �ij is the angle of the line connecting the centers
of the contacting particles i and j to the x-axis. The
force components due to the interparticle adhesive force
Psij, calculated from Eq. (5), are added to the forces
based on the overlap of the bodies at the contact and
the stiffness of the springs, yielding a final resultant
force which is then used to compute the acceleration of
the body according to Newton’s laws of motion. After
the acceleration is determined, new velocity and dis-
placement for the particle is computed using central
difference explicit time integration. To ensure con-
vergence of the numerical solution, the time step �t is
taken to be 1=10�tc, where �tc is the critical time step.
The critical time step is estimated on the basis of a single
degree-of-freedom system of a mass m connected to the
ground by a spring of stiffness k, for which the critical

time step �tc equals 2
ffiffiffiffiffiffiffiffiffi
m=k

p
. With the newly computed

displacement configuration, the state of deformation at
the existing contacts is re-evaluated, and the possible
creation of new contacts is allowed for, leading to a new
cycle of computation.

3.2. Numerical simulation for biaxial compression tests

One of the objectives of this paper is to study the
effect of initial void ratio of unsaturated granular soil
on collapse. Thus, two rectangular DEM specimens
consisting of two kinds of circular particles with dia-
meters of 5 mm and 9 mm and a mixing ratio of 3:2 by
area are generated. One specimen has an initial size of
60 cm by 30 cm and an initial void ratio of 0.262 [see
Fig. 2(a)]; the other specimen has an initial size of 64.9
cm by 30 cm and an initial void ratio of 0.298. The
specimens are bounded by four rigid walls, and the
contacts between the particles and the rigid walls are
modeled with springs and dashpots in both the normal
and tangential directions. The input parameters used in
our DEM simulation are summarized in Table 1. These
parameters have been used to simulate biaxial com-
pression, simple shear and direct shear tests on an
assembly of aluminum rods with diameters of 5 mm and
9 mm and a mixing ratio of 3:2 by weight, and the
simulated results agreed very well with the correspond-
ing experimental results [10–12].
For a real unsaturated soil with a certain suction, the

magnitude of the adhesive force Ps at each contact point
between the soil particles may be different. They may
differ due to the size and shape of soil particles as well
as the pore water state inside soil voids and so on. In

Fig. 2. DEM specimen and contact modelling.
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this study, a constant value of Ps is applied at each
contact in the DEM specimen. This simple hypothesis
will not model a real unsaturated soil exactly. It needs
further study and development of the exact simulation
for a real unsaturated soil.
In this study, five interparticle adhesive forces Ps of

5N, 9.8N, 14.7N, 19.6N and 49N are introduced at the
contacts between particles for two initial specimens.
These are, respectively, equivalent to internal bonding
stresses �s of about 64.6 kPa, 126.6 kPa, 189.9 kPa,
253.2 kPa and 633.1 kPa as estimated by Eq. (4). These
internal bonding stresses �s are within the ranges of the
suction stresses commonly applied to unsaturated soil
specimens in laboratory experiments [5]. Each specimen
is isotropically compressed under increasing mean stress
p ¼ �1 þ �3ð Þ=2 (�2=0 for biaxial compression). At such
the previously specified mean stresses that are extremely
low (about 1kPa), near and after the yield stresses, the
incorporated interparticle adhesive force is released
gradually to zero to simulate the collapse phenomenon
of unsaturated soil during compression. Then, the spe-
cimens with Ps=9.8N are sheared at a constant mean
stress p=196 kPa. At several constant deviatoric stres-
ses, the interparticle adhesive forces incorporated in the
specimens are released gradually to zero to simulate the
collapse phenomenon of unsaturated soil during shear.
In our simulation, the specimen is loaded in a stress-

controlled way. At every stress increment, the calcula-
tion is continued until all the particles and the boundary
rigid walls move with accelerations less than 0.5g
(g=gravity acceleration). The volume change and
strains of the specimen are calculated from the dis-
placements of the four rigid boundary walls.

4. Numerical results and comparisons with experimental

results on unsaturated compacted clay

4.1. Simulated yield curves of unsaturated granular soil

Fig. 3 shows the numerically simulated e–lnp com-
pression curves during isotropic compression in the
cases of Ps=9.8N, 14.7N, 19.6N and 49N. Clearly,
under a constant interparticle adhesive force Ps, there

exists a yield stress, py, which is determined approxi-
mately to be the stress at the inflexion point as illu-
strated in Fig. 3(b). It can be seen that the yield stress py
increases with increasing interparticle adhesive force Ps
and decreasing void ratio e (the specimen becomes den-
ser).
From a microscopic point of view, the interparticle

adhesive force Ps due to capillary action contributes
to the shearing resistance of grains. For unsaturated
soils, the shear and normal contact forces, fs and fn,
at any typical contact point are caused by both external
and interparticle adhesive forces [see Fig. 2(c)], expres-
sed as

fs ¼ T; fn ¼ Nþ Ps ð6Þ

where N and T are, respectively, the normal and shear
forces caused by external loading. The maximum possi-
ble shear resistance Tmax at grain contact points will be

Tmax ¼ fntan�� ¼ Ntan�� þ Pstan�� ð7Þ

where �m is the angle of friction between soil particles.
The second term in Eq. (7), denoted as cs=Ps tan �m, is
regarded as a nominal cohesion [13]. Obviously, the
nominal cohesion cs becomes large when Ps increases,
which thereby increases the resistance to the grain slip-
page. Therefore, the yield stress py where the soil begins
plastic deformation due to grain slippage is large at high
Ps.
Fig. 4 gives the Ps versus py relations (yield curves)

determined from Fig. 3 (the e–lnp compression curves in
the case of Ps=5N are not presented in Fig. 3). As
expected, it is seen from Fig. 4 that the yield limit
enlarges when the specimen becomes denser (the initial
void ratio decreases). If the DEM specimen is extremely
loose, then the yield limits might pass through the ori-
gin, i.e. the yield stress py=0 when Ps=0N. But,
because the initial DEM specimens that are simulated in
this study are not in the loosest states, it is deduced that
the yield curves as illustrated in Fig. 4 may not pass
through the origin. As known from Eq. (1), the inter-
particle adhesive force Ps is closely related to suction,
thus these simulated yield curves have meanings which
are similar to the loading collapse yield curves as
proposed by many researchers [4–6].

Table 1

Input parameters for numerical simulation by DEM

Particle–particle Particle–platen

Normal stiffness kN, k
0
N (N/m/m) 5.0�109 9.0�109

Shear stiffness kS, k
0
S (N/m/m) 1.5�108 3.0�108

Normal damping �N, �
0
N (N s/m/m) 5.56�104 7.8�104

Shear damping �S, �
0
S (N s/m/m) 0.99�104 1.4�104

Interparticle friction angle �m, �
0
� (

�) 16 16

Density of particles 	 (kg/m3) 2700

Time increment �t (s) 5�10�7
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4.2. Volume changes under isotropic compression

Fig. 3 also gives the collapse deformations simulated
under several constant mean stresses. As stated in Sec-
tion 3.2, the collapse of unsaturated soil during iso-
tropic compression is simulated by releasing the
interparticle adhesive forces Ps in several steps from
their initial values to zero. In the case where the inter-
particle adhesive force Ps is released from the incorpo-

rated value to zero at constant mean stress p=1 kPa,
the specimens are continuously compressed to p=5
MPa.
Fig. 5 shows the laboratory experimental results of

unsaturated compacted pearl clay at two different initial
void ratios (e0=1.36 and 1.27) [14,15]. The laboratory
tests were conducted in an improved triaxial cell for
controlling suction by adopting the axis translation
technique and measuring directly the lateral strain of
specimens with two bronze rings. All the triaxial speci-
mens, 3.5 cm in diameter and 8.0 cm high, were pre-
pared identically by compaction in a mould in five
layers, and each layer was statically compacted 10 times
using a 1.2 cm plunger up to a vertical stress of 314 kPa.
The compacted specimens had a dry density of about
1.15 g/cm3, an initial degree of saturation of about 50%,
and an initial matric suction of about 100 kPa. At the
beginning of the tests, the specimens with the initial
suction of about 100 kPa were first consolidated at a
total mean stress of 20 kPa, and then a specific air
pressure was applied to the specimens until the matric
suction of the specimens achieved a constant value of
147 kPa. After that, the specimens were isotropically
compressed under a constant matric suction of 147 kPa.
During isotropic compression, the matric suction in the
specimens was reduced in several steps from 147 kPa to
0 kPa, at some previously specified net confining pres-
sure, to cause the collapse deformation. Comparison of

Fig. 3. Volume change of numerically simulated biaxial compression tests during isotropic compression.

Fig. 4. Yield stresses plotted against interparticle adhesive forces cor-

responding to Fig. 3.
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Fig. 3 with Fig. 5 shows that there are qualitative simi-
larities between the numerical and experimental results,
indicating the usefulness of the proposed numerical
modeling method.
From Figs. 3 and 5, the following collapse behavior

for unsaturated soils under isotropic compression can
be observed:

1. The volume change (collapse deformation),
induced by releasing the interparticle adhesive
force Ps, varies with the applied mean stress p.
The compression curves (the void ratios plotted
against mean stresses p) after collapse are closely
arranged on the same compression curve as that
obtained from the subsequent compression when
the incorporated Ps is released to zero under
conditions of constant mean stress p=1 kPa. For
a specimen with a specified constant Ps, the col-
lapse deformation is small at lower and higher
mean stresses p, and the largest near the yield
stress py. Fig. 3 also suggests that the magnitude
of the collapse deformation increases with
increasing Ps. This is because the higher Ps
induces lower compressibility of the specimen
due to the larger resistance to grain slippage.

2. The initial void ratio of the specimen affects the
magnitudes of the volume changes (collapse) that
are induced by releasing the interparticle adhe-
sive force Ps. At the same applied mean stress,
the collapse in a loose specimen is larger than
that in a dense specimen. However, it seems that
the compression curves after collapse are iden-
tical, irrespective of the initial void ratios, which
would probably be useful for constructing a
constitutive model to predict soil collapse. This
needs further experimental investigation.

Microscopic investigations of the DEM specimens
have shown that the particle contacts increase with iso-

tropic compression and following the collapse induced
by releasing the interparticle adhesive force Ps. An
example of the average co-ordination number plotted
against mean stress is illustrated in Fig. 6, which corre-
sponds to the specimens with an initial value of
Ps=19.6N. The average co-ordination number is
defined as M/N, where M is twice the number of physi-
cal contacts and N is the number of particles [16].
Apparently, the average co-ordination number increases
with increasing mean stress both in dense and loose
specimens. For the example shown in Fig. 6, the average
co-ordination number is larger in the dense specimen
(e0=0.262) than in the loose specimen (e0=0.298) when
the mean stress p<100 kPa, and tends to be identical
when the mean stress p>100 kPa. This may suggest
that, at lower mean stresses, the different magnitudes of
volume changes in dense and loose specimens result
from both the particle rearrangement and the slippage
between particles, while at high mean stresses, they are
caused mainly by the different slippage between parti-
cles. In Fig. 6, we see that the average co-ordination

Fig. 5. Volume change of compacted pearl-clay under isotropic compression with wetting (after [14,15]).

Fig. 6. Evolution of co-ordination number during isotropic compres-

sion and release of Ps.
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number increases when collapse occurs under constant
mean stress p=1 kPa, and this increase is larger in the
loose specimen than in the dense specimen. However,
during the subsequently isotropic compression after
collapse, the development of the average co-ordination
number is almost the same in both the dense and the
loose specimens.
We now investigate the volume change of the speci-

mens when the interparticle forces Ps are released under
conditions of constant mean stress p, i.e. the collapse
process following the release of Ps. Here, we define the
collapse volumetric strain as "v ¼ �De= 1þ ebð Þ, where
eb is the initial void ratio and �e is the difference of the
void ratio after and before the release in Ps. v is taken
positive for specimen compression. The evolution of the
collapse volumetric strains during the collapse process
for the loose specimens (e0=0.298) with the initially
incorporated values of Ps=9.8N, 14.7N, 19.6N and
49N are illustrated in Fig. 7. It can be seen that the
collapse process varies with the magnitude of the mean
stress p. At low mean stress (p=1 kPa in Fig. 7), the
collapse volumetric strains are very small or even nega-
tive (the volume of the specimens expand) as Ps is initi-
ally released and increase rapidly at the end of the

process. For example, under conditions of constant
p=1 kPa in Fig. 7(a), the volume of the specimen
expands slightly ("v<0) when Ps is released from the
initial value of 9.8 to 5 N, and then subsequently con-
tracts when Ps is released further. During the final stage
of releasing Ps from 1 N to 0 N, the collapse volumetric
strain increases rapidly. The small compressibility due
to a release in the interparticle forces Ps (equivalent to a
change in matric suction) at low mean stress p is con-
sidered to result from elastic compression without grain
slippage (cf. Fig. 4), whereas the rapid increase in col-
lapse deformation at the final stage of releasing Ps (at
low mean stress p) might result from the failure of the
metastable structure in unsaturated soils due to struc-
tural rearrangement. This argument may be supported
by the fact that the average co-ordination number
increases slightly at the initial stage of releasing Ps and
increases rapidly at the final stage of releasing Ps, as
illustrated in Fig. 6. At high mean stresses p (near or
higher than the yield stresses py), e.g. p=98 kPa and 490
kPa in Fig. 7(a), the collapse volumetric strains increase
almost in a monotonic way as the interparticle forces Ps
are released. This is because at high mean stresses p,
near or higher than the yield stresses py, the collapse

Fig. 7. Collapse process under conditions of different constant mean stresses for the specimen with initial void ratio e0=0.298.
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deformation involves both elastic and plastic compres-
sion from the beginning of releasing Ps (cf. Fig. 4). Fig. 8
shows the collapse process behavior analyzed by using
the experimental data in Fig. 5(a). The comparison of
Fig. 8 with Fig. 7 shows that the numerically simulated
collapse behavior, under conditions of different con-
stant mean stress, are in qualitative agreement with the
experimental results.

4.3. Collapse behavior during shear

The collapse during shear is simulated by means of
releasing the incorporated interparticle force Ps under
conditions of constant principal stress ratio. The effects
of initial void ratio and principal stress ratio on the
collapse behavior are investigated.
Figs. 9 shows the stress–strain relationships of the

numerically simulated biaxial compression tests on the
two samples with different initial void ratios, in which
(a) the initially incorporated Ps=9.8 N is released to
zero under conditions of constant �1=�3 ¼ 1:3 and (b)
the initially incorporated Ps=9.8 N is released to zero
under conditions of constant �1=�3 ¼ 1:5. It can be seen
that the magnitudes of both the volumetric collapsing
strain, "v, and the vertical collapsing strain, "1, caused

by releasing Ps in the loose specimen (e0=0.298) are
larger than those in the dense specimen (e0=0.262),
irrespective of the principal stress ratio. At the begin-
ning of the release of the interparticle force Ps, the spe-
cimens contract slightly in the lateral direction until the
expansion due to the applied deviatoric stress balances
the contraction due to the internal confinement of Ps.
This phenomenon is obvious in the dense specimen
when releasing Ps under low constant principal stress
ratio (�1=�3 ¼ 1:3), as illustrated in Fig. 9(a). For the
specimens with an initial void ratio of 0.262, the simu-
lated stress–strain responses with Ps released under
�1=�3 ¼ 1:3 and 1.5 are summarized in Fig. 10, together
with the simulated results in the case of Ps=0. It can be
seen that the magnitude of the vertical collapsing strain
"1 (compression), caused by releasing Ps, increases and
the magnitude of the lateral collapsing strain "3 (exten-
sion) decreases, with increasing principal stress ratio.
The strain-stress responses after releasing Ps from 9.8N
to zero, however, tend to be the same and nearly coin-
cide with those in the case of Ps =0. This behavior is
similar to the experimental results on unsaturated com-
pacted Pearl-clay shown in Fig. 11 [15].
During shearing deformation, the contacts oriented

along the direction of maximum tensile strain disin-
tegrate more rapidly than the contacts in other direc-
tions. Consequently, the distribution of the contact
orientations becomes anisotropic. This stress-induced
anisotropy in contact orientations can be best described
in terms of the ratio of the principal values, F11=F22, of
the second-order fabric tensor, Fij, that was proposed by
Satake [17] and expressed as

Fij ¼
1

2N

X2N
k

nki n
k
j ð8Þ

where N is the total number of contact points and
nki i ¼ 1; 2ð Þ are the direction cosines of the unit vector nk

of the contact plane with respect to the reference axes xi
(i=1,2). Fig. 12 shows the evolution of F11=F22 plotted
against the principal stress ratio �1=�3 for the specimens
that are sheared under constant Ps=9.8 N (denoted by
AB lines), and for the specimens for which the initially

Fig. 8. Collapse process of compacted pearl-clay under constant mean

stresses p corresponding to Fig. 5(a) (after [14]).

Fig. 9. Effect of the initial void ratios on collapse behaviors during shear, releasing Ps under conditions of (a) �1=�3 ¼ 1:3 and (b) �1=�3 ¼ 1:5.
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incorporated value of Ps=9.8 N is released under con-
ditions of �1=�3 ¼ 1:3 and 1.5. Firstly, it is seen that the
release in the interparticle adhesive force Ps causes an
increase in F11=F22. The same values of F11=F22 at points
b0 and d in Fig. 12(a) suggest that the evolution of the
fabric anisotropy accompanying a release in Ps (col-
lapse) coincides with that for soils under shear. Thus,

collapse during shear may be interpreted as a shear
phenomenon. Moreover, it is seen from Fig. 12 that the
increase in F11=F22 due to a release in Ps at high �1=�3 is
larger than that at low �1=�3 (e.g. bb

0>aa0, dd0>cc0).
We now consider why the fabric anisotropy F11=F22

increases as Ps is released. Satake [18] derived a rela-
tionship between the fabric anisotropy and the macro-
scopic stresses imposed on the assembly of granular
materials, which is expressed as

F11
F22

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�1 þ p0
�3 þ p0

r
ð9Þ

where p0 (=c cot�) is called the inherent cohesion. In
fact, the bonding stress �s induced by the interparticle
adhesive force Ps, as estimated by Eq. (4), is equivalent
to this inherent cohesion p0. Thus, the release in Ps is
equivalent to the reduction of p0 in the right side of Eq.
(9), which thereafter causes the increase in the fabric
anisotropy F11=F22 while �1 and �3 are kept constant.
For example, for the simulated specimen with e=0.262,
the bonding stress �s=128.5 kPa with Ps=9.8 N.
According to Eq. (9), the fabric anisotropy F11=F22
increases from 1.083 to 1.140 under the conditions of
p=196 kPa and �1=�3 ¼ 1:3, and increases from 1.130
to 1.225 under the conditions of p=196 kPa and

Fig. 10. Effect of principal stress ratio on collapse behaviors during

shear.

Fig. 11. Results of triaxial compression tests on compacted Pearl-clay (after [15]).

Fig. 12. Induced anisotropy during shear accompanying with the release in interparticle adhesive force Ps under constant principal stress ratios.
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�1=�3 ¼ 1:5, respectively, when Ps is released from 9.8N
to 0N. Eq. (9) implies that the slope of the line of
F11=F22 plotted against �1=�3 in Fig. 12 is larger for the
specimens with Ps=0N (after collapse) than that for the
specimens with Ps=9.8N.

5. Concluding remarks

A numerical model for simulating the collapse beha-
vior of granular materials by the DEM has been pre-
sented in this paper. In this numerical model, the
capillary suction in unsaturated soils is modeled with an
interparticle adhesive force Ps that is initially incorpo-
rated at all contacts. Wetting-induced collapse is simu-
lated by means of releasing the incorporated Ps. By
using this numerical method, a biaxial compression test
on assemblies of circular rigid particles has been simu-
lated. The simulation results agree qualitatively with the
results of triaxial compression tests on unsaturated
compacted clay. The numerically simulated collapse
behavior of granular materials may be summarized as
follows:

1. During isotropic compression, the volume
change (collapse deformation) induced by
releasing the interparticle adhesive force Ps varies
with the applied mean stress p, the incorporated
Ps, and the initial void ratio e0. However, the
compression curves after completely releasing Ps
under different mean stresses p are closely
arranged on a unique line, irrespective of the
initial void ratio e0 (cf. Fig. 3). The evolution of
the collapse deformation following a release in
the interparticle adhesive forces Ps (i.e. the col-
lapse process) is a function of the mean stress p
(cf. Fig. 7). The collapse behavior during iso-
tropic compression correlate microscopically
with the changes in the average co-ordination
number.

2. During biaxial shear, the collapse deformation
caused by releasing Ps is affected by the initial
void ratio and the principal stress ratio. For a spe-
cified interparticle adhesive forcePs, themagnitude
of the vertical collapse strain "1 (compression)
increases and the magnitude of the lateral collap-
sing strain 3 (extension) decreases with an
increasing principal stress ratio.This effect is more
obvious in loose specimens than in dense spe-
cimens. From a microscopic point of view, the
release in the interparticle adhesive force Ps
under the conditions of constant principal stress
ratio induces an increase in the fabric aniso-

tropy defined by F11=F22. Thus, collapse during
shear may be interpreted as a shear phenom-
enon.
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