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Microscopic shear mechanism of granular materials
in simple shear by DEM
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By using a special two-dimensional simple shear test apparatus with rigid lateral platens, simple shear tests are carried out on an assem-

bly of aluminum rods, one of which is then simulated by distinct element method ( DEM) . The simulation results by DEM agree well with the test
results. Based on the simulation results, the shear mechanism of ;,{_ranu]ur materials in Hi|np|e shear test, such as the frequ(—‘.rl(:)-‘ distribution and the
variation of contact angles of particles along the mobilized plane, is studied.
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1 Introduction’

Macroscopic mechanical features of granular materials
are closely related to the behavior of individual particles. So
far, many researchers have studied on macroscopic responses
of granular materials under shear from a microscopic view-
point. For example, Oda and Konishi( 1974) carried out sim-
ple shear tests on assemblies of photoelastic rods and found
that the frequency distribution of contact orientations of
granular materials tends to concentrate around the major
principal stress axis. Matsuoka( 1974) performed direct box
shear tests on assemblies of aluminum and photoelastic rods
and derived a relationship between shear— normal stress ratio
and normal — shear strain increment ratio on the mobilized
plane. Recently, distinct element method( DEM ), which was
proposed by Cundall and Strack ( 1979), has been widely
used to study micromechanics of granular materials(e. g.
Wang and Xing, 1991, Yamamoto et al. 1994, 1995) , because
it has a great merit that displacements, contact forces, con-
tact orientations of parti(:les and so on can be calculated eas
ily and exactly. In this paper, a simple shear test on an as
sembly of aluminum rods is simulated by DEM, and based
on the simulation results, the shear mechanism of granular
materials is studied from a microscopic viewpoint.

2 Simple shear test on assembly of alu-

minum rods

In this study, a special two— dimensional simple shear
test apparatus was built up. Fig. 1(a) shows its picture and
Fig. 1(b) the schematic view of this apparatus. In this appa-
ratus, the lateral walls are two rigid platens, which are con-
nected to both the base platen and a rigid bar at the upper
backside with two hinges, respectively. The geometrical con-
figuration of it keeps the same rotation angle of both the left
and the right lateral walls. The upper loading platen on the
specimen is pulled horizontally with a rope while a constant
dead load is applied on the specimen, thus resulting in an
inclination of the two lateral walls and production of shear
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Fig.1 Two- dimensional simple shear test apparatus

strains in the specimen. The specimen consists of an assem-
bly of aluminum rods with 3 mm and 5Smm in diameters, 50
mm in length and 3. 2 in mixing ratio by weight. A layer of
the same aluminum rods as the specimen is pasted on both
the downward swrface of the upper loading platen and the
upward surface of the base platen, which is indicated in
Fig. 1(b) by bold circles, to make them have sufficient
frictions. The dimensions and the initial void ratio of the
specimen are 20 cm X 4. 9 em ( width X height) and 0. 201,

respectively. The normal ( vertical) stress, Oy, which is
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applied by dead load, is 52 kPa. Fig. 2 gives the test results
with respect to the relationships among shear — normal
stress ratio T/ Oy, shear strain ¥ and normal ( vertical)
strain &, represented by broken plots ( o).
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Fig.2 Comparison between experiment results
and simulation results by DEM

3 Simulation of simple shear test by DEM

In DEM, the granular material is envisaged to be
composed of rigid discs connected to each other at the con-
tacts by elastic springs and viscous dashpots, as modeled in
Fig. 3. In Fig. 3, a divider is modeling that no contact
forces exist between two particles if they separate each oth-
er; and a slider is modeling that the Coulomb- type fric-
tion law 1s incorporated for checking the shear force be
tween two particles along the tangential direction.
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(a) Normal direction (b) Tangential direction

Fig. 3 Contact models of two rigid discs in DEM

Fig. 4 shows the mitial particle arrangement used in
DEM simulation, which was digitized from the picture as
shown in Fig. 1(a). Table 1 gives the input parameters for
DEM simulation. The stiffness( k., k<) and damping T,
1L in Table 1 are determined from the contact theory of two
elastic discs and the interparticle friction angle %u between
aluminum rods from a simple frictional test( Matsuoka and

Fig. 4 Arrangement of initial particles used in DEM simulation

Table 1 Input parameters for

The DEM simulation results with respect to macro-
scopic stress— strain relations are shown in Fig. 2 by solid
lines together with the experimental results. As seen from
Fig. 2, the numerical results by DEM agree well with the
experimental results, indicating the effectiveness and accur
racy of the DEM simulation.

Since the geometrical configuration of this simple shear
apparatus ensures the same inclination of the left and the right
lateral rigid platens, the potential mobilized planes in the spec
imen may be assumed to be horizontal. This assumption can be
confirmed through the next investigation of the displacement
distributions within the specimen and the orientations of the
principal stresses caleulated from contact forces of particles.
Fig. 5 gives the distribution of the total displacements within
the specimen accumulated from the beginning of shearing to
the peak shear strength, where the solid inclined lines corre-
spond to the inclination of the lateral rigid platens( either the
left or the right) and the plots represent the results of the nu-
merical simulation. The total displacements are averaged at
every Sem wide span of the specimen along the specimen
height. It can be seen from Fig. 5 that the total displacements
within the specimen are almost the same as those of the lat-
eral platens at the same level, namely, the shear strains
through the specimen are reasonably uniform. Fig. 6 shows
the orientations of principal stress at peak shear strength cal-
culated from the contact forces by using the formula

o= DIki/v

(1)

R
( Christoffersen et al., 1981), where R is the calculating
domain, V is the volume of the domain, [; is the length of
vectors connecting the centers of contacting particles,
and Fj is the contact force. In Fig. 6, the frequency distri-
bution of contact angles is also illustrated. It can be seen
from Fig. 6 that, at peak shear strength, the major princi-
pal stress calculated by Eq. (1) is inclined to the horizontal
plane at an angle of about 33 On the other hand, as the
internal friction angle, ¥, at peak shear strength is equal
to 22. 80( tan” '( 7/ %) = tan '0.42) , thus the angle be-

tween the major principal stress and the mobilized plane is
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equal to (W4- 9/2) = 33 6 . which agrees nearly with
the angle calculated from the contact forces of particles.
Next, we study the shear mechanism of granular materials
in simple shear based on the assumption that the direction
of the mobilized plane is horizontal.

From interparticle
contact forces

g, 45°-0/2=336°

Fig. 6 Orientations of principal stresses at peak shear
strength calculated from contact forces

4 Fabric change in granular materials during

shear

Fig. 7 shows the frequency distribution of contact nor-
mal orientations M( a) during shear, where a is defined as
the inclination angle of the contact normal to the mobilized
plane ( Fig. 8) . As seen in Fig. 7, M( a) tend to concen-
trate toward a preferred direction which gradually rotates
with the increase in the shear stress. This preferred direction
of M( a) agrees nearly with the direction of the major prin-
cipal stress, as reported by Oda et al. (1974) . Fig. 9 shows
the normalized frequency distribution of contact angles
N(0)/N s on the mobilized plane using the same data as
Fig. 7, where 0is defined as the contact angle ( Fig. 8) . It is
seen from Fig. 9 that, with the increase in shear stress, the
distribution of N( 0) shifts to the right side, that is, the
number of contacts on the mobilized plane increases in the
positive zone of 0 where the contacting particles are effec
tive to resist shearing ( Matsuoka, 1974) . Essentially, the
shift of N( 0) distribution on the mobilized plane to the
positive zone of 8 is the same as the concentration of M ( a)
in the major principal stress direction. Then, we consider
the reason why M ( a) concentrates around the major princi-
pal stress direction and N ( 0) is shifted one— sided to the
positive zone of 0. Fig. 10(a) shows the frequency distribu
tion of contact normals which have newly been generated
during shear, M,( a) , and Fig. 10(b) the frequency distri-
bution of contact normals which have disappeared during
shear. Myf a) . from the shear beginning( T/ Oy = 0) to
the peak shear strength( T/ Oy = 0.42) . The contact corre-
sponding to M.( a) and M 4( @) is called an® generated con-
tact” and “ disappearing contact” ( cf. Fig. 11), respectively
(Matsuoka and Takeda, 1980) . It is interesting to find from
Fig. 10 that the“ generated contact” normals concentrate in
the major principal stress direction, while the® disappearing
contact”normals concentrate in the minor principal stress di-
rection. This results in the concentration of contact normals
in the major principal stress direction as shown in Fig. 7.
Furthermore, Fig. 12 shows the“ generated contact” N.( 0)
and the“ disappearing contact” N 4( 0) on the mobilized plane
when T/ Oy increases from 0 to 0. 42. Similarly, it is interest-
ing to notice that N( 0) concentrates in the positive zone
of 0, while N4( 0) concentrates in the negative zone of 0.
This is the reason why the distribution of N( ) on the mo-

bilized plane shifts to the positive zone of 0 where it is ef-
fective to resist shearing, as shown in Fig. 9

N
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Fig.7 Frequency distribution of contact

normals M ( a) during shear
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Fig.9 Variation of contact angles on the
mobilization plane during shear
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5 Distribution of change in contact angles on

mobilized plane

Fig. 13 shows the distribution of the change in contact
angles &for such contacts that keep in contact (cf. Fig. 11)
during the increase of T/ Oy from 0 to 0. 42 along the mobi-
lized plane, where € is positive when the contact angle
increases in the direction of the shear stress. The curve line
in Fig. 13 is drawn by fitting the plots on the basis of the
shear— normal stress ratio T( 0)/ Oy ( 0) on the contact
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Fig. 11 Mechanism of disappearing contact
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Fig. 13  Distribution of change in contact
angles on mobilized plane

plane, which is expressed as
T0)  _sin Fcos(20- B)
Oy(0) = 1+ sin ®,sin(20- %,,) (2)
It is seen from Fig. 13 that the distribution of the
change in contact angles € along the mobilized plane is
nearly proportional to the shear — normal siress ratio
T(0)/ 0xy(0) on the contact plane. That is to say, the
frictional law on the contact plane rules the movements of
the particles on the mobilized plane. This is similar to the
finding by Yamamoto et al. (1994, 1995) who simulated a
biaxial compression test on an assembly of aluminum rods
by DEM. The lower of Fig. 13 shows how the particles a-
long the mobilized plane move (or rotate) corresponding to
the contact angle 0. From that, it is understandable that
& takes place when the contact plane coincides with the

mobilized plane ( 0 = 0), and €= 0 when the contact
plane is parallel to the principal stresses ( 0y or 03 ). Fur
thermore, it is interesting to notice that the particles along
the mobilized plane tend to move (or rotate) to the stable
plane along the direction of minor principal stress 0 .

6 Concluding remarks

In this paper, a simple shear test on an assembly of a-
luminum rods is simulated by DEM. The simulation results
with respect to the macroscopic stress— strain relations a-
gree well with the experimental results. Based on the simur
lation results, the shear mechanism of granular materials in
simple shear test is studied and the following two conclu
sions are obtained:

(1) With the increase in shear stress during shear, the
contact normals tend to concentrate toward the major prin-
cipal stress direction. The reason for this is that the “ gener-
ated contact” normals concentrate around the major princi-
pal stress direction, while the “disappearing contact” nor-
mals concentrate around the minor principal stress direc
tion, as shown in Fig. 10.

(2) The distribution of the change in interparticle
contact angles is proportional to the macroscopic shear—
normal stress ratio on the contact plane. That is to say, the
frictional law on the contact plane rules the movements of
the particles on the mobilized plane.
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