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Abstract

When granular assemblies are subject to external loads or displacements, particles interact with each other through contact
and may exhibit translations and rotations. From a micromechanical perspective, particle rotations are an essential
mechanism influencing the macroscopic behavior of granular materials. In this study, biaxial shearing tests were conducted
on assemblies of dual-sized circular particles at different confining pressures. A high-precision image analysis method was
developed to extract the particle-level motion of all the particles, including the rotational behavior. Experimental results
showed that most of the particles exhibited rotations. Particles within the shear band exhibited more significant rotations
and were characterized by low connectivity (number of contacts per particle). In contrast, the particles outside the shear
band rotated lesser, only in the beginning stage of shearing. Every rotation in either direction is accompanied by an
opposite rotation of almost the same magnitude in the neighboring region, and rotation clusters have been observed.
Rotations in both directions are normally distributed within the assembly, and the average particle rotation is zero. The
average rotations in both directions evolve symmetrically with major principal strain. Generally, the rotation rate (degrees
per incremental strain) is observed to be maximum at the start of the shearing, and gradually it becomes constant toward the
end of the shearing. The average value of the absolute cumulative rotation observed for whole particles is 18.6° at the end
of shearing, i.e., 20% deviatoric strain. Smaller size particles tend to exhibit 67% higher rotations than bigger particles.
Confining pressures have no significant effect on the rotational behavior of circular particles.

Keywords Biaxial shearing - Granular material - Image analysis - Microscopic mechanism - Particle rotation

1 Introduction

The macro-scale behavior of granular assemblies results
from mechanical processes at the particle level. Whenever
a granular assembly is externally loaded, the particles
composing it, in response to such external solicitations,
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showed that particle rolling is a major microscopic mech-
anism that affects granular behavior, especially when inter-
particle friction is significant. Since then, Image-based
experimental techniques have emerged as valuable tools
for estimating particle rotation. However, the accuracy of
the image analysis to estimate particle kinematics varies
depending upon the type of soil, image acquisition process,
and method adopted. Digital image correlation (DIC) is a
widely used technique in experimental investigations of
grain kinematics by comparing different images
[11, 24, 29]. DIC can be classified based on the dimensions
of the images. For example, surface-DIC is based on 2D
images, while Volumetric-DIC or digital volumetric cor-
relation (DVC) are based on 3D images [26].

Misra [19] studied the deformation patterns of around
600 multi-sized circular aluminum and plastic rods in a
biaxial test with a quasi-static loading process and mixed
boundary conditions to check the particle rotations. They
found out the average particle rotation within the sample
was close to zero, as the clockwise rotation of a particle
was associated with counterclockwise rotation in the sur-
rounding particles and vice versa. Calvetti [4] investigated
the micromechanics of multi-sized circular wooden rods
using special 2D shear apparatus. The behavior of rods was
analyzed under complex loading conditions involving
loading—unloading cycles and rotations of principal axes.
Out of 750 rods used in the testing, only 300 in the central
part of the shear box were traced. Pictures were taken
during the loading to characterize the micromechanical
variables and their evolution. They observed that particle
rotations were an important micromechanical parameter in
granular deformations. Chen [6] developed an algorithm to
estimate the rotations of particles from 2D images; how-
ever, it required very high-quality images of a particular
type of surface-treated material. Despite being very chal-
lenging, measuring particle rotation in 3D experiments
such as triaxial compression using X-ray Scanning images
has greatly helped increase our knowledge of natural sand.
Lenior [17] and Hall [11] used DVC to correlate 3D images
acquired by X-ray microtomography to study localized
deformations and grain kinematics. Ando [1] studied
micromechanics of granular assemblies using X-ray
tomography to obtain 3D images of the triaxial sand
specimens. A 3D image analysis technique was used to
digitally correlate the 3D images to estimate individual
grain kinematics. Results showed that grain rotations were
a crucial mechanism in granular materials. For the acqui-
sition of 3D images, the tests were performed in situ in an
X-ray scanner, allowing the sand specimens to be scanned
under load. Such a scanning process requires a pause in
loading of 12 to 15 min to keep the axial strain constant
during scanning to obtain high-resolution images. This
unavoidable aspect causes axial load relaxation, and the
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samples undergo creep and micromechanical developments
that we cannot observe.

Since the development of the discrete element method
(DEM) [10] and following the early experiments such as
those by Oda [23] and Misra [19], the use of microme-
chanical modeling to investigate the fabric evolution of
sheared granular assemblies has helped to shed light to
many unanswered questions. Bardet [3] studied the struc-
ture of shear bands by simulating idealized granular media.
They confirmed that particle rotations concentrate inside
shear bands. The concentration of particle rotations inside
the shear bands was also observed in other DEM studies
[2, 14, 18, 26]. Bardet [2] performed simulations of the
biaxial test in which rotations were numerically suppressed
and concluded that the shear strengths of granular material
were significantly affected by particle rotations. Kuhn [15]
performed DEM simulations of biaxial shearing tests with
circular disks. Most rapid rotations were found to be
occurring within dominant deformation zones. The rota-
tions ease sliding between most of the particles and transfer
the sliding to a few contacts where the frictional slipping
was intense. Kuhn [16] simulated the biaxial test with
multi-sized circular particles in DEM. The whole assembly
was partitioned into polygonal regions to discuss two
mesoscale phenomena, rotating clusters and rotating
chains. They observed that grains within a rigid part usu-
ally rotate in the same direction. Most high-spin particles
were in chain-like patterns oblique to principal stress
directions, usually located within intensely deformed
regions. The net effect of particle rotation reduces the
stiffness and strength of granular materials. Additionally,
when particle rotations are artificially restricted in simu-
lations, the stiffness and strength of the assembly increase,
and the localized failure patterns assume different shapes
[2]. Following the 3D experimental investigations men-
tioned above, Rorato [26] used 3D DEM to study the
micromechanics of sand, especially the particle rotations
inside and outside strain localized zones.

Although particle rotation has been recognized as an
essential microscopic mechanism affecting granular
behavior, accurate 2D particle kinematics observed in the
laboratory are still very limited and have been obtained
only on small samples of a few hundred particles. Contrary
to 3D experiments, 2D experiments do not require a pause
in loading for scanning the specimen. Instead, a high-res-
olution digital camera can take pictures during loading
without allowing any load relaxation. Moreover, over the
last few decades, the DEM has become a powerful tool for
investigating the micro-deformation mechanisms in gran-
ular systems because, in DEM, the particle-level informa-
tion can be observed easily relative to laboratory
experiments [33]. However, the DEM requires a valida-
tion/calibration process. Validation of the DEM model is
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usually done by matching with the macroscopic stress—
strain experimental data from an elementary test [20, 31].
However, such a macroscopic validation process cannot
confirm the rationality of particle-level mechanisms.
Hence, a detailed validation process should also consider
the particle-level phenomenon to increase the reliability of
virtual experiments. Furthermore, the most common par-
ticle shape used in DEM is either circular disks in 2D or
spheres in 3D simulations for efficient contact detections
and easy computations [25]. The shape of actual soil and
other particles is far from the ideal shapes commonly used
in DEM [13]. Therefore, when comparing the macroscopic
stress—strain data of natural soils with the DEM results
from ideal shapes, the particle-level mechanism can differ
significantly even though the macroscopic stress—strain
data shows a good match. This is because the actual par-
ticle shape in a granular system affects the particle-level
interactions [7]. Consequently, when using ideal shapes in
modeling granular systems, the validation process should
ideally compare the numerical results with data from an
elementary test conducted with similar ideal shape sam-
ples. This study provides a complete data set of circular
disks, including macroscopic stress—strain response and
microscopic particle motions, such as particle-level rota-
tion and fabric evolution. The data set enables substantial
validation of particle-based simulation models such as
DEM.

In this study, the biaxial shearing tests are conducted on
assemblies of bi-disperse aluminum circular rods using
2674 particles. A detailed image analysis method is
designed to capture the kinematics of circular particles.
The surfaces of all the particles were treated by pasting
special kinds of stickers, and high-quality photos were
captured during the experiment. The Multiscale Analysis
for the Granular Image Correlation algorithm developed by
[6] is then used to identify and track particle motions,
including rotations under three different confining pres-
sures. Particle scale information is then used to advance
our understanding of sheared granular systems by looking
at individual and cluster behavior and tracking the fabric
evolution of the sample.

2 Outline of biaxial tests
2.1 Biaxial apparatus

A schematic view of the apparatus is shown in Fig. 1. The
dimensions of the specimen box are 350 mm x 350 mm at
the initial state, and the depth of the rigid walls is 50 mm.
The specimen boundaries are surrounded by rigid alu-
minum walls, wherein rotations of the walls is prevented
completely. The bottom wall is fixed, and the top and side

walls are only allowed to move in the direction normal to
their boundaries. Since the front and back sides of the
specimen are open, the aluminum rods used as the two-
dimensional granular model are kept under a plane strain
condition.

Load and displacement in both vertical and lateral
directions are measured throughout the test. Either load or
displacement in the vertical and lateral directions, respec-
tively, can be controlled in this apparatus, and the control
can be arbitrarily switched. The load is controlled with the
pneumatic cylinders, and the displacement is applied by the
screw jacks. The vertical displacement of the top wall is
obtained by averaging the displacements of the right and
left ends of the wall measured by two displacement
transducers. The relative lateral displacement of the side
walls is measured by fixing a displacement transducer on
the left wall and measuring the displacement of the right
wall. Major and minor principal strains are obtained by
dividing vertical and lateral displacements by the initial
height and width of the specimen, respectively. In the
horizontal direction, when the pneumatic cylinder II pushes
on the right wall, the reaction force of the cylinder acts on
the rigid frame with the left wall. As a result, the same
stress acts on the left and right walls. The vertical load is
obtained by averaging the measurements of two load cells
installed at the top and bottom walls, and the lateral load
was measured by a load cell installed at the right wall. The
maximum and minimum principal stresses are determined
by dividing the vertical and lateral loads by the current
varying cross-sectional area of the specimen orthogonal to
the corresponding direction. The cross-sectional area is
continuously updated using the measured vertical and lat-
eral displacements; a data logger connected to the PC
collects the displacements and loads. During the shearing
process, the PC automatically measures the change in
cross-sectional area and controls the minor principal stress
to be constant by sending an appropriate pressure to the
pneumatic cylinder with an electro-pneumatic regulator
and DA board.

For load-controlled loading, the major and minor prin-
cipal stresses are continuously monitored by the PC and
controlled by sending the target air pressures to the pneu-
matic cylinders I and II, respectively. The air pressures sent
to pneumatic cylinders are controlled by the PC by sending
prescribed voltage signals to electro-pneumatic regulators
via a digital-analog board. During the isotropic compres-
sion process, the minor principal stress is automatically
controlled to be the same as the major principal stress.
During the shearing stage, a constant major principal strain
rate is applied by the screw jack while the minor principal
stress is kept constant.
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Fig. 1 A schematic plan of the biaxial test apparatus
2.2 Test procedure and testing patterns

A series of consolidated-drained (CD) biaxial tests are
carried out. The aluminum rods are manually placed layer
by layer in the specimen box with an initial void ratio of
0.215. As the self-weight of aluminum rods acts on the
bottom wall, the load cell installed at the bottom wall
records the applied load from the top wall and the weight of
the rods. Therefore, the average of top and bottom cells is
used as vertical load. The specimen is compressed
isotropically by increasing major and minor principal
stresses simultaneously until the desired confining pressure
is reached. The sample is then sheared by applying a
constant major principal strain rate, i.e., 0.014% per second
(0.05 mm/second), keeping confining stress (minor prin-
cipal stress) constant. In this study, biaxial tests are con-
ducted at three different confining pressures (g3 = 19.6,
39.2, and 58.8 kPa). The repeatability of the tests was
confirmed by performing multiple tests under the same
testing pattern.
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2.3 Granular material

The granular material used in the experiment comprises
dual-size aluminum rods of 10 mm and 6 mm diameters.
The length of all rods is 50 mm, equal to the depth of the
biaxial sample box. The mixing ratio of big to small par-
ticles is 2:3 by weight. Aluminum rod material is widely
accepted for studying the mechanical behavior of granular
materials under plane strain conditions [28]. The density of
the aluminum rods is 2830 kg/m>, and the specific weight
of the specimen is around 22.5 kN/m”. Figure 2 shows the
materials used. The aluminum-aluminum friction coeffi-
cient under smooth and dry conditions is observed to be 0.2
by conducting direct shear tests on aluminum disks.
Surface treatment of the aluminum bars is required
before testing to detect the microscopic motion and rotation
of the particles. For that, circular black stickers are glued to
the end of each rod. Two dots of red and green colors on
the black circular background enable the identification of
particle rotation. The size of stickers is smaller than the
actual sizes of particles for easy and firm placement, i.e.,



Acta Geotechnica (2023) 18:4599-4614

4603

8.3 mm for 10 mm particles and 5 mm for 6 mm particles.
Therefore, the ratio of the actual particle and sticker sizes is
constant. Surface treatment is seen in Fig. 2.

2.4 Image acquisition process

The image acquisition arrangements are shown in Fig. 3.
The movements of the particles are grasped by taking
digital photos of the specimen and analyzing them by
image analysis. Digital photos of 24.35 megapixels
(6016 x 4000) are taken during the shearing test by a
digital camera positioned at around 600 mm on the front
side of the test chamber. Surrounding lighting is arranged
to obtain adequate uniform illumination. Moreover, the
backside of the test chamber is also illuminated to increase
the visibility of the voids. The diameter of circular stickers
on small particles corresponds to approximately 50 pixels
on a digital image, while that on big particles corresponds
to approximately 83 pixels. The acquired images are stored
in JPEG-colored image format.

3 Image analysis methodology
3.1 Image processing

Image processing aims to enhance the visibility of the
particles in all the photos by adjusting the intensity and
applying other image adjustment techniques for easy
identification. The open-source software Imagel/Fiji is
used for image processing. The steps used in processing
involve grayscale conversion and intensity adjustment.

S0mm

Fig. 2 Surface-treated aluminum bars used for biaxial testing

3.2 Particle identification

Particles were identified using MATLAB’s built-in func-
tion “imfindcircles” with sensitivity and threshold values
of 0.9 and 0.1, respectively. Black surface treatment con-
firms the object’s polarity to be dark over a bright back-
ground. Centroid coordinates of all the stickers glued on
particle cross sections are identified successfully due to the
surface treatment and high-quality images. The success rate
of the identification process was ~ 100%. Figure 4 shows
the image of particles and the results of size-wise particle
identification.

3.3 Particle tracking

The tracking algorithm [9] detects particle translation. The
trajectories include only the translational movement of the
particles, not their rotation. The algorithm requires a user-
defined search radius and searches for their subsequent
locations in the next image. Once a user-defined search
radius is assigned, there are three possibilities: unique
match, multiple new locations, and particle loss. A unique
match is when the algorithms detect only one new location
within the assigned search radius in the next image. A
higher value of search radius may lead to the detection of
multiple new locations. If this happens, the algorithms will
assume the closest new position is the actual new position
of the particle. It could be possible that no new location
was found within the search radius; this is rare but true in
case of wrong particle identification or if the search radius
assigned is very small.

Ideally, the search radius should be no larger than the
smallest particle that needs to be tracked, which is 50
pixels (small sticker diameter resolution) in this study. If
the search radius is larger than the small sticker size, the
algorithm may incorrectly detect the center of another
surrounding particle in the next image. Therefore, to suc-
cessfully identify the same particle between two consecu-
tive images, it is preferred that the movement of the
particle between frames is limited to less than the size of
the particle. In this study, the interval between two con-
secutive images was determined to be 25 to 30 s, consid-
ering the applied major principal strain rate. This time
interval between frames ensured that small particles did not
move beyond their size and that the same particle could be
reliably identified during the particle tracking process. The
tracking process is repeated so that the centroid locations of
each particle are uniquely identified in all images. Further
details about the tracking process can be found in [6, 9].
Figure 5 shows the trajectories of particles after digital
image correlation analysis.

@ Springer
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Fig. 3 Schematic view of image acquisition arrangements in the laboratory

3.4 Particle rotation

Rotation detection algorithms used in this study were
originally developed by Chen [6]. The rotation of particles
during the biaxial test can be estimated by the correlation
between two consecutive images taken during the test.
Rotation algorithms require an input of particle tracking
results to identify the position of the same particle in the
next photos and the grayscale images of particles. For each
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of the two consecutive photographs taken during the
experiment, the center position of the circular black target
affixed to each particle is identified using an image analysis
algorithm, and the incremental displacement vector of the
particle is obtained by comparing the location of the target
in the two photos. Next, the center positions of the smaller
green and red circular targets placed inside the black cir-
cular target in the two photographs are identified and used
to obtain the incremental rotation of the particle. The same
process is repeated for all photographs taken throughout
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Fig. 5 Particle trajectories movements during the shearing test

the experiment to obtain the incremental displacement
vectors and incremental rotations for all particles and then
sum them up to evaluate the cumulative displacement and
cumulative rotation of the particles, respectively. A similar
particle may rotate either clockwise or counterclockwise

during the test, but the net rotation is the final angular
displacement from the original orientation. The clockwise
rotations are measured with a negative sign and counter-
clockwise with a positive. The net rotation of a single
particle is obtained by the summation of the rotation of all
photo pairs. The method to estimate the rotation uses 8-bit
grayscale images and is called Intensity-based image reg-
istration. Further details about rotation algorithms can be
found in [6].

3.5 Validation of rotation algorithms

To evaluate the accuracy of the intensity-based image
registration algorithms, 30 surface-treated particles,
including 7 big and 23 small particles, are placed in a
biaxial testing type arrangement. The image is captured as
shown in Fig. 6a and converted into a grayscale image
using Image]. Then, as the incremental absolute rotation
observed between two consecutive photographs taken
during the biaxial test was approximately 2° to 3°, the
algorithm for analyzing particle rotation was validated
using an image of aluminum rods and a processed image of
a 2° clockwise rotation to it. The process explained above
is applied to the same pair of these images (original and 2°
rotated). After performing the particle identification and
tracking process, the results of the tracking process and pair
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grayscale images are used as input to the rotation process.
Figure 6b shows the spatial distribution of the results of the
rotation analysis. The average particle rotation is 2.05° for
all particles, with an average accuracy of about 97% and a
standard deviation of 0.18°.

4 Results and discussion
4.1 Biaxial test results

Figure 7 shows the stress—strain relationship and volu-
metric behavior of aluminum rods. o, and o3 are the major
and minor principal stresses applied from vertical and lat-
eral directions, respectively. Similarly, ¢; and &3 are the
major and minor principal strains exhibited in vertical and
lateral directions, respectively. Deviatoric stress (o) is the
difference between major and minor principal stresses, ¢,—
03. Volumetric strain (g,) is the sum of major and minor
principal strains (&; + &;), while deviatoric strain (&) is
their difference (e;—¢&3). It can be seen that both stiffness
and strength increase with increasing confining pressure
(g3), showing the typical behavior of frictional materials.
The sample compressed slightly at the initial shearing
stage, and the specimen expanded in volume afterward,
resulting in positive dilatancy. The macroscopic stress—
strain behavior of the aluminum rods corresponds to that of
loose to medium-dense sand.
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Fig. 7 Stress—strain relationship and volumetric behavior of alu-
minum rods under different confining pressures

4.2 Rotation of particles

The rotation angle of each particle is estimated by the
“Intensity-based image registration method.” The success
rate of rotation estimation is more than 95% which means
out of around 2674 circular particles, rotation of more than
2550 particles is identified.
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Figure 8 shows the spatial distribution of cumulative
rotations at 20% deviatoric strain in the biaxial chamber for
the test conducted under confining pressure g3 = 39.2 kPa.
The negative sign indicates clockwise rotation, and the
positive indicates counterclockwise rotation. Many parti-
cles (around 44% of the total) show a cumulative rotation
between —10° and 10° (indicated by the green color).
However, particles along the diagonals of the biaxial
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Fig. 9 Cumulative rotation density distribution at 20% deviatoric
strain (g3 = 39.2 kPa)

chamber tend to exhibit significant rotations (indicated by
blue and red color groups). Blue and red colors indicate
clockwise and counterclockwise rotations, respectively.

Figure 9 shows the density histogram of the cumulative
particle rotations. Rotational data is symmetrically dis-
tributed around the mean, close to 0 degrees. The normal
distribution of particle rotations within the sample was also
observed by [19, 23, 26]. The number of particles exhibited
clockwise rotations is almost equal to the number of par-
ticles rotating counterclockwise. Clockwise rotation is
usually accompanied by a counterclockwise rotation of a
neighboring particle. It is seen in Fig. 8 that blue markers
are usually surrounded by some red or vice versa. In some
cases, a group of neighboring particles exhibits rotation in
the same direction forming a rotation cluster. In such a
situation, an opposite rotating cluster can be observed in
neighboring regions. The formation of rotation clusters
within biaxial assemblies was also observed by Kuhn [16].
The average cumulative clockwise and counterclockwise
rotations at 20% deviatoric strain are 18.2° and 19.0°,
respectively. Average cumulative rotations observed in
both directions are almost equal, which results in a net
rotation within the assembly of nearly zero. Furthermore,
the final absolute average cumulative rotation observed for
all the particles in the assembly is 18.6°.

4.2.1 Shear band identification

In this study, rigid boundaries are used in the biaxial test,
which affects the formation of the shear band. Figure 10
shows the evolution of the cumulative shear strains cal-
culated from displacement fields obtained through con-
ventional DIC analysis using finite strain theory [24]. The
mesh size used in DIC analysis for calculating shear strain
is around the size of the big particles. At small strains, thin
shear strain localization can be seen, especially in the areas
along the diagonals of the biaxial box. Kuhn [15] also
observed such thin intensely deformed zones which they
called microbands in their DEM simulations using periodic
boundaries. They further reported that, unlike shear bands,
the microbands were neither static nor persistent, they
would emerge, move, and disappear. However, as the
specimen is sheared with rigid boundaries, a further shear
strain localization can be seen along the diagonals with an
increase in deviatoric strain, confirming the formation of
shear bands. At 8.5% major principal strain, shear strain
localization can be seen clearly. This can be concluded that
due to rigid boundary conditions, shear localization can be
observed along the diagonals of the biaxial chamber.

In shear bands, the constraints on the microscopic
behavior of particles are very different [26]. Therefore,
particles belonging to the shear zone were identified based
on the magnitude of the shear strain. For this, deviatoric
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Fig. 10 Cumulative shear strain map from DIC analysis using finite strain theory (o3 = 39.2 kPa)

strain is assigned to each particle using a procedure
developed for post-processing discrete element results [5].
In this procedure, a Voronoi cell having vertices at the
mass centers of the particles (the centers of black stickers
pasted on each particle) is identified using a regular
Delaunay triangulation available within YADE [30]. Thus,
the particle positions in the photos taken at two instants

toward the end of shearing (at the major principal strain of
8% and 9%) were identified using the particle identification
technique described above. Displacements of neighboring
particles were then used to compute a strain tensor for the
triangular element. Finally, the deviatoric strain was
assigned back to each particle by averaging the deviatoric
strain of the adjoining triangular elements, and a threshold
deviatoric strain of 5% was applied to identify particles

inside the shear band.

The results of the shear band identification procedure are
shown in Fig. 11, in which the black particles are identified
to be inside the shear band. The two X-shape zones iden-
tified correspond closely to those apparent in rotation dis-
tribution plots (Fig. 8) and DIC analysis (Fig. 10). The
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same procedure was used to determine the shear band by
Rorato [26]. After shear band identification, particle rota-
tion and coordination number history can be tracked inside
and outside the shear band.

Figure 12a shows the histories of absolute average
cumulative rotations for particles inside and outside the
shear bands and for all particles. The slope of the curve in
Fig. 12a is steeper at the start of the test, which signifies
that rotations develop very quickly at the beginning. As the
deformations progress, it becomes flatter. The rotations
observed inside and outside the shear band show good
agreement with the past experimental works
[2, 4, 14, 18, 26]. It is seen that the mean cumulative
particle rotations inside the shear zone increased signifi-
cantly from the beginning of shearing and continued to
increase even when the cumulative major principal strain
exceeded 9.0%. On the other hand, the average cumulative
rotations of particles outside the shear zone also increased
monotonically, and the increase was larger in the early
stage of shearing up to an axial strain of around 4.0%, but
the mean absolute rotation was about 40% smaller than that
inside the shear zone.

4.2.2 Evolution of coordination number

The coordination number (Z), defined as the average
number of contacts per particle (or average connectivity),
has been identified as a key microstructural variable of
granular systems [8, 32]. Thanks to the accurate and high-

resolution image analysis, variations in the coordination
number were detected to describe the fabric evolution of
the granular system. The size of the black sticker on each
particle is slightly smaller than the size of the particle.
Therefore, to determine contact between particles, after
identifying the outline of the black sticker, its diameter was
enlarged by 6.5% to determine contact.

Figure 12b shows the evolution of Z as the major prin-
cipal strain increases. At the start of the shearing process,
Z increases as new contacts are generated in the com-
pression phase, but as the specimen dilates, the Z decreases.
Z decreases significantly inside the shear band zones,
where higher particle rotations are also measured. This
suggests that particle rotation and Z are strongly correlated
and that it is easier for the particles to rotate if they have
low connectivity.

4.2.3 Evolution of particle rotation with shearing

Figure 13 shows the evolution of cumulative rotation dis-
tribution with major principal strain. At the start of the
shearing, most particles exhibit no rotation. The histogram
of 0.1% major principal strain indicates that only a few
particles encounter some rotation, while most particles
show no significant rotation. As the major principal strain
increases, particles exhibit more rotation, and distribution
becomes flatter and broader, indicating that rotation in the
assembly grows as the maximum principal strain grows.
However, the plots at different major principal strain values
are symmetrically distributed around the mean.

Figure 14 shows the increase in average cumulative
clockwise and counterclockwise rotation observed for all
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Fig. 13 Cumulative rotation density distribution evolution with major
principal strain (&;) for complete assembly
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Table 1 Average absolute cumulative rotations observed for small,
big particles and complete assembly at around 20% deviatoric strain

(03 = 39.2 kPa)
Description Rotation (°)
Small Big Complete
particles particles assembly
Clockwise 19.6 11.0 18.2
Counterclockwise 20.2 12.8 19.0
Absolute average 19.9 11.9 18.6
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Fig. 15 a History of absolute average cumulative rotation for big and
small particles b Coordination number evolution for big and small
particles (g3 = 39.2 kPa)

the particles in the assembly with major principal strain. It
can be seen that as the major principal strain increases,
rotations increase in both directions simultaneously. The
relationship between average cumulative rotation in either
direction and major principal strain can be nicely explained
by a linear polynomial regression function as indicated by
thin solid lines. For example, at 1.0% and 3.5% major
principal strain, the average clockwise rotation is 5.9° and
11.9°, while at the same instants, the average counter-
clockwise rotation is 5.8° and 12.2°, respectively. The
simultaneous growth of rotation in both clockwise and
counterclockwise directions verifies that any rotation in
either direction is accompanied by almost the same rotation
in the opposite direction throughout the test resulting in
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zero average particle rotation. Here it is interesting to note
that the average particle rotation keeps close to zero in the
tests where the principal strain axes are fixed (walls were
not allowed to rotate and the specimen’s rigid rotation is
fixed). Likewise, Calvetti [4] reported that, in compression
and shear tests wherein the principal axes were fixed, the
average value of particle rotation was close to the rigid
rotation of the specimen. However, the relation between
average particle rotation and specimen rigid rotation does
not hold in the tests wherein the continuous rotation of
principal axes was performed.

4.2.4 Particle size effect on rotation magnitude

Two sizes of circular particles are used in biaxial testing,
i.e., 10 mm and 6 mm diameters mixed at a 2:3 mixing
ratio by weight. Among 2674 particles, 499 are big and
2175 are small particles. The rotation of small and big
particles is analyzed to investigate the effect of particle
size. A particle’s size tends to affect the rotation
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b 39.2 kPa (identical to Fig. 8), and ¢ 58.8 kPa

Table 2 Average cumulative rotations observed under different
confining pressures at 20% deviatoric strain

Description Rotation (°)

19.6 kPa 39.2 kPa 58.8 kPa
Clockwise 19.71 18.18 18.28
Counterclockwise 17.41 18.99 18.71
Absolute average 18.56 18.59 18.54

magnitude, so smaller particles exhibit higher rotation
magnitudes. Figure 15a shows the comparison of observed
cumulative rotation for both sizes, wherein it can be seen

that as the shearing begins, the bigger particles exhibit
lesser rotations. At the end of shearing, the absolute aver-
age rotation is 19.9° and 11.9° for small and big particles,
respectively. On average, each small particle exhibits
around 67% higher rotation magnitude. Figure 15b shows
the evolution of the average coordination number for both
sizes. It is observed that bigger particles tend to maintain a
higher coordination number during shearing, which would
inhibit the rotation of bigger particles. Therefore, the
smaller rotation of bigger particles is associated with a high
coordination number. On the other hand, smaller particles
have low coordination numbers, which permits relatively
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easy rotation. Small particles play a role, like ball bearings
in between big particles, which reduces the overall shear
strength of the assembly. Table 1 shows the average rota-
tions observed for small particles, big ones, and complete
assembly.

4.2.5 Effect of confining pressure on the rotation

Biaxial tests with circular rods are conducted at three
confining pressures g3 = 19.6, 39.2, and 58.8 kPa. The
rotational behavior of circular assemblies is investigated
under all three confining pressures to verify the effect of
confining pressure. Interestingly, it is observed that the
confining pressure has no significant impact on the rota-
tional behavior of particles. Figure 16 shows the compar-
ison of cumulative rotation distribution histograms (same
as shown in Fig. 9) under different confining pressures. It
can be seen that all three plots show very similar distri-
bution patterns indicating that the overall rotational
behavior of all particles is not much affected by confining
pressure. Furthermore, rotations are symmetrically dis-
tributed around an average value of 0° in all cases.

Figure 17 shows the spatial distribution of cumulative
particle rotations under three confining pressures. In all
cases, significant rotations are exhibited by particles pre-
sent in shear localization zones, i.e., along diagonals of the
biaxial chamber. Furthermore, the rotation of particles on
boundaries is observed in all cases. Usually, it can be seen
that any rotation is accompanied by opposite rotating
neighboring particles. Moreover, group of neighboring
particles exhibiting rotations in same direction (rotation
clusters) can also be observed in all cases. Overall similar
rotational behavior is observed under different confining
pressures, which confirms that rotational behavior in
granular materials is not affected by the magnitude of
confining pressure. Table 2 shows the mean clockwise,
counterclockwise, and absolute rotations for three confin-
ing pressures.

5 Conclusions

Particle rotation of dual-sized circular assemblies is mea-
sured during the biaxial shearing test under three different
confining pressures. When circular assemblies are sub-
jected to deformations under loadings, particles displace
and rotate. The magnitude of displacement and rotation of
each particle depends on its location in the assembly and
size.

Due to rigid boundary conditions and strain-controlled
shearing, the particle displacements were governed by
boundary movements in such a way that the particles
present on top of the assembly moved downward initially.

@ Springer

Later, the trajectories diverted outward (toward side walls)
due to lateral expansion during shearing. The bottom wall
is fixed, so particles undergo very small displacement close
to the bottom wall. Unlike displacement patterns, the par-
ticles are free to exhibit any rotation. In all cases at around
20% deviatoric strain, more than 56% of particles show
significant rotations, i.e., greater than 10°. Around 49.5%
of particles exhibit clockwise, and 50.5% exhibit counter-
clockwise rotations of almost identical magnitudes, and the
average particle rotation was zero. Rotation in both direc-
tions (clockwise and counterclockwise) increases simulta-
neously with the major principal strain confirming zero
average rotation within the system at all instants. The
particles exhibit rapid rotations at the beginning stage of
the shearing, and as the deformations progress, the rotation
growth becomes moderate. Rapid rotations at the start of
the test indicate that as the deformation starts, the particles
try to stable themselves, and in doing that, they may exhibit
rotations. Big particles, due to high coordination number
tend to rotate lesser and hence proved to be more resistant
to rotations. Smaller particles due to low coordination
number rotate more and act like ball bearings between big
particles, which may reduce the overall shear strengths of
the assembly. The absolute average cumulative rotations
calculated at the end of shearing for o3 = 19.6, 39.2, and
58.8 kPa are 18.56°, 18.59°, and 18.54°, respectively,
verifying that confining pressure has no significant influ-
ence on rotational behavior. Particles present in the shear
band rotate more than particles present outside. Absolute
average cumulative rotation outside the shear band
increases from 0.1 to 4% major principal strain and
becomes almost constant while the rotations inside the
shear band rise immediately after the shearing starts and
keep increasing throughout the test. Thanks to the accurate
measurements of particle kinematics, it was possible to
measure particle connectivity, i.e., coordination number.
The results showed that the average particle connectivity
decreases during shearing and ultimately bands of particles
with low coordination numbers associated with higher
rotations develop. Kinematic analyses show that these
regions correspond to macroscopic shear bands.
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