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Abstract. During the process of shearing, deformation of granular materials like
dense sand is often noticed to concentrate within a narrow zone, commonly re-
ferred as shear bands. Various studies show that the formation of shear band is
influenced by the internal inhomogeneity of the granular assembly. Owing to var-
ious ways of specimen generation, internal inhomogeneity arises in sample while
performing laboratory experiments or carrying out micromechanics based simula-
tions employing discrete element methods (DEM). Hence, understanding the ef-
fect of inhomogeneity, resulting from such sample generation techniques, on the
formation of shear bands becomes imperative. In the present study, DEM based
biaxial test simulations have been performed on the dense sand specimens, which
have been prepared following two sample generation techniques. Biaxial shearing
of these specimens have been conducted adopting a stress controlled flexible
boundary. It has been noticed that dense specimen shows buckling and bulging
type deformation accompanied with formation of localized shear bands. The initi-
ation and propagation of persistent shear bands have been analyzed from the spa-
tial variation of porosity and particle rotations within the specimen. The position
of shear band within the specimen differs due to presence of different initial inho-
mogeneity within the particle packing arrangement arising due to variation in the
specimen generation process.

Keywords: Discrete Element Method; Sample Generation; Biaxial Test; Flexible
Boundary; Shear Band.

1 Introduction

Instabilities in geomaterials have a significant influence on the occurrence of landslides,
liquefaction, and debris flows, and it often acts as a precursor to failure for geotechnical
structures [1, 2]. For boundary value problems, the onset of the instability is defined as
the transition from an initial homogeneous deformation field to a nonhomogeneous one.
In granular assembly, e.g., dense sand, localized instability mode may arise in the form
of shear band with excessive shear deformation [3, 4]. Similar to geotechnical field sit-
uations, the localized instability can also be noticed while performing different element
level tests in the laboratory, such as triaxial or biaxial tests. It is to be noted that majority
of the geotechnical structures, e.g., retaining walls, earthen embankments, finite and in-
finite slopes, and strip footing etc., conform to the plane strain condition. In these cases,
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the length of the structure in one direction is significantly large resulting the strains in
that direction to be negligible. In order to replicate such plane strain condition in the
laboratory, biaxial tests are often employed [3-4]. During the biaxial test, further, the
occurrence of localized instability has a major impact on the observed overall material
response and subsequent constitutive characterization of the geomaterial [5].

Numerous laboratory tests and numerical simulations have been conducted in the
past to understand the emergence and subsequent evolution of localized instability mode
in sand [3-10]. It has been found that numerical studies based on discrete particle-based
methods, such as DEM, can be very helpful in understanding the micromechanics of
initiation and subsequent evolution of the localized instability in geomaterials [8-10].
Instability, which are identified at macro level in any element level test, are likely to
initiate at the micro level due to the existence of internal heterogeneity within the spec-
imen [8,9]. Such instability then spreads further with continued deformation and affects
the shearing response of the entire assembly. The spatial distribution of internal hetero-
geneity within the sample may vary as a result of changes in the particle packing struc-
ture owing to the various specimen generation techniques used in DEM. Therefore, it is
crucial to comprehend how these changes in heterogeneity, induced by various specimen
generation techniques, affect the shearing behavior and subsequent instability response
of granular assembly.

The present work incorporates two of the commonly employed specimen generation
techniques in DEM, single-layered isotopic compression (IC) and multilayer undercom-
paction method (UCM) and investigates the influence of these specimen generation tech-
nigques on the instability response of dense sand under biaxial shearing. The initial het-
erogeneity within the specimens, induced by different specimen generation method, has
been assessed in terms of porosity variation within the specimen. Further, the localized
instability mode has been analyzed from the spatial variation of porosity and particle
rotation. The influence of specimen generation techniques has also been investigated in
terms of thickness and inclination of shear band.

2 DEM simulation for biaxial test

Biaxial test simulations of dense sand specimens have been conducted using DEM soft-
ware, Particle Flow Code-2D, PFC2D [16]. The biaxial shearing of these specimens have
been conducted adopting a stress controlled flexible boundary, and the employed micro-
mechanical parameters along with details of model geometry are summarized in Table
1 [6]. Figure 1 shows the particle size distribution for the sand specimen, which is com-
posed of particles in the form of circular disks, with a mean particle diameter dso = 0.993
mm. A linear elastic contact model with Coulomb friction has been adopted to represent
the normal and shear interaction between the particles.

Biaxial test simulations have been carried out in three subsequent stages, namely,
Stage 1 - particle generation and compaction, Stage 2 - isotropic compression and Stage
3 - biaxial shearing. In Stage 1, the specimens have been created with an initial porosity
value of n = 0.178 employing two specimen generation approaches i.e., isotopic com-
pression (IC) and multilayer undercompaction method (UCM). In the IC method, parti-
cles are placed in an enclosed larger area ensuring no overlap and subsequently, the
boundary walls are moved inward until the desired porosity or stress condition is ob-
tained [11]. Whereas, in UCM, particles are generated in multiple layers following a
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predetermined undercompaction criteria, where equal number of particles of all sizes are
generated in each layer from the desired particle size distribution [12]. The UCM speci-
men in the present study, has been generated in four layers.

In Stage 2, isotropic compression has then been applied to each of such generated
specimens for achieving a confining pressure of 200 kPa by controlling the velocity over
all the boundary walls of the specimen. An interparticle friction, u = 0 has been em-
ployed during the specimen generation stages in order to generate dense specimens with
extreme porosity value n,,;,, at the end of Stage 2. After isotropic compression at the end
of Stage 2, specimens with porosity = 0.157 and 0.158 have been generated by IC and
UCM, respectively. Subsequently, in Stage 3, biaxial shearing has been performed on
the generated specimens.

During the shearing stage, flexible membrane type lateral boundaries are introduced
by replacing the lateral wall boundaries. Further, the specimens are compressed verti-
cally with the strain-controlled top and bottom wall, while a constant magnitude of 200

kPa confining pressure has been maintained by applying external force [13]. The flexible
membrane has been modeled with a string of uniform sized small particles of 0.1 mm
diameter that are connected by strong contact bonds. An axial strain rate of 0.5 /s has
been chosen in the shearing stage and the inertial number (I) corresponding to this strain
rate is less than 103, which is sufficient for ensuring the quasistatic condition [14].

Table 1. Model geometry and material parameters used for DEM simulations [6].

Parameter Value Unit
Initial specimen height 100 mm
Initial specimen width 50 mm
Membrane properties
Normal bond strength 1 x 10300 Pa
Shear bond strength 1.5 x 10300 Pa
Normal contact stiffness 1x 108 N/m
Shear contact stiffness 1x 108 N/m
Particle and wall properties
Particle and wall friction adopted before shearing 0 -
Particle and wall friction adopted during shearing 0.5 -
Particle-wall and particle-particle normal contact stiffness ~ 1.5x 108 N/m
Particle-wall and particle-particle shear contact stiffness 1x 108 N/m
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Fig. 1. Particle size distribution.
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3 Influence of specimen generation technique on initial
homogeneity of the specimen

3.1  Spatial variation of porosity within the specimen

The homogeneity of the specimen generated using the two specimen generation methods
has been assessed in terms the variation of porosity within the specimen in both horizon-
tal (X) and vertical () directions. In this regard, the specimen has been divided into 11
number of bands in both X and Y directions as illustrated in Fig. 2(a) and (b). Porosity
in the i*" band (n®) has been estimated based on eqn. (1). Additionally, standard devi-

ation in the estimated band porosities, S,i’ has been also calculated using egn. (2) and is
used for assessing the homogeneity of specimen.

. AP
m, =1-4 ®
1 . N2
Si = (-2t — 1) )

AP is the total area of the particles inside the band, Ab is the band area, 7 is the average
porosity for the specimen, m is the total number of bands and k denotes the direction,
i.e., XorY.

Figure 2(c) depicts the histograms of S,? in the X and Y directions at the end of Stage
1 and Stage 2 for both the specimens. The variation of individual band porosity has also
been presented in Figure 3 for both the specimens. The estimated values of S,:’ for these
specimens, as depicted in Fig. 2(c) at the end of Stage 1, clearly indicates that there exists
some level of heterogeneity within specimens. The specimen generated by IC technique
exhibits highest magnitude of S,’J at the end of Stage 1. Since in the Stage 1 of IC method,
forces are applied through all the four boundary walls, the particles slide along the wall
boundaries and results into formation of region with high porosity near the central part
of the specimen. This can also be observed from Fig. 3(a) and (b), which shows high
porosity in the central bands in both X and Y directions for the specimen generated with
IC method.

Further, it can be noticed from Fig. 2(c) that specimen generated employing UCM
also exhibits high heterogeneity at the end of Stage 1. This is attributed to the initial
undercompaction of the bottom layer adopted in the UCM technique, which creates re-
gions with large porosity in the lower layers of the specimen at the end of Stage 1 as
evident from Fig. 3(b). The heterogeneity in both the specimens reduces significantly
after the isotropic compression exerted in Stage 2, which can be observed from Fig. 2(c)
with the decrease in the magnitude of S,’j. This might be a result of the particle rearrange-
ment that occurs in Stage 2 to transfer the higher contact forces for achieving the desired
confining pressure.
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Fig. 2. Bands to compute spatial variation of porosity in (a) X direction (b) Y direction; (c) varia-
tion of standard deviation in band porosity, S;! for specimens generated employing 1C and UCM
techniques at the end of Stage 1 (S1) and Stage 2 (S2) in X direction and Y direction.
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Fig. 3. Variation of band porosity, 1 in the specimens generated employing IC and UCM tech-
niques at the end of Stage 1 and Stage 2 in (a, ¢) X direction and (b, d) Y direction, respectively.

4 Macro level response of the specimen during biaxial shearing

Biaxial shearing has been performed in the Stage 3 on both the dense specimens gener-
ated using IC and UCM techniques. The stresses and strains have been estimated from
the average value of three representative area elements (RAE) that has been placed
within the specimen [6]. To obtain precise estimate of stresses and strains, RAE have
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been considered to evolve with the continued deformation process maintaining a con-
stant (95%) area coverage in reference to the deformed configuration of the specimen
[17].

Figure 4 presents the macro level stress-strain and volumetric response of the speci-
mens. Both the specimens show typical stress-strain and volumetric response of dense
specimen as commonly observed in the laboratory tests. As shown in Fig. 4(a), for both
the specimens, the stress deviator initially increases with increasing axial strain to a peak
value and then decreases exhibiting strain-softening behavior reaching to a similar stress
state at larger strain level. The volumetric strain decreases at first showing an initial
compression till 0.4 % axial strain level and then increases continuously corresponding
to dilation with increasing axial strain (Fig. 4b). It can also be observed that, the speci-
mens show identical volumetric responses up to 3% axial strain, after that, variations in
the volumetric behavior can be observed due to the formation of localized instabilities,
e.g., shear bands, within the specimen.
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Fig. 4. Evolution of (a) stress-strain and (b) volumetric response.

5 Micro level response of the specimens during biaxial shearing

5.1  Local porosity variation within the specimens

In order to calculate the porosity field, several small RAE’s have been employed in the
specimen keeping the ratio of diameter of RAE to the average particle diameter (dso) as
6.50 [17]. Figure 5(a) and (b) presents the spatial variation of the porosity at three dif-
ferent strain levels for both the specimens. Several loosely packed regions with high
porosity spatially distributed within the specimen can be observed at the initial state.
This local density variation in both the specimens is due to the variation in particle pack-
ing arrangement occurring from different sample generation methods. As the axial strain
increases, several zones dilate concentrating around the initial loose-packed regions
forming several potential shear bands. With further shearing, these zones connect with
each other and enlarge to form the persistent shear bands with increased thickness at
large strain levels. It is to be noted that both the specimens form two conjugate shear
bands; however, the position of the shear band for both the specimens differ correspond-
ing to the initial location of high porosity regions.
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5.2  Accumulated particle rotation within the specimens

Particle rotation is a major micro level mechanism, which affects the mechanical behav-
ior of the granular materials [15]. Figure 5(c) and (d) depicts the spatial variation of
accumulated particle rotations within both the specimens at three different strain levels.
It has been observed that excessive particle rotations occur within the cross-type band
region well after the peak stress and it continues to increase with further shearing. This
cross-type region with high rotation has been identified as the shear band and the posi-
tion of which is the same as the location of high porosity region. The left and right bands
exhibits clockwise (negative) and anticlockwise (positive) rotations, respectively due to
the displacement field produced by the applied biaxial loading conditions. As observed
from the porosity field, the position of shear bands corresponding to the particle rotation
differs in the two specimens owing to the different initial heterogeneity within the spec-
imen.
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Fig. 5. (a, b) Spatial variation of porosity and (c, d) accumulated rotation at various global axial
strain levels, €, for specimens generated by IC and UCM, respectively.

5.3 Inclination and thickness of shear band

The characteristics of the shear band such as the thickness and inclination can be ob-
tained from the variation of porosity and particle rotations within the specimen [6,10,15].
In the present study, the inclination and thickness of the shear band has been calculated
at 15 % axial strain level, i.e., the strain level where persistent shear bands have been
noticed to develop. Since a cross-type shear band develops in all the specimens, the in-
clination has been calculated for both the left and right bands, and the average of these
two values has been reported as the final inclination.

The histogram in Fig. 6(a) summarizes the estimated band inclination angle corre-
sponding to porosity and accumulated particle rotations. It has been observed that po-
rosity based estimation indicates a higher value of shear band inclination in comparison
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to the rotation based predictions. The shear band inclination varies in the range of 52° -
57° for both specimens due to initial heterogeneity in the particle packing arrangement
induced by different specimen generation process.

In order to calculate the band thickness, the cross-type shear bands have been divided
into four parts. In each of these parts, straight profiles have been established and the
distance of the profile exhibiting porosity and rotation higher than the specimen average
has been considered as the thickness of the shear band [6]. Similar to the band inclina-
tion, the thickness of the shear band also varies for both specimens as depicted in Fig.
6(b). The band thickness varies in the range of 7-14 times of dso. It can be also noticed
that the band thickness corresponding to porosity gives a higher value as compared to
accumulated rotation based estimation.

_58 16
=y 14
S 56 12
c ‘
S 54 \ 10
e o 8 ‘
c L0
S 52 \ S6 %
c
S50 \ 4 \
5 2 \
@ 48 0
IC ucM™m IC ~ucm
Specimen generation method Specimen generation method
mPorosity BRotation m Porosity B Rotation
(a) (b)

Fig. 6. (a) Inclination and (b) thickness (t/dso) of shear band obtained in specimens generated by
IC and UCM.

6 Conclusion

In the current work, two different specimen generation techniques employed in DEM
have been analyzed with focus on the initial sample heterogeneity and their effects on
the localized instability mode of dense specimen during the biaxial shearing process.
The following conclusions have been drawn based on the findings of the DEM analysis:

e Atthe end of the particle generation phase, i.e., Stage 1, specimens exhibit maximum
heterogeneity due to enhanced particle sliding. However, at the end of isotropic com-
pression phase, i.e., Stage 2, relatively homogeneous specimens are generated by
both the methods.

e Specimens generated by these two techniques exhibit similar stress-strain responses;
whereas, significant variations can be noticed in the volumetric responses after an
axial strain level of 3 % due to the occurrence of localized instability in form of shear
bands within the specimens.

e The position, inclination and thickness of the shear band varies for both the speci-
mens owing to different particle packing arrangements generated by various speci-
men generation techniques.

e Porosity based estimation of thickness and inclination of shear band predicts higher
value as compared to the accumulated particle rotation based estimate.
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