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Abstract: Recent studies have shown that detection of the onset and evolution of micro shear bands (MSBs) in granular materials can be
improved using measurements of the kinematic behavior of particles. Different methods such as the discrete-element method (DEM) or three-
dimensional (3D) imaging techniques have been used to measure the kinematics of individual particles within triaxial specimens. However,
conventional kinematic techniques that use particle translation and/or rotation cannot detect the onset and growth of MSBs during the hard-
ening phase of axisymmetric triaxial experiments. In order to expose the localized shearing and particle-scale behavior of triaxial specimens, a
relative particle translation gradient (RPTG) concept is used to detect and expose the onset of strain localization before the peak principal
stress ratio (PSR). RPTG measurements for four different granular materials are reported in this paper. The RPTG concept is used to expose
the onset of MSBs during the hardening phase of the experiments. In addition, the contact number of individual particles is quantified and
discussed in relation to particle rotation to investigate a particle-scale relationship between particle contacts and rotation. The effects of
density, confining pressure, and particle shape on contact number are examined. DOI: 10.1061/(ASCE)GT.1943-5606.0001989. This work
is made available under the terms of the Creative Commons Attribution 4.0 International license, http://creativecommons.org/licenses/by/4.0/.
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Introduction

Soils may fail via diffuse bifurcation or as a result of the localization
of plastic shear strains into zones of intensive shearing known as
shear bands. The literature is rich with studies that investigated the
mechanism of strain localization in granular materials; these studies
can be broadly classified as continuum or microscale-discrete ap-
proaches. Common methods such as the discrete-element method
(DEM) (Jiang et al. 2010; Kuhn and Bagi 2004; Oda and Iwashita
2000; Oda et al. 1997), two-dimensional (2D) or three-dimensional
(3D) digital image correlation (DIC) techniques [digital image corre-
lation and volumetric-digital image correlation (V-DIC)] (Hall et al.
2010a; Rechenmacher and Finno 2003), computed tomography (CT)
or synchrotron microcomputed tomography (SMT), and numerical
and analytical methods (Alshibli et al. 2006; Huang et al. 2002;
Oda et al. 1997;Walker et al. 2013) have been used to study the stress
and strain fields and the onset and evolution of shear bands. Studying
particle kinematics offers valuable insights into the failure mode of
granular materials in terms of particle translation and rotation.

The quantification of particle-scale kinematics has benefited from
developments in DEM. For example, Oda and Iwashita (2000)

developed a modified 2D DEM approach and laboratory biaxial ex-
periments to investigate the onset of shear bands in granular materi-
als. Oda and Iwashita (2000) defined plural bands as zones of
intensive shear strains that develop during the hardening regime be-
fore the peak principal stress ratio (PSR). After the peak PSR, strain
localization continues in one of these bands and a major persistent
shear band develops. Column-like structures parallel to the major
principal stress direction nucleated and collapsed during strain hard-
ening and reemerged during strain softening by means of particle
rotation. In addition, stress states were found to be different across
shear band boundaries. Jiang et al. (2010) used the 2D distinct-
element method to study strain localization of idealized sand in biax-
ial compression tests. They calculated velocity fields of individual
particles based on changes in the particles’ centroids and noticed
inhomogeneous distribution of velocity fields during the hardening
phase of simulations and the birth of several mini shear bands near
the peak stress state that eventually evolved into a single major shear
band after the phase-change point during DEM simulations. Kuhn
(1999) used DEM modelling to investigate local void-based fabric
parameters and identified thin obliquely trending bands as the pre-
dominant deformation structures, in which slip deformation was
most intense. These thin structures, named micro bands, appeared
at the beginning of the test and spontaneously throughout loading.
Kuhn (1999) pointed out that, unlike shear bands, micro bands are
relatively thin, with a thickness between 1.5d50 and 4d50, where d50
is the mean particle size, and are neither static nor persistent. Kuhn
(2003) expanded on the DEM micro-band concept using strain gra-
dients in granular materials and concluded that strain localization is
not an isolated phenomenon and that micro bands (some of these
bands are not persistent) develop before the final stationary band.
These micro bands can be modeled using second-gradient linear
models, whereas a more complex nonlinear model can predict the
deformation profile of a nonpersistent shear band during the hard-
ening regime.

Few researchers have found experimental evidence of micro
shear bands (MSBs) within biaxial experiments using DIC. Based
on surface observations in biaxial experiments, Rechenmacher (2006)
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noticed that multiple and conjugate MSBs were initiated during
the hardening regime, but the persistent final shear band was
not fully obvious until the postpeak PSR softening phase of the
experiment. Hall et al. (2010b) performed experiments on 2D discs
using a Grenoble biaxial shear apparatus and captured multiple dig-
ital images of specimens’ surface. DIC analyses revealed evidence
of complex evolving internal structures consisting of bands of loca-
lized deformation and cells of low deformation between the bands.
The bands developed during the early stage of shearing as the spec-
imens approached the peak shear stress. A complex pattern of shear
bands developed as shearing continued. Bouil et al. (2014) detected
extremely small heterogeneous strains (on the order of 10−5) using
DIC in biaxial experiments, finding intermittent MSB development
and subsequent collapse between 2.5% axial strain and the peak
deviator stress at which a final persistent shear band dominates. In
summary, different terminologies (plural bands, mini shear bands,
micro bands, and MSBs) were used to describe the onset of struc-
tured localized deformations that develop sporadically during the
hardening phase of a given experiment or DEM simulation and
eventually lead to the development of a persistent shear band during
the postpeak PSR and the critical state (CS).

Evidence of MSBs has been detected using DEM and DIC;
however, conventional discrete particle kinematics calculate par-
ticle translation and/or rotation changes with reference to the initial
unloaded state or the previous loading state to expose strain locali-
zation in sheared granular materials. They often fail to expose
MSBs when local relative shear translation between particles is
masked by larger displacements of particles using a global coordi-
nate system as reference for calculations. Some researchers have
attempted to improve the experimental methods using new con-
cepts within the framework of continuum mechanics. Andò et al.
(2012a, b) detected the onset and evolution of shear bands close to
the peak PSR by displaying the direction of the movement of par-
ticles and differentiating the upward and downward movements.
Desrues and Andò (2015) investigated the strain localization in
granular materials using both continuum and particle-level scales
to expose structures of localized strain within sand specimens that
were subjected to moderately high confining pressures (100 and
300 kPa). They also studied the influence of particle aspect ratio
and particle rotation to explain the difference in residual stress
for sands with different shapes. The aspect ratio of a particle is de-
fined as the ratio of the length of the major principal axis to the
length of the minor principal axis.

Druckrey et al. (2018) studied the 3D kinematics of particles in
triaxial experiments at different strain levels using SMTand particle
tracking for F35 Ottawa sand. The second-order norm between a
particle’s translation field and its neighbors was averaged and used
as a new relative particle translation gradient (RPTG) concept to
uncover the onset of localized shearing. Alshibli et al. (2017)

reported the results of SMT experiments on glass beads and three
types of sand. Their analysis was limited to the use of particle trans-
lation and rotation to expose strain localization of sheared granular
materials. As such, they were unable to detect MSBs during the hard-
ening phase of the experiments, due to reasons described previously.

The methodology used in this paper adopts the RPTG concept
developed by Druckrey et al. (2018) to analyze the SMT scans of
the specimens reported by Alshibli et al. (2017). This paper focuses
on investigating the effects of specimen density and confining pres-
sure on the failure mode of specimens. The rotation of the particles
is also studied as another particle kinematic measure affecting the
deformation behavior of sheared granular materials. The evolution
of the cumulative rotation angle (CRA) of particles is analyzed and
discussed. In addition, the paper uses the average contact number
(ACN) of individual sand particles as another indicator of the in-
fluence of particle morphology on particle-to-particle interaction.

Experiments

Four granular materials with different morphologies described by
Alshibli et al. (2014) were used in this study. Grain-size distribution
is not considered as a parameter in this study; therefore, only size
fractions between 0.297 mm (US sieve #50) and 0.429 mm (US sieve
#40) was used in the experiments. Three silica sands—F-35 Ottawa
sand (F35), GS#40 Columbia grout sand (GS40), and #1 dry glass
sand (DG)—and glass beads (GB) with a mean particle size (d50) of
0.36 mm were used in the experiments. Sand systems used in this
study represent uniform silica sands with different morphologies
ranging from rounded to angular particle classes. Glass beads with
similar grain size as these sands were also included in the investi-
gation to provide baseline measurements for surface texture, round-
ness, and sphericity. Average microscale particle morphology
properties of sphericity index (Isph), roundness index (IR), and sur-
face texture (Rq) were introduced by Alshibli et al. (2014) and are
summarized in Table 1. Sphericity (Isph) and roundness (IR) indexes
of sand particles were based on 3D synchrotron microcomputed
tomography images of particles. They are defined as

Isph ¼
Vp

Vs
ð1Þ

IR ¼ Ap

4π
�dLþdIþds

6

�
2

ð2Þ

where the denominator in Eq. (2) represents the surface area of a
sphere that has a diameter equal to the average of the shortest
(dS), intermediate (dI), and longest (dL) lengths of the particles that
pass through the center of mass of the particle; Vp and Vs = actual
volume of the particle and volume of a sphere with a diameter equal

Table 1. Summary of experiments

Material Experiment Mean Isph Mean IR Mean Rq (μm) Initial void ratio σ3 (kPa) Dr (%) Resolution (μm=voxel)

F-35 Ottawa sand F35-L-15 kPa 1.872 0.959 2.084 0.668 15 49 8.16
F35-D-15 kPa 0.603 83 11.14
F35-D-400 kPa 0.586 400 91 11.18

#1 Dry glass sand DG-L-15 kPa 1.704 0.937 1.990 0.799 15 64 8.16
DG-D-15 kPa 0.754 83 11.14
DG-D-400 kPa 0.727 400 95 11.18

GS#40 Columbia
grout sand

GS40-D-15 kPa 1.674 0.924 1.923 0.721 15 89 11.14
GS40-D-400 kPa 0.720 400 89 8.16

Glass beads GB-D-15 kPa 1.096 0.965 0.381 0.690 15 96 11.14
GB-D-400 kPa 0.687 400 99 11.18

© ASCE 04018104-2 J. Geotech. Geoenviron. Eng.
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to dS, respectively; Isph ¼ 1 for a spherical particle; Ap = actual 3D
surface area of the particle; and IR ¼ 1 for a particle that has no
asperities/corners on its surface and has the same surface area as
a sphere with an equivalent average diameter. Surface texture of sand
particles was measured using optical interferometry technique ac-
cording to the procedure described by Alshibli et al. (2014) and
was calculated using the root mean square texture (Rq) as follows:

Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

MN

XM
i¼1

XN
j¼1

Z2
ij

vuut ð3Þ

where M and N = number of pixels in x- and y-directions; Zij =
surface height at a specific pixel relative to the reference mean plane;
and Rq = standard deviation of the surface heights.

The glass beads had an average Isph of 1.096 and IR of 0.965
(closest to unity for both Isph and IR, being the most spherical and
least angular of the four granular materials) and had the smoothest
surface texture, with a mean Rq of 0.381. F35 sand had the highest
Isph value (least spherical, Isph ¼ 1.872), followed by DG sand
(Isph ¼ 1.704) and GS40 sand (Isph ¼ 1.674), which were rela-
tively close in sphericity to each other. Of the three sands, F35 had
a roundness index closest to unity (IR ¼ 0.959) after glass beads,
followed by a more angular DG sand (IR ¼ 0.937) and the most
angular GS40 sand (IR ¼ 0.924). F35 sand had the highest Rq

value, followed by DG sand, GS40 sand, and glass beads.
A small triaxial apparatus described by Hasan and Alshibli (2012)

and Druckrey and Alshibli (2014) was used in the experiments. A
computer-controlled stepper motor was used to load the specimen at
a constant displacement rate of 0.2 mm=min. Axial load was re-
corded using a load cell located inside the test cell. The load cell
had a capacity of 400 N and an accuracy of 0.1 N. Air pressure
was used to apply the desired confining pressure (σ3). Axial defor-
mation was measured from the stepper motor. The triaxial test cell
was set up in Beamline 13BMD of the Advanced Photon Source
(APS) at Argonne National Laboratory (ANL), Lemont, Illinois.
Specimens were cylindrical and initially measured about 10 mm
in diameter by 20 mm in height. Ten axisymmetric triaxial compres-
sion experiments were conducted on medium dense and very dense
dry specimens under drained condition at two confining pressures,
σ3 ¼ 15 and 400 kPa (Table 1). The prescribed σ3 was applied to the
specimens, and the apparatus was mounted on the stage of the X-ray
beam for SMT imaging.

The advantages of SMT imaging were summarized by Druckrey
et al. (2016), some of which are high resolution and sharp particle
edges. Individual scans were acquired at multiple compression
stages, pausing the experiment to collect 900 radiograph images
at 0.2° rotation increments, which were reconstructed to create
3D SMT images. Resolutions of images are listed in Table 1. More
information on image collection and reconstruction was given by
Rivers (2012) and Rivers et al. (2010). An initial image was ac-
quired, then the top end plate was moved at a constant compressive
displacement rate of 0.2 mm=min to a predetermined target axial
strain (ε1), loading was paused, and the next image was acquired.
It took approximately 50 min to collect one SMT scan. Particle
kinematics can be determined between each of these incremental
compressive displacements (or strains) as particles translate and
rotate as a result of the global loading.

Image Processing and Particle Kinematic Analysis

SMT images showed that there was no particle fracture due to
relatively low confining pressure values used in the experiments.

The process of particle separation, tracking, and the necessary
image enhancement steps were described in detail by Druckrey
et al. (2016). Avizo Fire software (version 9.4) was initially used
to process images by removing the noise, segmenting the images,
and labeling particles. The physical location of each particle’s vox-
els were stored in an n × 3 matrix, where n is the number of voxels
belonging to a particular particle. The three columns of the particle
matrix were the x-, y-, and z-coordinates of the voxels that consti-
tute the particle and can be easily used to calculate particle physical
properties. Then, Druckrey’s et al. (2016) code was used to measure
the translation, rotation, and contact of particles within each SMT
image. The translation of each particle was measured as the 3D
vector that connected the centroid of each particle from multiple
SMT images that were acquired at multiple ε1 increments. The
rotation of the particle was measured by calculating the angle be-
tween the particle’s major axis and the direction of major principal
stress (vertical direction). Absolute values of rotation angle were
used in this study as an indicator of contact elimination or initiation
of a new contact between particles.

Each particle label consists of connected voxels that have the
same value, and each voxel occupied a cubical point in 3D space
within the image. Identification of contact between particles in-
volved analysis of the voxels belong to the surface of each particle.
A matrix was generated that initially contained all voxels surround-
ing the particle surface. The voxels of the shell that did not contain
another particle (the void space) were then removed from the matrix
based on the labeled image. What remained in the matrix was the
portion of the shell occupied by other particles in contact with the
particle being analyzed. Furthermore, data can be extracted on each
particle which was in contact with the particle being analyzed by
searching the original labeled image for the particle identifica-
tion number whose voxels occupied that space on the boundary.
Coordination number was calculated as the total number of unique
particle identification numbers within that matrix, which was the
total number of particles in contact with the particle being analyzed.
The CRA of each particle was calculated by taking the initial un-
loaded state as a reference for calculations.

Druckrey et al. (2018) introduced the concept of RPTG, which
relates a particle translation vector (δ) to that of all neighboring
particles in contact with that particle (δ1, δ2, : : : , δn), using the
second-order norm of vector differences

rdi ¼ normðδ − δiÞ ð4Þ

rd ¼ 1

n

Xn
i¼1

rdi ð5Þ

where rdi = magnitude of relative translation for a single contacting
neighboring particle; and n = number of contacting particles. The
overall magnitude of relative translation is the average of all indi-
vidual relative translation vectors (rd). The labeled images were
used to track the changes of contact number (CN) for each particle.
Rotation of particles was studied as one of the main causes of
change in contact numbers. The CRA of each particle was mea-
sured as an indicator of the amount of rotation each particle under-
went during the test. The absolute value of each increment’s
rotation angle was used in quantifying the CRA and thus a sign
convention was not necessary.

Results

Axial compression and axial compressive loads were measured
during the experiments, and the graphs of PSR versus ε1 and

© ASCE 04018104-3 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2019, 145(2): 04018104 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

37
.2

08
.1

85
.1

27
 o

n 
04

/2
6/

20
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



volumetric strain (εv) versus ε1 were processed. Volume change of
specimens was calculated from 3D SMT images. The size of spec-
imens used in this study was relatively small. However, specimens
contained enough particles to be representative of the material’s
behavior. Fig. 1 compares the GS40-D-400 kPa experiment and
a similar GS40 specimen with an initial diameter of 71.1 mm
and an initial height of 142.2 mm, showing an almost perfect match
in ε1 versus PSR relationship. The small difference in ε1 − εv re-
lationship is attributed to different volume change measurements.
The volume change of GS40-D-400 kPa was calculated from SMT
images, whereas the volume change of the large triaxial specimen
was measured from the volume of pore fluid displaced. In addition,
there was a small difference in the specimens’ densities.

Using sand with a narrow grain-size gradation caused the speci-
men to stay active as shearing continued, which explains a small
volume increase as shearing continued. Batiste et al. (2004) and
Alshibli et al. (2017) reported detailed investigations of failure
modes of triaxial specimens that were monitored using the com-
puted tomography imaging technique, which revealed that speci-
mens continued to shear along secondary active shear bands as
shearing continued. This paper provides a thorough analysis of
the development and evolution of shear bands within specimens
with different morphologies, density, and confining pressure.

At a relatively high confining pressure (σ3 ¼ 400 kPa), all spec-
imens exhibited a gradual increase in PSR to a peak state, followed
by a small softening. The DG sand specimen (DG-D-400 kPa) ex-
hibited the highest peak PSR, 4.2, at ε1 ¼ 7.1%, followed by a
small amount of softening [Fig. 2(a)]. The F35-D-400 kPa sand
specimen reached a peak PSR of 3.9 at ε1 ¼ 5.1%, followed by
relatively more softening. The GS40-D-400 kPa specimen closely
followed F35-D-400 kPa, reaching a peak PSR of 3.8 at ε1 ¼ 5.0%,

followed by a small amount of softening. The glass bead specimen
(GB-D-400 kPa) reached a peak PSR of 2.8 at ε1 ¼ 3.7%, followed
by a very small amount of softening. Of the four materials tested at
σ3 ¼ 400 kPa, the DG-D-400 kPa experiment was the only speci-
men that did not exhibit a well-defined single shear band at the CS.
Specimens tested at low confining pressure (σ3 ¼ 15 kPa) did not
exhibit a peak PSR but rather an initial increase in PSR followed by
a smaller rate of increase as compression progressed, leveling off at
the CS (Figs. 3 and 4). The 400-kPa experiments exhibited a vol-
ume increase after a small initial contraction (Fig. 2), whereas the
15-kPa experiments dilated throughout the experiments, with no
initial contraction (Figs. 3 and 4).

Incremental relative translation values of individual particles
were calculated from the SMT images, for which the previous
SMT image was taken as the reference for relative translation of
particles in the current SMT image. Relative translations were nor-
malized with respect to the incremental global axial displacement
imposed by the top end plate for that strain increment. RPTG was
calculated for all specimens, and the effects of confining pressure
and density on the kinematics of the particle (cumulative rotation
angle and translation gradient) are discussed in detail in the follow-
ing subsections.

Failure Mode of Very Dense Specimens Tested at High
Confining Pressure (σ3 � 400 kPa)

Druckrey et al. (2018) reported the results of RPTG analysis for a
very dense F35 Ottawa sand specimen tested at σ3 ¼ 400 kPa
(F35-D-400 kPa specimen). Strain hardening took place between
ε1 ¼ 0% and ε1 ¼ 5.1%, and the specimen reached a peak PSR

Fig. 1. (Color) Comparison between the behavior of GS40-D-400 kPa
specimen (Dr ¼ 89%) and a similar specimen with initial diameter of
71.1 mm, initial height of 142.2 mm, and Dr ¼ 73%.

Fig. 2. (Color) Nominal axial strain versus principal stress ratio and
volumetric strain for very dense specimens tested at high confining
pressure (σ3 ¼ 400 kPa). (Reprinted from Alshibli et al. 2017,
© ASCE.)

© ASCE 04018104-4 J. Geotech. Geoenviron. Eng.
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of 3.9 at ε1 ¼ 5.1% (Fig. 2). MSBs were detected during the hard-
ening phase at ε1 ¼ 0%–1% [Fig. 5(a)]. As the test progressed,
MSBs continued to develop parallel and perpendicular to the direc-
tion of the final shear band. MSBs are shown in Fig. 5(b) after
thresholding the color maps with values representing the average
translation gradient of all particles within the cross section in
Fig. 5(a) (i.e., deleting particles that exhibited relative transla-
tion gradients smaller than the average translation gradient of all
particles within that slice). More MSBs developed at ε1 ¼
1.0%–2.0% [Fig. 5(c)]; they are shown in Fig. 5(d) through thresh-
olding of color maps. It is evident that these MSBs increased in
number, thickness, and length compared with the first loading step
[Fig. 5(b)]. The MSBs became more defined, extending through the
entire cross section of the specimen as compression progressed, and
multiple MSBs merged to form a zone of intensive shearing at the
center of the specimen at the end of the hardening phase [ε1 ¼
3.4%–4.9% Fig. 5(f)]. The orientation of the intensive shearing zone
was the same as that of the final major shear band. Most MSBs
merged to form the final major shear band as the specimen passed
the peak PSR state [ε1 ¼ 4.9%–6.9%, Fig. 5(g)]. The final major
shear band became more defined during the postpeak PSR stage
and had a thickness of 9d50–10d50. Particles within this band exhib-
ited high relative translations and were bound by transition bands
composed of particles that manifested smaller relative translations.

The RPTGs for very dense glass beads that were tested at a high
confining pressure (GB-D-400 kPa) are depicted in Fig. 6. Strain
hardening took place in the range of ε1 ¼ 0%–3.7%, peak PSR was
reached between ε1 ¼ 3.7% and 4.0%, followed by softening in the
range of ε1 ¼ 4.0%–7.3%, and the CS transpired thereafter (Fig. 2).
As in the F35-D-400 kPa experiment, zones of intensive shearing
into MSBs were detected during the first ε1 increment (ε1 ¼
0%–1%), and MSBs with thicknesses of 3d50 − 5d50 began to nu-
cleate during the second ε1 increment [ε1 ¼ 1%–2.1%, Fig. 6(b)]
and continued to grow throughout the hardening phase. MSBs are
shown in Fig. 6(c) after the thresholding of the color map using
average translation gradient of all particles within the cross section
in Fig. 6(b). MSBs had a thickness of 3d50–5d50. The thicknesses
of MSBs in this experiment were larger than those observed in
the F35-D-400 kPa experiment, and were not as well defined as
those in the F35-D-400 kPa experiment. Most MSBs within the
GB-D-400 kPa experiment oriented in the same direction as the
final major shear band, whereas a few MSBs developed at the same
inclination and the opposite direction as the final major shear band.
During the peak PSR phase (ε1 ¼ 3.7%–5.2%), most MSBs within
the GB-D-400 kPa specimen merged into a large zone of intensive
shearing within the specimen and oriented in the direction of the
final major shear band. During the postpeak softening stage of the
experiment (ε1 > 5.2%), the zone of intensive shearing localized
into the final major single shear band that continued to evolve and
develop during the CS. The final major shear band was much
thicker (thickness ¼ 13d50–14d50) than that of the F35 sand that
had a higher Isph (least spherical), and more-angular and less-well-
defined particles than the F35-D-400 kPa specimen. There were
also some particles with large relative translation outside the final
major shear band. Large relative translation of individual (or small
groups of) particles outside MSBs or the final major shear bands
was attributed to the stick-slip nature of glass beads, as manifested
by frequent decreases in the PSR response in Fig. 2. Glass beads
have relatively uniform roundness/sphericity and a smoother sur-
face texture, which in turn reduces the interlocking and friction be-
tween particles. Once the PSR reaches the peak state; it forces the
collapse of unstable force chains within the specimen, in which
some of the particles within the force chains slide out of the chain
due to low interlocking. The sliding manifests itself as oscillations

Fig. 3. (Color) Nominal axial strain versus principal stress ratio and
volumetric strain for very dense specimens tested at low confining pres-
sure (σ3 ¼ 15 kPa). (Reprinted from Alshibli et al. 2017, © ASCE.)

Fig. 4. (Color) Nominal axial strain versus principal stress ratio and
volumetric strain for medium-dense specimens tested at low confining
pressure (σ3 ¼ 15 kPa). (Reprinted from Alshibli et al. 2017, © ASCE.)
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in the PSR. Alshibli and Roussel (2006) presented a detailed ex-
perimental investigation of stick-slip phenomena in glass beads.

Fig. 7 displays the results of the RPTG for very dense GS#40
Columbia grout sand tested at high confining pressure (GS40-D-
400 kPa). The experiment exhibited strain hardening until ε1 ¼
4.7%. Peak PSR phase for this experiment was broad and endured
through Increments 5 and 6 (ε1 ¼ 4.7%–6.7% and 6.7%–8.6%,

respectively), whereas slight softening occurred during Increment
7 (ε1 ¼ 8.6%–11.4%) and thereafter (Fig. 2). The initial ε1 incre-
ment (ε1 ¼ 0%–1%) showed no evidence of MSBs; only two hori-
zontal layers of larger relative displacement were apparent as a result
of image processing and should not be considered as strain locali-
zation. Through Increments 2 and 3 (ε1 ¼ 1.0%–1.9% and 1.9%–
3.3%, respectively) during the strain hardening phase, a complex
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Fig. 5. (Color) Normalized relative particle translation gradient for F35-D-400 kPa: (a) ε1 ¼ 0.0%–1.0%; (b) ε1 ¼ 0.0%–1.0%, with particles that
exhibited translation gradients smaller than the average translation gradient of all particles deleted to make MSBs more visible; (c) ε1 ¼ 1.0%–2.0%;
(d) ε1 ¼ 1.0%–2.0%, with particles that exhibited translation gradients smaller than the average translation gradient of all particles deleted to make
MSBs more visible; (e) ε1 ¼ 2.0%–3.4%; (f) ε1 ¼ 3.4%–4.9%; (g) ε1 ¼ 4.9%–6.9%; (h) ε1 ¼ 6.9%–8.9%; and (i) ε1 ¼ 8.9%–11.8%. Peak PSR is at
ε1 ¼ 5.1%; color bar represents value of normalized RPTG in decimal.
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Fig. 6. (Color) Normalized relative particle translation gradient (RPTG) for GB-D-400 kPa: (a) ε1 ¼ 0.0%–0.1%; (b) ε1 ¼ 1.0%–2.1%;
(c) ε1 ¼ 1.0%–2.1%, with particles that exhibited translation gradients smaller than the average translation gradient of all particles deleted to make
MSBs more visible; (d) ε1 ¼ 2.1%–3.7%; (e) ε1 ¼ 3.7%–5.2%; (f) ε1 ¼ 5.2%–7.3%; (g) ε1 ¼ 7.3%–9.4%; and (h) ε1 ¼ 9.4%–12.5%. Peak PSR is
at ε1 ¼ 3.7%; color bar represents value of normalized RPTG in decimal.
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network of MSBs emerged similar to those in the F35-D-400 kPa
experiment, with thicknesses of 2d50–4d50. Many MSBs developed
in conjugate directions with inclinations similar to that of the final
major shear band, whereas some extended through the entire speci-
men. Near the end of strain hardening (ε1 ¼ 3.3%–4.7%), the MSBs
began to merge and show a preferential alignment with that of the
final major shear band. During the peak PSR phase, few MSBs re-
mained, and the final major shear band was nearly fully developed.
Full development of the final major shear band commenced during
the minor postpeak PSR softening and continued through the CS
phase. The final major shear band for the GS40-D-400 kPa experi-
ment had a thickness in the range of 10d50–13d50 and was not as
well-defined nor as delineated as the shear band for the F35-D-
400 kPa experiment (thickness 9d50–10d50). However, the final
major shear band for the GS40-D-400 kPa experiment was more
delineated and better defined than the shear band in the GB-D-
400 kPa experiment (thickness 13d50–14d50), indicating the influ-
ence of particle morphology on the growth of shear bands in granular
materials.

The relatively high confining pressure is conducive to forcing
shearing along a well-defined single shear band for a very dense
specimen. Of the three 400 kPa experiments that exhibited a final
major shear band, the thickness of the final shear band of F35 sand
was the lowest, followed by that of GS40 sand; the final major
shear band of glass beads was the thickest. This trend was also ap-
parent for MSBs thicknesses, in which F35 sand had the thinnest
MSBs, followed by GS40 sand and glass beads. A careful look at
particle morphology values in Table 1 shows that F35 sand had the
highest roughness (surface texture), highest nonsphericity, and
second-highest roundness, excluding the GB. The GS40 sand par-
ticles were more spherical, more angular, and had a surface rough-
ness lower than F35 sand. It appears that particle roundness and
surface roughness are the main contributors to particle interlocking,
relative particle translation, and specimen tendency to develop a
shear band. Many glass beads will be part of the shear band,

because they are spherical and have smooth surfaces; therefore,
the rotation of particles during shearing is not suppressed due to
friction and interlocking between particles. The high σ3 and very
dense packing will suppress the ability of nonspherical particles to
rotate, and nonround corners (represented by IR) contribute to a
higher interlocking between particles, which will result in a slightly
thicker shear band for GS40 sand than for F35 sand.

Pena et al. (2007) and Andò et al. (2012a, b) investigated the
effect of particle shape on the rotation of particles and the thickness
of the shear band. Pena et al. (2007) used a molecular dynamic
approach to study the micromechanical behavior of 2D granular
assemblies in a shear cell. AVoronoi tessellation scheme was used
to create random 2D polygons (particles) within the periodic shear
cell. The shear strain localization was investigated by quantifying
the particle rotation along the height of the specimen. The distri-
bution of average particle rotation along the height of the specimen
was quantified. The thickness of the shear band was defined as the
width of the distribution with a rotation angle higher than 80% of
the maximum average rotation. They showed that the width of the
localization zone in an isotropic medium is larger than the width of
the localization zone in elongated particles (i.e., a ratio of 0.55–
0.45 of the cell height).

According to Pena et al. (2007), the thinner shear bands in the
elongated particles were attributed to the shape of the particles,
which increased the interlocking and exhaustion of the movement
of the particles, causing a thinner shear band. The 2D polygons
used in their study had a smaller degree of freedom compared with
particles within a 3D granular assembly. A smaller degree of free-
dom affects the relative translation between particles. The elon-
gated particles in the medium had a uniform aspect ratio of 2.3,
which is considered a high aspect ratio compared with the particles
used in this paper. Another important element was the angularity of
the isotropic and elongated particles used in Pena et al. (2007).
Both isotropic and elongated particles had angular shapes, which
increased the interlocking between the particles.

0
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0.10

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 7. (Color) Normalized relative particle translation gradient (RPTG) for GS40-D-400 kPa: (a) ε1 ¼ 0.0%–1.0%; (b) ε1 ¼ 1.0%–1.9%;
(c) ε1 ¼ 1.9%–3.3%; (d) ε1 ¼ 3.3%–4.7%; (e) ε1 ¼ 4.7%–6.7%; (f) ε1 ¼ 6.7%–8.6%; (g) ε1 ¼ 8.6%–11.4%; and (h) ε1 ¼ 11.4%–14.7%;
Peak PSR is at ε1 ¼ 5.0%. Color bar represents value of normalized RPTG in decimal.
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Andò et al. (2012b) used an ID-tracking method to investigate
the 3D kinematic behavior of Hostun HN31 (angular grains,
d50 ¼ 338 μm) and Caicos ooids (rounded grains, d50 ¼ 420 μm)
sands in triaxial experiments. The tracking scheme is similar to the
method used in this paper. The 3D translation and rotation particles
were used to identify the shear bands within the specimens. They
concluded that specimens with angular particles exhibited a thicker
shear band than did specimens composed of rounded particles. They
argued that this happens due to the interlocking between the par-
ticles, which expands the influence zone of the rotation of the par-
ticle. Because the influence zone is larger, the rotation of a particle
affects a larger area and causes a thicker shearing zone. The findings
of the present paper in terms of the influence of particle morphology
agree in principle with Andò’s et al. (2012a, b) explanation, keeping
in mind that the present paper offers quantitative measurements of
morphology indexes based on 3D images of sand grains.

RPTG for #1 dry glass sand tested at high confining pressure
(DG-D-400 kPa experiment); results are displayed in Fig. 8. This
experiment experienced strain hardening up to ε1 ¼ 5%, peak PSR
at ε1 ¼ 6.9%, and a very minor softening into the CS during Incre-
ment 6 (ε1 ¼ 6.9%–8.9%) (Fig. 2). Failure of this specimen was
characterized as bulging based on the specimen’s surface deforma-
tion, which is an external manifestation of a more complex internal
failure mode. Strain localization began to form during the first ε1
increment (ε1 ¼ 0%–1%) (Fig. 8). In the second ε1 increment (ε1 ¼
1%–2%), MSBs formed in a diagonal direction through the speci-
men, which would seem to be early evidence of a major well-defined
single shear band. However, during the third ε1 increment (ε1 ¼
2%–3.5%), several MSBs developed throughout the specimen in
the opposite direction and began to compete with the previously de-
veloped MSBs. MSBs in this third increment had thicknesses of
3d50–4d50. During the fourth ε1 increment (ε1 ¼ 3.5%–5%), a com-
plex network of MSBs emerged with a preferential inclination; how-
ever, intersecting MSB caused a relatively large zone of intensive
shearing within the middle of the specimen. During the loading

increment approaching peak PSR (ε1 ¼ 5%–6.9%), MSBs devel-
oped in opposite directions, resulting in the development of two
conical shearing surfaces near the specimen’s top and bottom and an
intensive shearing zone in its middle. Conflicting MSBs in a cross-
hatched pattern continued to compete with each other throughout the
remainder of the experiment, retaining the conical shearing zones
near the top and bottom of the specimen and many MSBs in the
central zone. Cross-hatching of MSBs forced other lateral MSBs to
manifest and push outward toward the specimen surface and to push
groups of particles outward, resulting in specimen bulging at the sur-
face. During the last two ε1 increments (ε1 ¼ 8.9%–17.4%, Fig. 8),
particles within the sheared central part of the specimen experienced
large translations which made it difficult to track most particles
within that zone, so the translation gradient is not displayed for these
particles.

DG sand had the highest angularity of surface corners according
the o roundness classification (Table 1), which appears to be the
main morphology index affecting strain localization of very dense
specimens tested under high confining pressure. In addition, it had
the second-highest Isph and Rq values. As the specimen tried to fail
along a single shear band, a high degree of interlocking developed,
causing a high resistance to shearing that forced the development of
multiple NSBs and a zone of high dilation in the middle part of the
specimen. Compared with the other specimens in Fig. 2, DG-D-
400 kPa exhibited the smallest softening because it continued to
resist shearing with a high degree of interlocking between particles,
whereas a single shear band caused a decrease in PSR for F35-D-
400 kPa.

Failure Mode of Very Dense Specimens Tested at Low
Confining Pressure (σ3 � 15 kPa)

The failure mode of very dense specimens sheared at a low con-
fining pressure (σ3 ¼ 15 kPa) occurred through bulging, based on
observations of specimen surface. The F35-D-15 kPa experiment

0
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(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 8. (Color) Normalized relative particle translation gradient (RPTG) for DG-D-400 kPa: (a) ε1 ¼ 0.0%–1.0%; (b) ε1 ¼ 1.0%–2.0%;
(c) ε1 ¼ 2.0%–3.5%; (d) ε1 ¼ 3.5%–5.0%; (e) ε1 ¼ 5.0%–6.9%; (f) ε1 ¼ 6.9%–8.9%; (g) ε1 ¼ 8.9%–11.9%; and (h) ε1 ¼ 11.9%–17.4%;
Peak PSR is at ε1 ¼ 7.1%; color bar represents value of normalized RPTG in decimal.
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(Fig. 9) showed early signs of randomly oriented MSBs with thick-
nesses in a range between 2d50 and 3.5d50 concentrated in the cen-
tral part of the specimen until approximately ε1 ¼ 3.5%–5%, when
MSBs had mostly merged into a centralized zone except for the
conical shearing zones near the top and bottom of the specimen.
As shearing progressed, a centralized hourglass-like (X-shaped in
2D slice visualizations) shearing pattern dominated the internal mi-
crostructure, forcing particles to move toward the surface of the
specimen in the lateral direction, and some of these particles were
part of MSBs (Fig. 9, ε1 ¼ 11.9%–17.4%); thick transparent mark-
ers were added to the image to show the hourglass pattern, and the
thin lines show structured MSBs being forced outward. The out-
ward thrust of particles and MSBs caused surface bulging of the
specimens. Fig. 10 displays cross-sectional slices within the conical
shearing zones at the top and bottom of the specimen as well as a
cross section near the midheight of the specimen for the ε1 ¼
11.9%–17.4% increment. The circular pattern within the top and
bottom cross-sectional slices revealed that the shape of the failure
zone was in fact conical. The middle axial cross-section slice shows
the high RPTG between the conical shearing zones and multiple
MSBs with no preferred orientation other than random RPTGs to-
ward the circumference of the specimen in the lateral direction
(specimen’s axisymmetric plane).

The GS40-D-15 kPa experiment (Fig. 11) also exhibited early
signs of MSB development (thicknesses between 3.5d50 and 4d50)
and retained several major MSBs after ε1 ¼ 5% with inclinations
similar to the conical shape observed near the top and bottom of the
F35-D-15 kPa experiment, resulting in a centralized cross-hatched
shearing pattern. The ends of the MSBs pushed toward the speci-
men surface, and particles outside those shearing zones were forced
to move outward laterally, resulting in bulging of the specimen sur-
face. A similar failure mode was observed in the DG-D-15 kPa ex-
periment at early strains (Fig. 12), with MSB thicknesses between
3d50 and 3.5d50. A cross-hatched MSB pattern formed, and conical
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Fig. 9. (Color) Normalized relative particle translation gradient (RPTG) for F35-D-15 kPa: (a) ε1 ¼ 0.0%–1.0%; (b) ε1 ¼ 1.0%–2.0%;
(c) ε1 ¼ 2.0%–3.5%; (d) ε1 ¼ 3.5%–5.0%; (e) ε1 ¼ 5.0%–6.9%; (f) ε1 ¼ 6.9%–8.9%; (g) ε1 ¼ 8.9%–11.9%; (h) ε1 ¼ 11.9%–17.4%; and
(i) ε1 ¼ 17.4%–22.3%. Color bar represents value of normalized RPTG in decimal.
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Fig. 10. (Color) Axial section of F35-D-15 kPa at strain increment
ε1 ¼ 11.9%–17.4%. Color bar represents the value of normalized
RPTG in decimal.
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shearing zones at the top and bottom of the specimen developed
and persisted. However, particle relative translation eventually
showed a large centralized zone of particle intensive shearing push-
ing particle groups outward laterally to cause specimen bulging.

The GB-D-15 kPa experiment (Fig. 13) exhibited many distributed
MSBs and zones of localized shearing throughout the experiment,
many of which were sporadically distributed throughout the speci-
men. Thicknesses of MSBs at early strain increments were between
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Fig. 11. (Color) Normalized relative particle translation gradient (RPTG) for GS-D-15 kPa: (a) ε1 ¼ 0.0%–1.0%; (b) ε1 ¼ 1.0%–2.0%;
(c) ε1 ¼ 2.0%–3.5%; (d) ε1 ¼ 3.5%–5.0%; (e) ε1 ¼ 5.0%–7.0%; (f) ε1 ¼ 7.0%–9.0%; (g) ε1 ¼ 9.0%–12.0%; and (h) ε1 ¼ 12.0%–17.5%. Color
bar represents value of normalized RPTG in decimal.
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Fig. 12. (Color) Normalized relative particle translation gradient (RPTG) for DG-D-15 kPa: (a) ε1 ¼ 0.0%–2.0%; (b) ε1 ¼ 2.0%–3.5%;
(c) ε1 ¼ 3.5%–5.0%; (d) ε1 ¼ 5.0%–6.9%; (e) ε1 ¼ 5.0%–6.9%; (f) ε1 ¼ 6.9%–11.9%; and (g) ε1 ¼ 11.9%–17.4%. Color bar represents value
of normalized RPTG in decimal.
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3d50 and 5d50. Some structure was retained in cross-hatched MSBs;
however, some of the structured deformation was randomly orien-
tated, and shearing zones near the specimen top and bottom did not
have a well-defined conical structure. Specimen bulging was
caused by MSB ends pushing out toward the specimen surface
as well as pushing groups of particles laterally outward.

The role of confining pressure on internal shearing mechanisms
of granular material was significant. A cross-hatched MSB failure
pattern developed during strain hardening for both low (σ3 ¼
15 kPa) and high (σ3 ¼ 400 kPa) confining pressures. However,
at low confining pressure, MSBs were thicker, and shearing zones
were not as well structured as they were at higher confining pres-
sure. This is attributed to a more stable microstructure imposed by
higher confining pressure. A high confining pressure typically forced
MSBs and shearing zones to merge into a single major shear band
during the peak PSR and softening phases, except in the DG-D-
400 kPa experiment. In experiments conducted at low confining
pressure, the failure manifested in specimen surface bulging with
a complex network of internal MSBs. Cross-hatched MSBs were the
typical mode of the internal failure (singular hourglass pattern in the
F35-D-15 kPa experiment), in which the cross-hatched MSBs forced
groups of particles and lateral MSBs outward as well as conical
shearing zones at the specimen top and bottom.

Failure Mode of Medium Dense Specimen Tested at
Low Confining Pressure (σ3 � 15 kPa)

Density plays a role similar to that of confining pressure on the
mechanisms of shearing. Figs. 14 and 15 show the results for
the F35-L-15 kPa and DG-L-15 kPa experiments in which evidence
of the onset of MSBs was detected at early loading stages of the
experiments (ε1 ¼ 2%, Fig. 3). Sporadic MSBs were detected dur-
ing early loading stages of both experiments with thicknesses

between 3d50 to 5d50 (Figs. 14 and 15). As the experiments pro-
gressed, the MSBs evolved into less-defined geometric patterns
compared with the patterns observed in dense specimens. This can
be caused by the less-stable fabric in medium-dense specimens, in
which there is relatively more void space between particles coupled
with a low confining pressure. The failure mechanism in both spec-
imens was manifested through a complex network of MSBs, which
was very close to the failure mode of the F35-D-15 kPa and DG-D-
15 kPa experimental results (X-shaped hourglass, Figs. 10 and 12).
MSB orientations were random during the hardening phase of the
experiments and transitioned into a more defined zone of intensive
shearing composed of multiple MSBs.

Evolution of Particle Average Contact Number with
Shear

In order to investigate the effect of particle kinematic behavior on
particle-scale contact and interaction of particles within triaxial spec-
imens, the evolution of average contact numbers of individual par-
ticles and their corresponding rotations were investigated. While
rotating, particles may initiate new contacts and eliminate others.
The dynamics of contacts (i.e., the number of contacts lost and cre-
ated) is related to the degree of rotation, void space around particles,
particle morphology, initial density of the specimen, and applied con-
fining pressure. The effects of CRAs, specimen density, confining
pressure, and particle aspect ratio on ACN were studied in detail us-
ing 3D measurements. The aspect ratio of particles was divided into
three size categories, 1–1.75, 1.75–2.5, and greater than 2.5, based
on the range of measurements of tested sands. Most particles had
aspect ratios between 1 and 2.5. The CRA color map for particles
within a central axial section perpendicular to the final shear bands is
depicted in Fig. 16. The glass beads are excluded from Fig. 16 be-
cause of the lack of a meaningful trend within the specimens.
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(a)
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Fig. 13. (Color) Normalized relative particle translation gradient (RPTG) for GB-D-15 kPa: (a) ε1 ¼ 0.0%–1.0%; (b) ε1 ¼ 1.0%–2.0%;
(c) ε1 ¼ 2.0%–3.6%; (d) ε1 ¼ 3.6%–5.1%; (e) ε1 ¼ 5.1%–7.1%; (f) ε1 ¼ 7.1%–9.2%; and (g) ε1 ¼ 9.2%–12.2%. Color bar represents value of
normalized RPTG in decimal.
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Particles within shear bands or within zones of intensive shearing
exhibited higher rotation angles than particles outside these shear
zones. Some particles rotated as much as 40°–50°. The number of
particles that exhibited a high rotation increased as the confining
pressure decreased for very dense specimens (Fig. 16, compare

F35-D-15 kPa, DG-D-15 kPa, and GS40-D-15 kPa with F35-D-
400 kPa, DG-D-400 kPa, and GS40-D-400 kPa, respectively).

In order to investigate the effect of CRA on the ACN of par-
ticles, the CRAwas divided into three subgroups, and the evolution
of the ACN of each subgroup was examined as the experiments
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Fig. 15. (Color) Normalized relative particle translation gradient (RPTG) for DG-L-15 kPa: (a) ε1 ¼ 0%–1.0%; (b) ε1 ¼ 1.0%–2.0%;
(c) ε1 ¼ 2.0%–3.5%; (d) ε1 ¼ 3.5%–5.1%; (e) ε1 ¼ 5.1%–9.1%; (f) ε1 ¼ 9.1%–12.2%; (g) ε1 ¼ 12.2%–15.8%; and (h) ε1 ¼ 15.8%–19.9%. Color
bar represents value of normalized RPTG in decimal.
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Fig. 14. (Color) Normalized relative particle translation gradient (RPTG) for F35-L-15 kPa: (a) ε1 ¼ 0.0%–1.0%; (b) ε1 ¼ 1.0%–2.0%;
(c) ε1 ¼ 2.0%–3.5%; (d) ε1 ¼ 3.5%–5.1%; (e) ε1 ¼ 5.1%–7.1%; (f) ε1 ¼ 7.1%–9.5%; (g) ε1 ¼ 9.5%–12.2%; and (h) ε1 ¼ 12.2%–15.2%. Color
bar represents value of normalized RPTG in decimal.
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Fig. 16. (Color) Summary of cumulative rotation angle of tested sand specimens at end of experiments, with boundaries of major final shear bands
highlighted by maroon lines: (a) F35-D-400 kPa; (b) F35-D-15 kPa; (c) F35-L-15 kPa; (d) DG-D-400 kPa; (e) DG-D-15 kPa; (f) DG-L-15 kPa;
(g) GS40-D-400 kPa; and (h) GS40-D-15 kPa.

0 2 4 6 8 10 12

 (%)

3

4

5

6

7

8

A
C

N

CRA = 0-10 deg.
CRA = 10-20 deg.
CRA = 20-28 deg.
Specimen Average

0 5 10 15 20 25

 (%)

3

4

5

6

7

8

CRA = 0-20 deg.
CRA =  20-40 deg.
CRA =  40-58 deg.
Specimen Average

0 5 10 15 20 25

 (%)

3

4

5

6

7

8

A
C

N

CRA = 0-20 deg.
CRA =  20-40 deg.
CRA =  40-56 deg.
Specimen Average

0 5 10 15 20 25

 (%)

3

4

5

6

7

8

F35-D-15 Specimen avg
F35-L-15 Specimen avg

1 1

1 1

(a) (b)

(c) (d)

Fig. 17. (Color) Average contact number of F35 specimens: (a) F35-D-400 kPa experiment; (b) F35-D-15 kPa experiment; (c) F35-L-15 kPa
experiment; and (d) F35-D-15 kPa versus F35-L-15 kPa.
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progressed. F35 specimens (Fig. 17) had different ranges of CRA
depending on initial specimen density and confining pressure. The
F35-D-400 kPa specimen [Fig. 17(a)], which had a high initial den-
sity and was exposed to a high confining pressure (σ3 ¼ 400 kPa),
exhibited smaller CRA, in the range between 0° and 28°, compared
with F35-D-15 kPa [Fig. 17(b)], and F35-L-15 kPa [Fig. 17(c)],
which had CRAvalues, ranging between 0° and 58° and 0° and 56°,
respectively. The smaller void space and relatively high confining
pressure for the F35-D-400 kPa specimen reduced particle rotation,
manifesting rotations considerably smaller than those of the F35-L-
15 kPa and F35-D-15 kPa specimens. For all three F35 specimens,
particles with fewer contacts during the initial state (smaller ACN)
had more freedom to rotate and exhibited higher CRA values. In
addition, particles with higher CRA lost more contacts with their
neighboring particles (highest change in the ACN) than did par-
ticles with smaller CRA as the shearing progressed. The high initial
ACN during shearing supports the notion that smaller rotation angles
are due to higher interaction with neighboring particles. Fig. 17(d)
compares the evolution of ACN for F35 specimens with different
initial densities. The ACN of particles in both the F35-L-15 kPa
and F35-D-15 kPa specimens approached a plateau during the final
stages of both experiments when the CS was reached. Rothenburg
and Kruyt (2004) investigated the evolution of CN using DEM sim-
ulation of 2D granular discs and showed that the CN reached a con-
stant value (i.e., critical contact number) during the final stages of the

DEM simulations. The initial CN value for the dense specimens was
higher than the CN for the medium-dense specimen, which was ex-
pected [Fig. 17(d)].

The variation of the ACN within the medium-dense specimen
was much less than the change in the ACN of the very dense speci-
men. This difference was caused by extra void space around sand
particles within the medium-dense specimen. The CN of particles is
influenced by the void space available around them. Particles sur-
rounded by more void space have a higher chance of forming new
contacts compared with densely packed particles. The rate of con-
tacts loss was much higher than the rate of forming new contacts in
very dense specimens; thus the contact number varied noticeably.
However, these two rates balanced each other in a medium-dense
specimen, reducing the rate of change of ACN compared with that
of a very dense specimen. Rothenburg and Kruyt (2004) investigated
the effects of available void space around particles and formulated an
analytical solution for the variation of CN that showed that the rate of
formation of new contacts depends on the available void space
around particles. In the present study, the F35-D-400 kPa specimen
exhibited an initial increase in the can, followed by a significant de-
crease in the ACN as the test progressed. The F35-D-15 kPa speci-
men exhibited a gradual decrease in ACN throughout the test. Both
dense specimens exhibited relatively similar ACNs in the initial stage
and the final stage. Mirghasemi et al. (1997) studied the effects of
confining pressure on the evolution of the CN of 2D polygon-shaped
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Fig. 18. (Color) Average contact number of DG specimens: (a) DG-D-400 kPa experiment; (b) DG-D-15 kPa experiment; (c) DG-L-15 kPa
experiment; and (d) DG-D-15 kPa versus DG-L-15 kPa.
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particles using DEM. They found that the confining pressure has
similar effects as initial density of the specimens on the ACN of
particles.

Fig. 18 shows the evolution of ACN of DG specimens, in which
the range of CRA for the DG specimens and their dependence on
the confining pressure and initial density was similar to that of the
F35 specimens, except in the DG-D-400 kPa experiment, in which
the range of rotation angle was slightly larger than that of the DG-
D-15 kPa experiment even though σ3 was much smaller for the
DG-D-15 kPa experiment. The number of particles in DG-D-
15 kPa with a CRA between 30° and 41° was very low (38 par-
ticles). Similar to the F35 specimens, particles with high CRA
in the DG specimens had a smaller initial CN, and the CN contin-
ued to decrease as compression progressed, indicating the depend-
ence of CRA on the initial specimen density and the evolution of
ACN through the test. Figs. 18(a and b) show the ACN for the DG-
D-400 kPa and DG-D-15 kPa experiments, respectively; σ3 had
little effect on the ACN of the DG specimens, which is similar to
the results of F35 specimens. Fig. 18(c) summarizes the evolution
ACN for the DG-L-15 kPa experiment, in which the rate of change
of ACN was much smaller than the ACN for very dense specimens,
supporting the dependence of the rate of change of ACN on the free
void space available around particles. Fig. 18(d) compares the ACN
for DG-D-15 kPa and DG-L-15 kPa specimens, showing that both
specimens reached a critical ACN during the final stages of the
experiments.

Fig. 19 shows the evolution of the ACN for the GS40 and GB
specimens, only very dense specimens of which were scanned. The
results are similar to those of the F35 and DG specimens, with the
exception of the GB-D-400 kPa specimen, for which the rate of
change of the ACN values was much less than that of other very
dense specimens that were tested at high confining pressures. The
GB specimens exhibited a higher CRA than the other specimen
(as high as 300°). The GB particles were nearly spherical with no
corners and had a relatively smoother surface, resulting in minimal
interlocking between them. The absence of interlocking caused the
particles to have more freedom to rotate compared with the other
specimens. Particle morphology is another important property that
affects particle ACN. Particle aspect ratio and its effect on the evo-
lution of particle ACNwas also studied. Fig. 20 summarizes the evo-
lution of the ACN for all 10 triaxial specimens, in which particles
that had a higher aspect ratio had a higher initial ACN and a higher
ACN as the compression progressed. The rate of change of ACNwas
similar for all particles, and it seems that the aspect ratio of the par-
ticles did not change the rate of change of ACN. The dense speci-
mens tested at high confining pressure (σ3 ¼ 400 kPa) had an initial
rate of change of 0.04–0.2, followed by a sudden decrease at a rate of
0.1–0.3. The decreasing rate diminished and approached 0 as the test
progressed. The behavior of dense specimens at low confining pres-
sure (σ3 ¼ 15 kPa) had a similar trend; however, the initial rate of
change was smaller than that of the dense specimens at high confin-
ing pressure. The initial increasing rate was between 0.012 and
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Fig. 19. (Color) Average contact number of GB and GS40 specimens: (a) GS40-D-400 kPa experiment; (b) GS40-D-15 kPa experiment;
(c) GB-D-400 kPa experiment; and (d) GB-D-15 kPa experiment.
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0.025, followed by a sudden decrease at a rate between 0.17 and
0.25. The ACN approached a constant value during the final stage
of the experiment. The loose specimens at low confining pressure
(σ3 ¼ 15 kPa) exhibited a general decrease in the ACN during
the test. The ACN initialy decreased at a rate of 0.05–0.08, and
as the test progressed this rate approached values close to zero.

Ting et al. (1995) and Ng (2004) investigated the effects of the aspect
ratio of 2D and 3D particles using DEM and showed that particles
with higher aspect ratios have a higher CN and less rotation. The
elongation of a particle is expected to affect its tendency to rotate.
The GB specimens did not have as many particles with aspect ratios
higher than 2.5 due to their spherical shape.
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Fig. 20. (Color) Influence of particle aspect ratio on average contact number: (a) F35-D-400 kPa experiment; (b) F35-D-15 kPa experiment;
(c) F35-L-15 kPa experiment; (d) DG-D-400 kPa experiment; (e) DG-D-15 kPa experiment; (f) DG-L-15 kPa experiment; (g) GB-D-400 kPa
experiment; (h) GB-D-15 kPa experiment; (i) GS-D-400 kPa experiment; and (j) GS-L-15 kPa experiment.
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Conclusions

SMT images were used to quantify kinematic behaviors of uniform
sand and glass-bead specimens. The relative particle translation
gradient concept of Druckrey et al. (2018) was adopted in this paper
to expose the onset and evolution of micro shear bands that were
otherwise undetectable using conventional cumulative or incremen-
tal particle translation and rotation. The following conclusions are
drawn from the results reported in this paper.

The relative translation gradient of particles can expose intricate
strain localizations better than conventional particle kinematics
(cumulative or incremental translation and/or rotation).

Micro shear bands developed within all specimens during the
strain hardening phase before the peak principal stress ratio. The
MSBs evolved into a well-defined major final shear band in some
of very dense specimens that were tested at σ3 ¼ 400 kPa, whereas a
more complex zone of intensive shearing developed in medium-
dense specimens and very dense specimens that were tested at
σ3 ¼ 15 kPa.

Particle morphology influences the thickness and delineation of
MSBs and the final major shear band. Particle roundness is the
main contributor to particle interlocking, relative particle transla-
tion, and specimen tendency to develop a shear band.

Confining pressure influences the thickness and delineation of
MSBs. MSBs that develop during strain hardening are more struc-
tured and better defined when a specimen is tested at a high con-
fining pressure.

Particles with a higher initial ACN exhibit smaller rotation an-
gles. Rotation causes contacts to form and break, and particles with
a higher rotation have a higher variation in ACN than particles with
smaller rotation angles.

Particles with a higher aspect ratio have a higher initial average
contact number. At high strains, some of these ACN merged; how-
ever, particles with a higher aspect ratio still had a higher ACN. The
change in ACN for particles with higher aspect ratio values was
larger than for particles with smaller aspect ratio values.

Specimen density affects the rate of change of ACN. More
contacts are broken than are newly formed, and the average CN
decreased for very dense specimens, whereas newly formed con-
tacts and broken contacts balance each other in medium-dense
specimens, and smaller changes are visible in ACN. The specimen
averages for both specimens approached each other at high
strains, demonstrating that a critical state was reached.

Confining pressure has a similar effect as does specimen den-
sity: a higher confining pressure (except for glass beads) causes a
higher initial ACN. As the compression progressed, the ACNs for
both cases approached each other.
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