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ABSTRACT: Using discrete element ssimulations, one can monitor the micro-mechanisms driving the macro-
response of granular materials and quantify the evolution of local stress and strain values. However, it is
important to couple these smulations with carefully controlled physical tests for validation and insight.
Only then can findings about the micro- mechanics of the material response be made with confidence. More-
over, the sensitivity of the observed response to the test boundary conditions can be analyzed in some detail.
The results of three-dimensional discrete element ssimulations of direct shear tests and as well as complemen-
tary physical tests on specimens of steel balls are presented in this paper. Previous discrete element analyses
of the direct shear test have been restricted to two-dimensional simulations. For the simulations presented
here, an anaysis of the internal stresses and contact forces illustrates the three-dimensional nature of the me-
terial response. The distribution of contact forces in the specimen at larger strain values, however, was
found to be qualitatively similar to the two-dimensional results of Zhang and Thornton (2002). Similarities
were also observed between the distrib ution of local strain values and the distribution of strains obtained by
Potts et al (1987) in a finite element analysis of the direct shear test. The simulation results indicated that
the material response is the stress dependent. However, the response observed in the ssmulations was found to
be significantly stiffer than that observed in the physical tests. The angle of internal friction for the smula-
tions was also about 3° lower than that measured in the laboratory tests. Further laboratory tests and simula-

tions are required to establish the source of the observed discrepancies.

1 INTRODUCTION

To date, much of our understanding of soil e-
sponse has developed using standard |aboratory
tests. Much can be learned by revisiting these tests
and examining the micro- mechanics underlying the
observed macro-scale response using discrete ele-
ment method (DEM) analyses of these tests. This
paper presents some preliminary results of an ongo-
ing analysis of the direct shear test that couples
physical tests and DEM simulations. The physical
tests on stainless steel spheres are described firstly.
Following a detailed description of the details of the
DEM simulation approach, the numerical results are
compared with the physical tests results. Signifi-
cant differences in the material responses were do-
served. The next phase of this research will at-
tempt to identify the source of these differences.
Analysis of the simulation results examined the local
stresses, the particle displacements, the contact
forces and the local strains. These results are com-
pared with the earlier findings of Zhang and Thorn-
ton (2002) and Potts et al (1987).

2 BACKGROUND

Although there appears to be a dlight difference
in opinion on the origin of the direct shear test, it is
unquestiorebly one of the oldest and most com
monly used laboratory tests in geotechnical eng-
neering. Holtz and Kovacs (1981) state that the
tests was originally used by Coulomb in the 18"
century, while Potts et a (1987) cite Skempton
(1949) who found that the test was first used in the
19" century by Alexandre Collin. In a preface to a
Geotechnique symposium in print on “The engineer-
ing application of direct and simple shear testing,”
Toolan (1987) observed that the direct shear test de-
clined in popularity with the emergence of triaxial
testing. Toolan argues that testing with a direct
shear test provides essential data for applications
with low factors of safety where moderate displace-
ments of the soil can be expected upon failure.
A recent publication by Lings and Dietz (2004) pro-
poses modifications to the apparatus to facilitate
testing of sand, illugtrating



continued interest in this apparatus. Other more re-
cent research ncludes the experimental studies by
Shibuya et a (1997) and the finite element analyses
described by Dounias et a (1993) and Potts et al
(1987).

The standard test procedure for the direct shear
test is documented in ASTM D3080 (1990). Both
Potts et a (1987) and Shibuya et a (1997) note the
limitations of the test, including the non-uniformity
of the stresses and strains induced in the soil and dif-
ficulties associated with interpreting the test results
to define afailure criterion. As noted by both Potts
et a and Shibuya et a, the popularity of the test can
largely be attributed to its Smplicity.

Shibuya et a (1997) examined the influence of
boundary effects, such as wall friction, on the
specimen response. The distribution of normal and
shear stresses in the specimens tested were measured
using two-component load cells. Considering direct
shear tests on specimens of dense Toyoura sand the
effect of wall friction on the specimen response were
studied. It was found that as a result of wall fric-
tion, vertical stresses on the potential shear plane
were found to be substantially lower than the con
ventional measurement of vertical stress and that the
value of f at peak was over-estimated when the
stress was calculated from the applied normal force
directly.

Potts et al (1987) and Dounias et a (1993) per-
formed continuum-based rumerical analyses of the
test using the finite element method. Potts et a
found that the reference stress state for the direct
shear box is that of smple shear. The study aso
considered the influence of Ko on the specimen re-
sponse. When a constitutive model without strain
softening was used to describe the material response,
the distribution of stresses and strains within the ma-
terial were highly nonruniform. However when a
model incorporating significant strain softening was
used, the stresses and strains were more uniform.

Some earlier research has explored the applicabil-
ity of DEM to simulate the direct shear test. Mor-
gan and Boettcher (1999) and Morgan (1999) used
the DEM code TRUBAL to smulate direct shear
tests with the objective of understanding the nature
of deformation of granular fault gouge.  Morgan
and Boettcher calculated the directiona derivative of
the horizontal displacement surface as a means to
highlight discontinuities in the specimen. They ob-
served that at lower strain values (about 2%) the
deformation was broadly distributed across multiple
subhorizontal dlip planes and progressively localized
onto a single shear plane by 8-10% strain.

Masson and Martinez (2001) used the two-
dimensional code PFC2D (Itasca, 2002) to simulate
two-dimensional direct shear tests using 1050 disks
of diameter 2, 3 and 4 mm. The particle scale re-
sponses analysed by Masson and Martinez included
the particle instantaneous velocity field, the distribu-
tion of particle horizontal and vertical displacements
as afunction of depth and the distribution of particle
rotation as a function of depth. As other studies
have shown (e.g. Iwashita and Oda, 1998) the parti-
cle rotations were found to be a significant indicator
of strain localization. Masson and Martinez recog-
nized the limitations of their two-dimensional study
and highlighted the potentia sensitivity of their re-
aults to the particle- boundary friction vaue.

In another two-dimensiona study, using a single
layer thickness of 5000 polydisperse spherical parti-
cles, Zhang and Thornton (2002) also analysed the
direct shear test using the TRUBAL code. Compar-
ing the findings of Zhang and Thornton and Masson
and Martinez, the orientation of the contact forces at
the peak strength exhibit a more definite trend in the
simulation of Zhang and Thornton, most likely as a
consequence of the larger number of particles used.

All of these earlier studies of the direct shear test
usng DEM considered two-dimensional analyses.
The work of Thomas (1997) quantitatively demon-
strates the limitations of both two-dimensional DEM
simulations and physical tests using “Schneebli”
rods to represent real soil response. The current
study builds upon the findings of these earlier 1e-
searchers by extending the simulations to three
dimersions. Furthermore, by coupling the
numerical simulations with complementary physical
tests, further insight into the material response can
be obtained.

3 PHYSICAL TESTS

3.1 Direct shear testing

A schematic diagram of the direct shear test g-
paratus used in the current study is given in Figure
1. The apparatus comprises a metal box of square
cross section (60 mm wide), divided in two halves
horizontally. The lower section of the box was
moved forward at a constant velocity (0.015 mm/s)
while the upper section of the box remained station
ary. The force required to maintain the upper sec-
tion of the box in a stationary position was measured
using a load cell and proving ring. The calibration
of the load cell was checked prior to testing. The



vertical load was applied to the top of the shear box
using asystem of dead weights attached to alever.

In the current study 0.9922 mm Grade 25 Chrome
Steel Balls were used (manufacturer: Thompson
Precision Ball). This material was used as the tol-
erances on the ball diameter and sphericity were
relatively tight (+ 7.5 x 10* mm). The ball mate-
rial properties are summarized in Table 1. The coef-
ficient of friction values obtained by O’Sullivan
(2002) are used in the current study as the steel balls
used are equivalent to the steel balls considered in
the earlier study. For each test the bals were
placed in the shear box in three equal layers. Each
layer had a mass of 125 g (corresponding to 3900
balls). Following placement of the bals, five
“taps’ of a hammer were applied to each vertical
Sde of the box to increase the specimen dengty.

The test results are illustrated in Figure 2 and
summarized in Table 2. The shear stress was cal-
culated by dividing the horizontal load measured in
the proving ring by the specimen cross sectional
area, while the vertical stress was calculated by di-
viding the applied vertica load by the specimen
cross-sectional area. As illustrated in Figure 2(b),
the friction angle f for the materia was found to be
24.4°. However, as illustrated in both Figure 2(a)
and Figure 2(b), there was a degree of scatter in the
experimental results. By reference to Table 2 it can
be seen that the variation in specimen response go-
pears to be largely a result of variation in the speci-
men void ratio values which were difficult to control
accurately. Considering the maximum shear
stresses and the minimum shear stresses measured
for each normal stress, the maximum friction angle
was found to be 26.2°, while the minimum friction
angle was found to be 22.7°. To verify the experi-
mental results the tests were repeated in the geo-
technical laboratory at Trinity College Dublin. For
specimens with equivalent densities, the measured
friction angles differed by less than 0.25°.

Parameter Vdue Unit
Radius 0.9922 mm
Density 78334x10° | kg/mm’
Shear modulus 7945x 10" kg/(mms?)
Poisson ratio 0.28

Friction coefficient* 55°

Table 1: Material parameters of Grade 25 chrome steel balls
used in laboratory tests. *As determined by O'Qullivan (2002) for
equivalent balls
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Figure 1: Schematic diagram of direct shear test set-up

Normal
Test No. Stress g{retsss?lsga) Void Ratio
(kPa)
Dense 1-1 545 24.86 05841
Dense 1-2 545 27.23 0.5826
Dense 1-3 545 19.58 0.6089
Dense 2-1 109 45.90 0.5991
Dense 2-2 109 49.50 0.6097
Dense 2-3 109 4275 0.5916
Dense 3-1 1635 83.03 0.5818
Dense 3-2 1635 7155 0.6044
Dense 3-3 1635 75.15 0.5969

Table 2: Summary of physical test results

4 DEM SIMULATIONS

4.1 Implementation of direct shear testingin
3DDEM

The distinct element method program (3DDEM)
used for the simulations described here is a modifi-
cation of a code developed by Lin and Ng (1997) for
three-dimensional ellipsoidal particles, which in turn
is a modification of the Trubal DEM code (Cundall
and Strack, 1979). The program uses spherical par-
ticles and is further described in O’Sullivan (2002).
In the DEM code, the HertzMindlin contact model
is used to model the contact between spheres. De-
tails of the implementation of this model can be
foundin Itasca (2002) or Bardet (1998).

The method of simulating the direct shear test in
the 3DDEM code was originally proposed by
O'Sullivan (2002). A diagram illustrating the simu-
lation procedure is given in Figure 3. During the
simulation, the specimen is enclosed by eight rigid
boundaries, two horizontal boundaries at the top and
bottom, two vertical boundaries at the front and
back, and four vertical boundaries at the left and
right of the specimen. Prior to shearing, the two left
boundaries are co-planar and the two right bounda-
ries are co-planar. During shearing, one set of verti-
cal boundaries is moved laterally with a constant ve-
locity. An imaginary horizontal plane is constructed
through the middle of the specimen. All of the parti-
cles with centroids located above this plane are
checked for contact with the moving boundaries,




while all of the particles with centroids located be-
low this plane are checked for contact with the sta-
tionary boundaries. Using this approach the comp u-
tational cost associated with contact detection
between a sphere and the edge of the shear box is
avoided.
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Figure 2: Summary of physical test results, (a) Shear stress ver-
sus horizontal strain (b) Shear stress versus normal stress

The measurement sphere illustrated in Figure 3 is
used to measure the average stresses in the speci-
men. Such a system to measure stress in discrete
element simulations has been described by a number

of researchers including Bardet (1998). The aver-
age dtress S ;inthe sphereis given by
s =1&¢qc  @i=xy.2) )
S ==a fi J=XY,
V c=1

where Nc is the number of contacts within the
measurement sphere, V is the volume of the sphere,
f.° is the contact force at contact c, I is the

branch vector connecting two contacted particle, a
and b. The branch vector isgiven by

le=x"- % i,j=xY,z %)

where ¥ and x° are the position vectors of the
spheres a and b meeting at contact c.

Prior to shearing the measurement sphere is used
in a servo-controlled system to bring the specimen
into a prescribed initial stress configuration. If the
stress measured within the measurement sphere,
s **, differs from the user-specified stress, s;™,
the boundaries perpendicular to i direction are
dowly moved so that the measured stress attains the
required stress values. A servo-controlled go-
proach is aso used during the test so that the verti-
cal stress, as measured in the measurement sphere,
remans constant during shearing. A detailed
description of the implementation of the servo-
controlled system in 3DDEM is given by O’ Sullivan
(2002).
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Figure 3: lllustration of implementation of direct shear tests in
code 3DDEM.

4.2  AnalysisParameters

Table 3 lists the input parameters used in the
simulation A comparison of the parameters listed in
Table 3 and Table 1 illustrates that the physical test
and numerical smulation are equivaent, apart from
the differences in density value used. Density
scaling is commonly used to reduce the computa
tional cost associated with DEM simulations for
guasi-static analysed (e.g. Morgan and Boettcher
(1999), Thornton (2000), O’ Sullivan et a (2004)).
The maximum stable time increment for explicit
DEM simulations is proportional to the square root
of the particle mass, motivating the use of such scal-
ing. In the current analyses attempts were made to
run the simulations without any density scaling.



However, significant difficulties were encountered
in bringing the system into equilibrium. These
problems may have been a consequence of the small
particle masses wsed in comparison with the contact
stiffnesses. Note that O’ Sullivan (2002) performed
a Cetailed analysis of the sensitivity of simulations
of quaskstatic triaxial tests to the input parameters.
The results of this analysis indicated that once the
ratios s©""YK and r /K remained constant there
was no variation in the simulation results (s """
=confining pressure, K=linear contact spring stiff-
ness, I =particle density).

Previous analyses by O’ Sullivan et a (2004) that
considered specimens with regular packing configu-
rations confirmed that these precision steel ball par-
ticles can be modelled using uniform spheres. While
some variation in the coefficient of friction values
for the particles was measured, such variation has a
negligible influence on the specimen response for
specimens with irregular packing configurations
(O'Sullivan et a 2002). For the analyses discussed
in this paper the ball-boundary coefficient of friction
was assumed to be zero. In discrete element simu-
lations of laboratory tests we can easily examine the
influence of bourdary friction values on the macro-
scale response. Future analyses will explore this s
Uein more detall.

Parameter Value Unit
Radius 0.9922 mm
Density 7.8334x10° | kg/mm?®
Shear modulus | 7.945x 107 kg/(nms?)

Poisson ratio 028
Er|ct|on coeffi- 550
cient

Table 3: Input parameters for DEM simulations
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Figure 4: lllustration of specimen generation phase of analysis

4.3 Specimen generation

The difficulties associated with generating a
three-dimensional specimen to a specific void ratio
for use in a discrete element analysis cannot be
overstated. A review of some of the available g-
proaches to specimen generation is provided by Cui
and O'Sullivan (2003). As noted by O’ Sullivan
(2002), considerable effort has been expended by

mathematicians to develop algorithms to generate
dense, random assemblies of spheres (e.g. Zong
(1999)). For the current analysis one such algo-
rithm, proposed by Jodrey and Tory (1985), was ini-
tially used to generate the specimen. The resultant
specimen was however less dense than the speci-
mens tested in the lab (with a void ratio of 0.77 in
comparison to void ratios of 0.58 — 0.61). To over-
come this limitation and achieve the required density
vaue, 11700 balls with a radius of 0.9393 mm
were initially generated in a box of size 0.06 x 0.06
x 0.02 mm. This radius was then gradually expanded
to 0.9922 mm, the box height was increased to 21
mm, and a DEM simulation was run until the system
came into equilibrium. During this simulation the
inter-particle friction angle was assigned a value of
zero. The behavior of the particles during the equ-
librium phase can be understood by reference to
Figure 4. Initially upon initial radius expansion
there was dignificant inter-particle overlap, with a
maximum particle overlap of approximately 0.1059
mm (Figure 4(a)). As the equilibrium phase of the
analysis progressed the balls moved to assume a
dense packing configuration with a minimum
amount of particle overlap (Figure 4(c)). Prior to
shearing the maximum overlap was approximately
1.73x 10 mm.

44 Direct Shear Test Smulations

Three DEM simulations were performed with ini-
tial isotropic stress conditions of 54.5 kPa, 109 kPa
and 163.5 kPa. These initial stress conditions were
attained using the servo-controlled approach detailed
above. The upper section of the box was moved at a
velocity of 0.001 mm/sec. It is important in these
servo-controlled tests to verify firstly that the speci-
fied stress conditions are maintained for the duration
of the simulation. A period of initia iteration was
required to determine the appropriate control pa-
rameters to meet this requirement. Figure 5 illus-
trates the vertical stress in the specimen during the
simulations as a function of horizontal strain. Both
the vertical stress measured in the measurement
sphere as well as the vertica stress calculated from
the measured boundary forces are illustrated. The
measured stresses varied slightly during the simula-
tions, with a maximum deviaion of 5% from the
goecified value measured in the measurement
phere.

The macro-scale test results are summarized in
Table 4 and Figure 6. Figure 6(a) is a plot of shear
stress versus horizontal strain, and Figure 6(b) is a
plot of peak shear stress versus normal stress. The
results yield a value for the angle of interna friction
of 19.6°, which compares with a value of 22.7° as
the minimum vaue obtained in the laboratory tests.



The void ratios of the specimens in the DEM simu-
lations were close to the minimum void ratio values
of the test specimens. Hence, the DEM simulaions
were found to underestimate the strength of the ball
assembly measured in the |aboratory.
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Figure 5: Normal Stresses (s,,) as calculated for measurement
sphere and vertical stresses calculated fromboundary forces
for the three simulations considered.

Normal Peak Shear ' .
Test No. Stress, kPa | Stress, kPa Void Ratio
1 545 159 0.587
2 109 375 0.587
3 1635 604 0587

Table 4: Summary of test simulation results.

A comparison of Figure 2 and Figure 6 indicates
that the numerical simulations exhibit a significantly
stiffer response in comparison to the physical tests.
Considering the volumetric strain esponse of the
physical test specimens, some compression was ob-
served at the start of shearing prior to dilation.
However for the numerica simulations the speci-
mens dilated from the onset of shearing. These
differences in volumetric strain response, suggest
that there may be significant differences between the
fabric of the physical test gecimens and the fabric
of the specimens analyzed using DEM. In physical
tests, O’Sullivan (2002) observed that the response
of specimens of uniform steel balls is very sendtive
to the specimen preparation approach; specimens
with similar void ratios can exhibit different re-
sponses depending upon the specimen preparation
approach used. Future research will address the
source of these discrepancies considering the sensi-
tivity of the response to the specimen preparation
method as well as any compliance of the laboratory
apparatus. As a quality assurance procedure the
tests will be replicated using an alternative direct
shear box located in another laboratory. Further

analyses will explore the influence of ball-boundary
friction on the macro-scale response as well as the
contact condtitutive model used in the smulations.

Coupling physical tests and numerical simula-
tions is nontrivial as it can be difficult to replicate
the exact details of the physical test in the numerical
simulation. O’'Sullivan (2002) describes some of
the challenges associated with successful validation
of discrete element codes usng physica tests.
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Figure 6: Summary of DEM simulation results. (a) Shear stress
versus horizontal strain. (b) Peak shear stress versus normal

stress

Notwithstanding the discrepancies between the
stiffness observed in the laboratory tests and the
numerical simulations, the numerical simulations
clearly captured some of the typical response char-
acteristics of granular materials in direct shear tests.
For example, the stress-dependency of the specimen
response can clearly be seen with the ratio of the
peak shear stress to the residua shear stress increas-
ing as the normal stress ncreases. Such stress -
pendency, however, was not observed in the physi-
cal tests. It is also interesting to observe in Figure
6(a) that the three specimens tested in the direct
shear test gopear to approach a similar value of shear
stress (about 20kPa) as shearing progresses to large
displacements.
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Figure 7: lllustration of configuration of rectangular box used
to calculate local stresses
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Figure 8: Variation of shear stress (sz) values, measured in
measurement boxes, as a function of horizontal strain. (a) Ver-
tical stress = 54.5 kPa. (b) Vertical stress =109 kPa.

5 ANALYSISOF MICRO-SCALE
PARAMETERS

5.1 Sressanalysis

In a direct shear test the shear stress along the re-
gion of localization is inferred from the macro-scale
measurement of shear force. In the DEM analyses
a series of rectangular boxes were created and the
average stresses within this box were calculated s
ing Equation 1. The configuration of these boxes is
illustrated in Figure 7; the center of the stress meas-
urement box was located at the center of the speci-
men and the thickness of the box, d, ranged from
H/10 to 2H/5, where H is the specimen height. The
variation of the local stresses, S,, as measured in
the stress measurement box, with increasing strain is
illugrated in Figure 8.

Asillustrated in both Figure 8(a) and Figure 8(b),
the shear stress, S,, measured increased as the
thickness of the measurement box decreased. For
an goplied vertical stress of 54 kPa (Figure 8(a)), the
Szx values consistently exceeded the global shear
stress values (calculated from the boundary forces).
However, for an applied vertical stress of 109 kPa
(Figure 8(b)) and an applied vertical stress of 163
kPa (not shown), the local shear stress (s ,x) values
were less than the global shear stress. For the three
vertical stresses considered, the ratio of the peak S .«
value for d=1/5 H divided by the peak s« value for
d=2/5 H is consistently 1.1, whereas the ratio of the
peak s« vaue for d=1/10 H divided by the peak S,
vaue for d=2/5H is congstently 1.3.

5.2 Incremental Displacements

A three-dimensional plot of the incremental dis-
placements for the ssimulation with a normal stress of
54kPa is illustrated in Figure 9 for the horizontal
strain increment 0.003 to 0.052. Figure 9(a) is a
front view of the specimen and Figure 9(b) is a side
view of the specimen. For ease of visualization
only displacements exceeding the average incre-
mental displacement are illustrated.  Referring
firstly to Figure 9(a), as would be expected, most of
the digplacement is concentrated in the ypper half of
the shear box. There aso is a concentration of dis-
placement vectors close to the left and right bounda-
ries. At the left hand side of the box there is sig-
nificant downward motion of the particles. The
magnitude of the upward displacement of the parti-
cles in the upper right section of the box is less than
the magnitude of the downward motion of the parti-



cles close to the left boundary. Comparing Figure
9(a) and Figure 9(b), it is clear that the components
of the particle displacement vectors in the y-
direction are small in comparison to the component
of the vectorsin the zdirection.
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Figure 9: Incremental displacement vectors for horizontal

strain increment of 0.003 to 0.052, vertical stress 54.5 kPa.
(a) Front view (looking along y axis) (b) Side view (looking
along x axis). Note: For ease of visualization only displace-
ments exceeding the mean displacement value areillustrated.

5.3 Contact forces

In order to appreciate the spatia variation in the
contact forces, a three-dimensional plot of the unit
contact force vectors for the smulation with a nor-
mal stress of 54kPa at a horizontal strain of 0.052 is
illustrated in Figure 10. Figure 10(a) is a front
view of the specimen and Figure 10(b) isaside view
of the specimen. For ease of visualisation, only
contacts where the magnitude of the contact force
exceeds the average contact force + 1 standard de-
viaion ae considered. The distribution of contact
forces illustrated in Figure 10(a) is qualitatively
similar to the distribution of contact forces obtained
by Zhang and Thornton (2002) in their two-
dimensiond discrete dement andysis of the direct

shear ted. The forces are transmitted diagonally
across the specimen.  An orthogona view of the
specimen, aong the z axis, is given in Figure 10(b),
however, it is difficult to identify any clear trend in
the orientation of the contact force vectors from this

perspective.

(®)

Figure 10: Contact force vectors at a horizontal strain of

0.052, vertical stress 54.5 kPa. (a) Front view (looking
along y axis) (b) Side view (looking along x axis). Note: For
ease of visualization only contacts where the forces exceeds the
average contact force + 1 standard deviation are considered.

Figure 11 is a three dimensional plot of the con
tact force vectors, giving an indication of both the
magnitude and direction of the contact forces. As
illustrated in Figure 11(a) it is clear that the x-
component of the contact force exceeds the z
component. Considering the distribution of the y
and z components of the contact forces, the plot is
approximately circular, asillustrated in Figure 11(b).
The y and z components of the contact forces are
therefore relatively evenly didributed. An analysis
of the local normal stresses as calculated from the
contact forces indicated that Syx >Syy >S,. The
relatively large value in Syy is an indicator of the
three dimensond nature of the problem.
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Figure 11: Three dimensional plot of contact force vectors
(a) Front view (looking along y axis) (b) Side view (looking
aong x axis).

5.4 Srain localization analysis

For the simulation witha vertical stress of 163 kPa,
the local strain values were calculated using the non
linear homogenization technique proposed by
O’Sullivan et ad (2003). The strain values are plot-
ted on a vertical plane through the center of the
specimen, i.e. with y=30 mm. Figure 12 illustrates
the local strain values for the horizontal strain in-
crement from 0.003 to 0.017. While there are
zones with high strain values at mid height close to
the left and right boundaries, no clear localization
through the center of the specimen is apparent, even
though the specimen is close to the peak stress at
this strain level. Considering the volumetric
strain values (evol), the localizations appear to be in-
clined. Similar inclined localizations were ob-
served by Potts et a (1987) where a congtitutive
model without strain softening was used.

Figure 13 illustrates the distribution in strain val-
ues at a horizontal strain of 0.047. The distribution
of shear strains is highly iregular and there is still
no clear evidence of a localization in the specimen.
Similar strain distributions were observed for the
specimens with vertical stresses of 54.5 kPa and 109
kPa. This contrasts with the study of localizations
in specimens with regular packing configuration de-

scribed by O’ Sullivan and Bray (2003) where a ds-
tinct localization was observed in three-dimensional
amulations of plane strain tedts.
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Figure 12: Strain contours for horizontal strain increment 0.003
t0 0.017, plotted on avertical plane through center of specimen
with y=30. Normal stress 163 kPa. Contour interval 0.025.

6 DISCUSSION

The direct shear test has been studied using ds-
crete element analysis in combination with a series
of complementary physical tests. The agreement
between the laboratory tests and the numerical simu-
laions was not wholly satisfactory. The angle of
friction calculated using the results of the ssmula-
tions was 3° lower than that obtained in the physical
tests. The response in the simulations was also
stiffer than the response doserved in the physical
tests. Further tests and simulations are required to
resolve these discrepancies, although it is likely that
test device friction may be a contributing factor.

An analysis of the results of the simulations cor+
sidered the local stress values, the incremental dis-
placements, the distribution of contact forces and the
local strain values. Whereas the particle displace-
ments were predominantly restricted to the direction
of shearing (i.e. parald to the y=0 plane), signifi-
cant contact forces developed in the y-direction, il-
lustrating the three dimensional nature of the mate-
rid response at the particle scale. Within the



specimen, the stresses are norruniform with the
shear stresses increasing closer to the zone of shear-
ing. The local strain values are nortuniform and the
localization cannot be identified at horizontal strains
of goproximately 5%.
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Figure 13: Strain contours for horizontal strain increment 0.003
to 0.047, plotted on a vertical plane through center of speci-
men with y=30. Normal stress 163 kPa. Contour interval 0.05.
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