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Abstract

The inter-particle contact evolution of two sheared granular materials, i.e., a spherical glass bead (GB) specimen and an angular
Leighton Buzzard Sand (LBS) specimen, is investigated non-destructively using X-ray micro-tomography. A miniature triaxial apparatus
is developed for the testing with in-situ scanning. Full-field X-ray CT images of the two specimens are obtained at different shearing
stages. A series of image processing and analysis techniques in combination with a particle-tracking approach is developed to detect
the inter-particle contacts and to determine the contact gain, the contact loss, and the contact movement during each shear increment.
It is found that the average coordination number (CN) experiences a strong change in the pre-peak shearing stage, and tends to reach a
steady value after the peak. As the shear progresses, the average CN of the particles with different sizes follows the same trend as the
overall average CN. Additionally, as the shear progresses, the branch vectors of the specimens, which, prior to shearing, are nearly
isotropically distributed for the rounded GB and concentrated along the horizontal direction for the angular LBS, are found to show
a directional preference towards the loading direction. The contact gain and the contact loss, which contribute to this directional pref-
erence, and the contact movement, which leads to the attenuation of the directional preference, are shown to be the two competing fac-
tors determining the evolution of the fabric anisotropy of granular materials. The higher degree of fabric anisotropy in the shear bands is
shown to be mainly attributed to the higher percentages of contact gain and contact loss when compared to that of the entire samples.
� 2018 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society.
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1. Introduction

Recent decades have witnessed an increasing interest in
the interpretation of the macro-scale mechanical behavior
of granular materials from the viewpoint of the grain scale.
The important role of the inter-particle contacts on the
macro-scale mechanical behavior of granular materials
under shear has been well recognized. It has been reported
in previous numerical studies that the average number of
tps://doi.org/10.1016/j.sandf.2018.08.008
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contacts per particle (i.e., the average coordination num-
ber) is closely related to the void ratio of granular materi-
als. This average coordination number changes and reaches
a stable value as the shearing progresses (Thornton, 2000;
Rothenburg and Kruyt, 2004). The fabric, which can be
defined in terms of contact normals, branch vectors, or par-
ticle orientation, etc., has been found to have a significant
influence on the mobilized strength and dilatancy of gran-
ular materials (Oda, 1972; Yimsiri and Soga, 2010). Studies
using DEM simulations (e.g., Rothenburg and Bathurst,
1989; Thornton, 2000) or photo-elastic pictures (Oda
et al., 1985) have also demonstrated that granular materials
exhibit an anisotropic contact network under shear in
which the contact vectors (i.e., particle contact normals
Japanese Geotechnical Society.
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and branch vectors) show a directional preference towards
the loading direction.

The rapidly developing X-ray micro-tomography and
the accompanying image processing techniques have been
increasingly used as powerful tools for investigating the
grain-scale behavior of granular materials. These tools have
provided valuable insights into the characterization of par-
ticle size, orientation, and morphology (e.g., Fonseca et al.,
2012; Zhou et al., 2015; Zhao and Wang, 2016), as well as
an understanding of the grain-scale behavior of granular
materials, including particle crushing (e.g., Zhao et al.,
2015), particle kinematics (e.g., Andò et al., 2012;
Watanabe et al., 2012; Alshibli et al., 2016), void ratio evo-
lution (e.g., Frost and Jang, 2000), and strain localization
(e.g., Desrues et al., 1996; Oda et al., 2004; Hall et al.,
2010; Higo et al., 2011, 2013; Alikarami et al., 2015), etc.

The increasing spatial resolution of X-ray micro-
tomography also provides possibilities for the characteriza-
tion of the inter-particle contacts of granular materials.
Despite the fact that an inherent problem of X-ray
micro-tomography (i.e., the partial volume effect) generally
leads to an over-estimation of the inter-particle contacts,
X-ray micro-tomography provides reliable experimental
results consistent with those obtained from numerical stud-
ies. For example, Fonseca et al. (2013a, b, 2016) quantified
the fabric evolution in terms of the branch vectors and con-
tact normals of intact and reconstructed samples of Reigate
sand under shear. The contact orientation was also studied
through the implementation of watershed algorithms on
binary 3D images (e.g., Viggiani et al., 2013; Andò et al.,
2013) and the use of mathematical level set functions on
grey-scale 3D images (e.g., Vlahinić et al., 2014; Vlahinić
et al., 2017) obtained from X-ray micro-tomography. In
particular, it is found that through the use of a local thresh-
old image segmentation and an increase in the spatial res-
olution of X-ray micro-tomography, the over-estimation
of the inter-particle contacts can be significantly reduced
(Wiebicke et al., 2017a). These studies have provided deep
insights into the evolution of inter-particle contacts during
the shearing of granular materials.

The aim of the current study is to further explore the
potential use of X-ray micro-tomography and advanced
image processing techniques to investigate the inter-
particle contact evolution (i.e., the contact gain, the contact
loss, and the contact movement) of granular materials. The
novel contribution of this paper lies in the experimental
quantification of the contact gain, the contact loss, and
the contact movement, and its effects on the fabric evolu-
tion of two granular materials under shear through the
combined application of a series of image processing and
analysis techniques and a particle-tracking approach
(Cheng and Wang, 2017). In the following, the experimen-
tal setup and the materials employed in the experiments are
firstly introduced. Then, the image processing and analysis
techniques used for the extraction of particles from raw CT
images, the detection of inter-particle contacts, and the
determination of the contact gain, the contact loss, and
the contact movement are presented. Finally, the results
of the stress-strain response, the evolution of particle dis-
placement, the coordination number, the branch vector ori-
entation, the contact gain, the contact loss, and the contact
movement are presented and analyzed.

2. Experimental setup and materials

2.1. Experimental setup

The triaxial compression tests in the current study are
carried out by means of synchrotron micro-tomography
at the BL13W beam-line of the Shanghai Synchrotron
Radiation Facility (SSRF). This X-ray imaging device is
composed of parallel beams, a motor-controlled rotation
stage, and a detector. The setup can supply the parallel
X-ray beams with energy ranging from 8 to 72.5 keV and
the detector with different pixel sizes (e.g., 13 lm, 9 lm,
6.5 lm, 3.25 lm, 0.65 lm, and 0.325 lm, etc.), and can be
chosen depending on the scanned object (i.e., its optical
properties), spatial resolution, and scanning-size require-
ments. Hence, it is capable of obtaining 3D high resolution
images. In the present tests, an X-ray beam with energy of
25 keV is used to scan the specimens; it produces a good
contrast between the grain particles and the void spaces.
The detector has a spatial resolution of 6.5 lm.

In order to conduct the in-situ tests, a miniature triaxial
compression apparatus is specially fabricated to supply
confining stress and deviatoric stress to the samples, as
shown in Fig. 1(a). The apparatus is light in weight and
small in size to facilitate its mounting onto the rotation
stage, so that the whole apparatus can be rotated 180
degrees at a constant rate during scanning. The axial load
device of this apparatus is composed of a servo-controlled
stepping motor and a screw jack driven by a worm and a
worm gear. The confining stress is provided by a pressure
controller. The apparatus allows for triaxial compression
testing of a sample with a confining pressure up to
2 MPa and a constant loading rate in the range of 1–
1000 lm=min. In the tests, the samples are firstly isotropi-
cally compressed to a stress of 500 kPa and then sheared at
a constant rate of 0.2%/min. The shearing is paused at dif-
ferent levels of axial strain (e.g., 0%, 1%, 2%, and 4%, etc.)
to acquire synchrotron micro-tomography scans. Owing to
the limited scanning size, i.e., 13.31mmðwidthÞ � 5:33mm
(height), the 16-mm-high samples need to be divided into
four sections for each scan. It should be noted that there
is an overlap of about 1.33 mm between any two consecu-
tive sections, which is needed for image stitching. The scan-
ning of a whole sample during each pause takes about
10 min. For the easy presentation of the results, Fig. 1(b)
shows the orientation of the sample, where the YZ plane
is chosen such that the normal vector of the shear band lies
within the YZ plane. The XZ plane is orthogonal to the YZ
plane and both planes contain the sample axis.



(a) 

(b) 

Shear band 

Sample 

YZ plane 
XZ plane 

Z 

X 
Y 

Fig. 1. Miniature triaxial compression apparatus and sample orientation
(a) triaxial apparatus (b) orientation of the sample.
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Fig. 2. Particle size distribution of the tested materials.
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2.2. Materials tested

Two granular materials are tested in this study. One
consists of glass beads (GBs), with a nearly spherical shape,
from Zhaotong Micro Glass Bead Business, Guangzhou,
China. The other is Leighton Buzzard Sand (LBS), with
an angular shape, which has been studied previously by
Zhao et al. (2015) in single particle compression tests.
These two materials are used to examine whether or not
the particle shape affects the inter-particle contacts. Fig. 2
shows the grading curves of the two materials. As is seen
in this figure, the GB grains have a diameter of 300–600
lm and the LBS grains have a diameter of 400–800 lm.
Both materials are made into dry cylindrical samples, with
a diameter of about 8 mmand a height of about 16 mm,
by air pluviation. The GB sample has about 16,000 grains
and the LBS sample has about 4600 grains. The large grain
diameters and the small sample size are used in this study
to achieve a high spatial resolution (e.g., a grain of d50

has about 174,000 voxels) and a full-field scanning of the
samples, as the detection of inter-particle contacts relies
highly on the high spatial resolution. In the current study,
the GB sample and the LBS sample have initial porosities
of 0.331 (relative density Dr = 125.6%) and 0.343 (relative
density Dr = 127.7%), respectively. The initial porosities
are acquired through the measurement of the 3D CT
images of the samples after the confining stress has been
applied.
3. Image processing and analysis

3.1. Image reconstruction, smoothing, thresholding, and
particle segmentation

The raw projection images obtained from the syn-
chrotron micro-tomography scans must be reconstructed
into CT slices, then transformed into binary images, and
eventually transformed into labelled images for which each
particle and contact are individually identified. These
labelled images are used to detect the inter-particle contacts
and to compute the particle properties (e.g., particle vol-
ume, centroid, etc.).

The reconstruction of the CT slices is performed on
PITRE (Chen et al., 2012) from SSRF, where a series of
raw projections obtained at different angles is transformed
into a stack of grey-scale CT slices. A series of image pro-
cessing techniques is then implemented on these CT slices.
Fig. 3 illustrates the image processing procedure for typical
GB and LBS slices in the isotropic compression state. It
should be noted that the image processing procedure is per-
formed on 3D images, i.e., stacks of 2D images.

Firstly, an anisotropic diffusion filter (Perona and
Malik, 1990) is applied to remove the noise from the
grey-scale raw CT images shown in Fig. 3(a). The anisotro-
pic diffusion filter has the advantage of removing noise
from features and backgrounds of the images while pre-
serving the boundaries and enhancing the contrast between
them. This is achieved by setting a diffusion stop threshold
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Fig. 3. Illustration of image processing procedure on typical CT slices (a) grey-scale raw CT image (b) smoothed grey-scale image (c) binary image (d)
labelled image.
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value, which is determined by a parametric study. Each
voxel in the image is diffused unless the difference in inten-
sity between the voxel and its six face-centered neighboring
voxels exceeds the threshold value. The resulting images
are the smoothed grey-scale images shown in Fig. 3(b).

Secondly, global thresholding is applied to the filtered
grey-scale images to transform them into binary images
(Fig. 3(c)). It should be noted that the use of a global
threshold in the image binarization may result in the
over-detection of contacts because of the partial volume
effects of the CT images, in which the interface voxels
between the grains and the voids have lower intensities
than those within the grains (e.g., Cnudde and Boone,
2013; Wiebickea et al., 2015; Weis and Schröter, 2017).
However, these effects can be alleviated through the use
of a local threshold, an increase in the spatial resolution
of the X-ray micro-tomography, or the use of CT images
of objects with sharp edges (Wiebicke et al., 2017a, b). It
is believed that the effects were minimized in the current
study because of the high spatial resolution (i.e., 6.5 lm
(0.014d50)) of the X-ray synchrotron device and the sharp-
ness of the grain edges in the CT images. Meanwhile, a
parametric study on the over-estimation of inter-particle
contacts was carried out. The results show that a slight
over-estimation of the inter-particle contacts does not have
a significant influence on the experimental results (Cheng,
2018).

Thirdly, in the particle segmentation, an opening opera-
tion with a 7� 7� 7 (voxels) ball-shaped structural ele-
ment is applied to the binary images to clear the isolated
noisy voxels generated in the thresholding. It should be
noted that the opening operation modifies the measured
X-ray attenuation field at particle contacts during the
removal of the noise. A parametric study is performed,
and it is found that the use of an opening operation does
not have a significant effect on the final contact detection
results in the current study (Cheng, 2018). A chamfer dis-
tance transformation (Borgefors, 1986) is performed on
the filtered binary images and a marker-based watershed
algorithm (Wählby, 2004) is applied to them to obtain
the watershed lines used to separate the individual particles
and the extracted contacts. The separated particles and the
extracted contacts are obtained by performing the logical
operation ‘NOT’ and the logical operation ‘AND’ between
the filtered binary images and the images of the watershed
lines, respectively.

The binary images with separated particles (or contacts)
are converted into labelled images for which each particle
(or contact) corresponds to an isolated region and has a
unique intensity value. It can be seen in Fig. 3(d) that indi-
vidual grains are well identified for both images of GB and
LBS. It should be noted that the contact voxels are
removed in Fig. 3(d).

Fig. 4 illustrates the extraction of the inter-particle con-
tacts from the 2D slices. The watershed lines pass through
the inter-particle contacts between any two overlapping
particles (if they are successfully separated in the end) in
the binary images. If any two neighboring particles are iso-
lated, however, the watershed lines pass through the inter-
particle voids. As the touching particles are successfully
separated, the watershed lines are believed to have success-
fully detected the locations of the inter-particle contacts
(i.e., if there is a contact between two particles) of the gran-
ular materials. There may be a certain degree of errors in
the shapes of the extracted contacts of the granular materi-
als, which can result in significant errors in the determina-
tion of the contact orientations of the granular materials
(Andò et al., 2013; Jaquet et al., 2013). However, in the
current study, we use branch vectors, whose orientations
are not sensitive to these errors, to examine the fabric
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Fig. 4. Illustration of extraction of inter-particle contacts in 2D slices (a) GB (b) LBS.
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evolution of the granular system. Thus, the influence of
these errors is largely avoided. Meanwhile, it is worth men-
tioning that the contacts of a sample under loading can
generally be categorized into load-bearing contacts, that
form strong force chains, and a complementary weak net-
work of contacts that provides lateral supports to the
strong force chains (e.g., Muthuswamy and Tordesillas,
2006; Barreto and O’Sullivan, 2012). The load-bearing con-
tacts are the contacts whose contact forces are above the
average contact force. As these contacts carry the majority
of the external loads, they largely affect the mechanical
behavior of granular materials. For example, the failure
of granular materials under shear is generally associated
with the collapse of the load-bearing contacts (e.g.,
Tordesillas et al., 2010). For the extracted contacts in this
study, we do not distinguish between load-bearing contacts
and weak contacts, due to the lack of the measurement of
the contact forces. However, recent studies using contact
network topology to estimate the load-bearing contacts
of granular materials (e.g., Tordesillas et al., 2010;
Fonseca et al., 2016) and the estimation of contact forces
based on particle kinematics (e.g., Tolomeo et al., 2017)
have provided possible ways to estimate the load-bearing
contacts using X-ray micro-tomography imaging
techniques.

3.2. Characterization of particle properties

The particles’ volume and centroid coordinates are
obtained from the labelled images of the particles. The vol-
ume of a particle is calculated as the number of voxels mul-
tiplied by the voxel size (i.e., (6.5 lm)3). The particle
centroid coordinates are expressed as the mean value of
the coordinates of all voxels composing the particle. These
particle properties can be calculated using the intrinsic
MATLAB (Mathworks, 2013) function regionprops (i.e.,
Area.regionprops and Centroid.regionprops).

A particle-tracking method, similar to the one proposed
by Andò et al. (2012), has been developed by Cheng and
Wang (2017) to track particles at different shearing stages
(i.e., at different scans). This particle-tracking method
makes use of the lists of particle volume, particle surface
area, and particle centroid coordinates obtained from the
labelled images of two consecutive scans to match the par-
ticles in the deformed configuration (i.e., the earlier scan) to
the reference configuration (i.e., the later scan). The track-
ing results are used to determine the particle displacement
and, more importantly, the inter-particle contact evolution.
The displacement of a particle is calculated as the vector
from the centroid of the reference particle, i.e., the particle
in the reference configuration, to the centroid of the
deformed particle, i.e., its match particle in the deformed
configuration.

3.3. Detection of inter-particle contacts

A code is developed to detect the inter-particle contacts
based on the labelled image of the particles (denoted as Lp)
and the labelled image of the contacts (denoted as Lc). The
labelled image of the contacts is dilated using a 3� 3� 3
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cubic structuring element mask (i.e., L
0
c ¼ Lc � SE, where L

0
c

is the resulting image after the dilation and SE is the struc-
turing element). The SE is a small matrix of pixels, each
with a value of one or zero. In this study, all of the 27 pixels
in the 3� 3� 3 matrix have the value of one. The dilation
process moves the structuring element across the image,
similar to convolution, to determine whether or not to set
the pixel in question (i.e., the pixel in the image located
at the centroid of the structuring element) to one in the out-
put image. This pixel is set to one if, for all pixels in the
structuring element with the value of one, there is at least
one pixel in the image whose value is also one at the same
position (Serra and Soille, 1994). Two particles are deter-
mined to be in contact with each other if both particles
have a nonempty intersection with the same dilated contact
region.

Fig. 5 illustrates a 2D example of the inter-particle con-
tact detection process. In the labelled image of particles Lp

shown in Fig. 5(a), the ith and jth particles are denoted by
the green region with the intensity value of pi and the
yellow region with the intensity value of pj, respectively.
The kth contact in the labelled image of contacts Lc is
denoted by the grey region in Fig. 5(b). A dilated image
of contact L
0
c, shown in Fig. 5(c), is obtained by dilating

the labelled image of contacts Lc with a 3� 3 square struc-
turing element, SE (i.e., a 3� 3 matrix of pixels all having
the value of one). Contact k is determined to be a contact
between particle i and particle j as both particles have a
nonempty intersection with the dilated contact region
(denoted by ck) in Fig. 5(c), as seen in the green and yellow
regions shown in Fig. 5(d).

This code is implemented for both GB and LBS and is
found to work with high efficiency (Tens of thousands of
contacts are detected within only several minutes.). Fig. 6
(a)–(d) show typical inter-particle contacts between two
GB grains and two LBS particles, respectively. It should
be noted that for particles with irregular shapes (e.g., con-
cave particles), more than one isolated contact region could
be assigned to the same particle pair (e.g., those LBS grains
shown in Fig. 6(d)). In this case, these isolated regions are
regarded as one contact. This simplification is made
because of the lack of techniques in tracking multiple con-
tacts between two particles at different loading states. For
this reason, we propose the estimation of the contact
evolution of granular materials in terms of branch vectors
through a combined use of the contact detection technique



Fig. 6. Illustration of typical inter-particle contacts (particles are shown in green and blue and contacts are shown in red) (a) an overall view of a GB
contact (b) a close-up view of a GB contact (c) an overall view of a LBS contact (d) a close-up view of a GB contact.
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and the particle tracking technique. It is expected that the
evolution of these branch vectors will provide new insights
into the fabric evolution of granular materials.

Once all the particle pairs in contact are determined, the
coordination number (CN) of each particle is calculated as
the number of particles in contact with it. The branch vec-
tor of a particle pair in contact is expressed as the vector
from one particle centroid to the other particle centroid.

The inter-particle contact evolution of GB and LBS is
investigated by combining the inter-particle contact detec-
tion and the particle-tracking technique. Fig. 7 illustrates
three typical types of inter-particle contact evolution that
may occur in a loading increment, which includes contact
loss (Fig. 7(a)), contact gain (Fig. 7(b)), and contact move-
ment (Fig. 7(c)). In a real scenario, contact movement
includes both contact rotation and contact translation.
Both are considered in the contact detection algorithm.
Additionally, the contact gain, contact loss, and contact
movement occur continuously and there may be several
times of contact update (i.e., the creation or separation of
a contact) between two particles during a strain interval
(e.g., Hanley et al., 2014). In this regard, an analysis based
on smaller-size strain intervals generally gives a better
interpretation of the inter-particle contact evolution. How-
ever, as the change in the number of inter-particle contacts
is a gradual process during the shear (e.g., Thornton, 2000;
Hanley et al., 2014), the adoption of a relatively larger-size
strain interval is believed to have little effect on the overall
results. Thus, the four typical strain increments (i.e., two
strain increments at the pre-peak stage and two strain
increments at the post-peak stage) during the shear are
adopted for the illustration, and the inter-particle contact
evolution is determined purely according to the start and
the end of each shear increment.

Fig. 8 demonstrates the process of the determination of
the type of inter-particle contact evolution during a loading
increment. In each loading increment (e.g., from loading
state 1 to loading state 2), a particle pair list (i.e., a list of
particle pairs where each particle in loading state 1 is
matched to one in loading state 2) is firstly determined
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using the particle-tracking algorithm, as seen in Fig. 8.
Subsequently, for each particle pair in the list (e.g., particle
i0 and particle j0), a contact list of each particle is deter-
mined. The two contact lists are then compared with the
particle pair list to determine the type of inter-particle con-
tact evolution. The contact lists of particle i0 (i.e.,
i1; i2; i3; i4; and i5) and particle j0 (i:e:; j1; j2; j3 and j4) are
taken as examples. For particles i1; i2; and i5 in loading
state 1, as their match particles in loading state 2 (i.e.,
j3; j4 and j1) are in the contact list of particle j0, the type
of evolution for their contacts with particle i0 are deter-
mined as the contact movement. The contacts of particles
i3 and i4 with particle i0 are lost during the loading incre-
ment because their match particles (i.e., j5 and j6) are not
in contact with particle j0. Similarly, the type of evolution
for the contacts between j2 and j0 is contact gain as the
match particle of j2 (i.e., i6) is not in the contact list of par-
ticle i0.

4. Results

4.1. Stress-strain behavior

Fig. 9(a) and (b) show the deviatoric stress vs. the axial
strain, and the volumetric strain vs. the axial strain of the
GB sample and the LBS sample, respectively, sheared
under a confinement of 500 kPa. Each sample is scanned
5 times during the shear (i.e., at axial strains e1 of 0%,
2.02%, 3.96%, 8.06%, and 12.14% for GB, and 0%,
0.98%, 4.94%, 10.40%, and 15.34% for LBS). The scanning
points are marked for both GB and LBS in Fig. 9(a). It can
be seen in Fig. 9(a) and (b) that both samples show strain
softening and volumetric dilation, which is expected for
dense granular materials. The peak deviatoric stress of
both samples occurs around the third scan (i.e.,
e1 ¼ 3.96% for GB and e1 = 4.94% for LBS). The critical
state friction angles of LBS and GB from the tests are
about 32� and 23�, respectively. These values are very close
to those obtained from the conventional triaxial tests on
large samples (e.g., Cavarretta et al., 2010; Yang and
Luo, 2015; Fu et al., 2017).

4.2. Particle displacement

Through particle tracking, particles in a later scan are
matched to those in an earlier scan. The displacement of
particles during each two consecutive scans is calculated.
Figs. 10 and 11 present the vertical slices located in the
YZ plane (Fig. 1(b)) of the particle displacement of GB
and LBS, respectively, occurring during the loading
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process. It can be seen that both specimens exhibit failure
along a well-defined single shear band. From Fig. 10(b),
the particle displacement field of the GB specimen shows
the onset of a localized shear zone at the axial strain incre-
ment of e1 = 2.02–3.96%, where the deviatoric stress shown
in Fig. 9(a) reaches the peak. The displacement fields in
Fig. 10(c) for GB and Fig. 11(c) for LBS both become
clearly localized after the peak (i.e., e1 = 3.96–8.06% for
GB and e1 = 4.94–10.40% for LBS). A well-developed sin-
gle shear band can be seen in the last strain increments for
both GB (i.e., e1 = 8.06–12.14%) in Fig. 10(d) and LBS
(i.e., e1 = 10.40–15.34%) in Fig. 11(d). The shear bands of
GB and LBS have thicknesses of about 6 d50 and 5 d50,
respectively, which are smaller than those observed in large
sample tests (Han and Drescher, 1993; Desrues et al.,
1996). This may be related to the limited number of grains
within the samples. It should be noted that for both mate-
rials, the particle displacement at the top left corner is
slightly higher than that at the top right corner within each
shear increment. This is because of the free top pedestal,
which allows for a rotation of the pedestal during the
shearing. It was reported that the rotation of the top ped-
estal led to a lower initial stiffness at small axial strains
(e.g., e1 < 0:1%), but it is not expected to have large effects
on the overall stress and strain behavior of the samples at
large axial strains (Gasparre et al., 2014; Ye et al., 2015).
The objective of this paper is to explore the inter-particle
contact evolution during triaxial shearing, which is believed
to be very slightly influenced by the free pedestal.

4.3. Coordination number (CN) and branch vector

orientation (BV)

Fig. 12(a) and (b) present the frequency distributions of
the coordination number (CN) of the GB grains and the
LBS grains, respectively, at different axial strains. The
porosities of the samples at each axial strain are also pre-
sented. As shown in these figures, the peak frequency
occurs at CN = 6 in the isotropic compression state for
both materials. The peak frequency moves gradually to
CN = 5 as the porosities of the samples increase during
the shear. Prior to the peak deviatoric stress (i.e., e1 = 0–
3.96%), the GB displays an apparent increase and decrease
in the frequency of the CN lower and higher than 6, respec-
tively (Fig. 12(a)). In the post-peak stage (i.e., e1 = 3.96–
12.14%), the frequency distribution tends to stabilize. In
Fig. 12(b), the LBS displays a behavior similar to that of
GB, except that in the pre-peak stage (i.e., e1 = 0–0.98%),
where a slight decrease in sample porosity occurs, the fre-
quency distribution of the CN shows no noticeable change.

Fig. 13(a)–(d) plot the average coordination number
(CN) vs. the axial strain and the average coordination num-
ber (CN) vs. the particle diameter for GB and LBS, respec-
tively. The average CN for particles with a specific
diameter (size-dependent average CN) is calculated as the
total CN of the grains divided by the number of grains.
It can be seen in Fig. 13(a) that the overall average CN
(i.e., the average CN for all particles) of GB, starting from
6.43 in the isotropic compression, decreases noticeably to
5.83 in the pre-peak shear (i.e., e1 = 0–3.96%), and then
drops slightly to 5.67 in the post-peak shear to
e1 = 12.14%. As shown in Fig. 13(b), except for a slight
increase in the early shear stage (i.e., e1 = 0–0.98% where
a slight decrease of sample porosity occurs), the overall
average CN of LBS exhibits a similar behavior to that of
GB in the post-peak shear. This is in agreement with the
previous observations (e.g., Thornton, 2000; Rothenburg
and Kruyt, 2004; Fonseca, et al., 2013b; Gu et al., 2014)
that dense granular materials display a significant change
in CN in the pre-peak shear and tend to reach a stable
CN in the critical state of shearing. In addition, it is inter-
esting to note that for both GB in Fig. 13(a) and LBS in
Fig. 13(b), the size-dependent average CN follows the same
trend as the overall average CN. The decrease in the



Fig. 10. Particle displacement of GB sheared under 500 kPa during the axial strain increments of (a) 0–2.02% (b) 2.02–3.96% (c) 3.96–8.06% (d) 8.06–
12.14%.
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average CN is associated with the increase in sample poros-
ity throughout the shear. This can be seen clearly from the
evolution of the size-dependent average CN in Fig. 13(c)
and (d). Furthermore, the size-dependent average CN
decreases almost linearly with the decrease in particle diam-
eter during the whole shearing process.

The distributions of branch vector orientations of GB
and LBS are shown in Fig. 14(a), (b) and Fig. 13(c), (d),
respectively, in the form of frequencies plotted in spherical
coordinates. The bin interval for the frequency calculation
is 7.2� for GB and 15� for LBS, because of the different
numbers of particles in the samples. The results in the
XZ plane and the YZ plane (Fig. 1(b)) are presented. It
can be seen in Fig. 14(a) and (b) that, for GB prior to
the shear, the branch vectors show a nearly isotropic distri-
bution. In the pre-peak shear (i.e., e1 = 0–3.96%), the dis-
tribution experiences a significant loss in frequency in the
horizontal direction and a slight gain in the vertical direc-
tion. This anisotropic distribution of the branch vectors
undergoes little change in the post-peak shear (i.e.,
e1 = 3.96–12.14%). For LBS, the distribution of branch
vectors exhibits a bias towards the horizontal direction in
the isotopic compression (Fig. 14(c) and (d)). This is
expected as the LBS grains are angular in shape and the
particles tend to lie in the most stable position when they
are deposited. However, as the shear progresses, the distri-
bution changes to show a directional preference towards
the vertical direction similar to that of GB. These findings



Fig. 11. Particle displacement of LBS sheared under 500 kPa during the axial strain increments of (a) 0–0.98% (b) 0.98–4.94% (c) 4.94–10.40% (d) 10.40–
15.34%.
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are in agreement with those reported in previous studies on
sheared sand (e.g., Fonseca et al., 2013a; Druckrey et al.,
2016). The realignment of these vectors along the loading
direction is attributed to the requirement of the granular
materials to resist the vertical load.

4.4. Evolution of inter-particle contacts

The evolution of the percentages of contact gain, con-
tact loss, and contact movement of the tracked GB and
LBS grains within the samples and the shear bands (see
Figs. 10(d) and 11(d)) during the shearing process is pre-
sented in Fig. 15(a) and (b), respectively. For both materi-
als, with all the increments in shear for the samples, the
percentage of contact movement is much higher than that
of contact loss or contact gain. The percentage of contact
loss is always higher than that of contact gain throughout
the shear, except for LBS in the shear increment of e1 = 0–
0.98%, where the contact gain percentage is higher. This is
expected as the higher percentage of contact loss than con-
tact gain leads to a decrease in the average coordination
number, as shown in Fig. 13(a), (b). For both materials,
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within the shear bands, the contact gain, the contact loss,
and the contact movement follow the same trend as those
within the samples. However, there are much higher per-
centages of contact gain and contact loss within the shear
bands than the percentages within the entire samples, espe-
cially in the post-peak shear increments.

Figs. 16 and 17 present the orientation frequencies of the
branch vectors from different types of inter-particle contact
evolution (i.e., contact gain, contact loss, and movement)
within the entire samples and the shear bands throughout
the shearing process for both GB and LBS materials,
respectively. For the contact gain and contact loss, the
branch vector orientation frequencies of the gained con-
tacts and the lost contacts, at the end and at the start of
each shear increment, respectively, are plotted. For the
contact movement, the frequency is plotted at both the
start and the end of each shear increment. The bin intervals
used for the entire samples of GB and LBS are the same as
those used in Fig. 14. In the calculation of the branch vec-
tor orientation frequencies in the shear bands, a bin inter-
val of 14.4� for GB and 30� for LBS is adopted because of
the smaller amount of branch vectors. Only the results in
the YZ plane (Fig. 1(b)) are presented due to the limited
space. As illustrated in Figs. 16(a), (b) and 17(a), (b), for
the entire samples and the shear bands of both GB and
LBS, the branch vectors of the gained contacts in the early
shear increments (i.e., e1 = 0–2.02% for GB and e1 = 0–
0.98% for LBS) exhibit a strong bias to the loading direc-
tion, and then the bias is gradually weakened afterwards.
Correspondingly, the branch vectors of the lost contacts
display a directional preference towards the horizontal
direction in the early shear, which also gradually decreases
in the subsequent shear (Figs. 16(c), (d) and 17(c), (d)). It is
interesting to note that the branch vectors of the moved
contacts exhibit a lower bias in the loading direction at
the end than at the start of each shear increment in both
the shear bands and the entire samples (Figs. 16(e) and
17(e)). For contact movement only, the results from the
final shear increments are presented because of the limited
space.
4.5. Fabric tensor analysis

Many fabric tensors (Kanatani, 1984; Oda, 1982;
Satake, 1982) have been proposed to characterize granular
materials in terms of various kinds of directional data, such
as contact normal vectors, branch vectors, particle orienta-
tions, and void spaces. A second-order fabric tensor, fol-
lowing Satake (1982), is used to quantitatively investigate
the preferred orientation of the branch vectors. In particu-
lar, the branch vectors of the gained, lost, and moved con-
tacts of GB and LBS during the shear are also examined.

The tensor is calculated as Eq. (1):

F ij ¼ 1

N

XN
k¼1

nki n
k
j ; ð1Þ

where N is the total number of vectors and nki is the com-
ponent of the kth unit orientation vector along direction i.

Referring to Yimsiri and Soga (2010), a single parameter
a can be used to quantify the anisotropy of the distribution
of the vectors’ orientation in axis-symmetric systems.
Parameter a is related to a Fourier series expression of
the orientation distribution function of the vectors and
can be obtained by equating the fabric tensor determined
by Eq. (1) with the expression given in Eq. (2):
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The average of the a values calculated from the three
diagonal elements of the fabric tensor (i.e., F11, F22, and
F33) is used to characterize the degree of anisotropy of
the vector distribution. a ¼ 0 denotes completely isotropic;
the vectors tend to concentrate in the vertical direction (i.e.,
direction 3) when a > 0, and they tend to concentrate in the
horizontal direction (i.e., direction 1 and direction 2) when
a < 0.

Fig. 18(a) and (b) show the variations in anisotropy
coefficient a of the overall branch vectors, and the branch
vectors of the gained, lost, and moved contacts for GB
and LBS, respectively, as the shear progresses. The overall
branch vectors for both GB, which initially are nearly
isotropically distributed with a � 0, and LBS, which are
initially concentrated along the horizontal direction with
a < 0, experience an increase in the degree of anisotropy
along the vertical direction during the shear. Correspond-
ingly, the branch vectors of the gained contacts and the lost
contacts undergo a decrease in the degree of anisotropy
along the vertical and horizontal directions, respectively.
On the one hand, the contact gain and contact loss clearly
contribute to the increase in the degree of anisotropy of the
overall branch vectors along the vertical direction. On the
other hand, the movement of the contacts leads to the
decrease in the degree of anisotropy, because the contacts
before movement show a higher degree of anisotropy along
the vertical direction than those after the movement
throughout the shear. Therefore, it can be concluded that
the evolution of the anisotropy of granular materials is a
combined result of the enhancement of anisotropy along
the major principal stress direction (i.e., the vertical direc-
tion), caused by the contact gain and the contact loss,
and the anisotropy attenuation caused by the contact
movement.

Fig. 19 shows the evolution of anisotropy degree a of the
entire samples and the shear bands. It can be seen from this
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figure that for both GB and LBS, the degree of anisotropy
of the shear bands is always higher than that of the entire
samples throughout the shear, which indicates a higher
degree of bias of the branch vectors to the loading direction
within the shear bands than in the entire samples. This is
mainly because of the higher percentages of contact gain
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Fig. 17. Orientation frequency of branch vectors with different types of inter-particle evolution of LBS (a) (c) contact gain and contact loss within the
sample (b) (d) contact gain and contact loss within the shear band (e) contact movement during the shear increment of 10.40–15.34%.
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and contact loss (see Fig. 15(a) and (b)) within the shear
bands than in the entire samples.

5. Conclusions

This paper has presented the use of X-ray micro-
tomography to quantify the inter-particle contact evolution
of two granular materials, i.e., nearly spherical-shaped
glass beads (GBs) and angular-shaped Leighton Buzzard
sand (LBS), under shear. The image processing and analy-
sis techniques used detect the inter-particle contacts have
been presented. The inter-particle contact evolution, i.e.,
the contact gain, the contact loss, and the contact move-
ment, during the shearing process has been quantitatively
investigated by combining the inter-particle contact detec-
tion and a particle-tracking approach. The main conclu-
sions are as follows:
The frequency distribution of the coordination number
(CN) tends to shift toward the direction that decreases
the overall average coordination number in the shear.
The shift is obvious in the volumetric dilation process of
the pre-peak shear stage, and gradually tends to a stabilized
state in the post-peak shear stage. The average coordina-
tion number of particles with different sizes (i.e., the size-
dependent average CN) is found to follow the same trend
as the overall average coordination number during the
shear, with larger-size particles having higher average coor-
dination numbers.

The overall branch vectors of the spherical GB show a
nearly isotropic distribution prior to loading, while those
of the angular LBS tend to have, on average, a higher fre-
quency oriented in the horizontal plane. For both materi-
als, the branch vectors are found to develop a directional
preference towards the loading direction as the shear pro-
gresses, which is clearly observed in the pre-peak shear
and found to reach a relatively steady state in the post-
peak shear.

The contact gain and the contact loss in a shear incre-
ment, which only account for a small fraction of the total
number of contacts, are found to play a very important
role in the shear-induced anisotropy. This factor and the
contact movement are shown to be the two competing fac-
tors in the determination of the evolution of the anisotropy
of granular materials. The contact gain and the contact loss
drive the overall branch vectors to show a directional pref-
erence towards the major principal stress direction,
whereas the contact movement is found to attenuate this
directional preference. In the pre-peak shear, the aniso-
tropy of the overall branch vectors clearly increases
because the contact gain and the contact loss show a strong
anisotropy. It reaches a relatively steady state in the post-
peak shear when the anisotropy degree values of contacts
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(i.e., the gained contacts, lost contacts and moved contacts)
gradually become stable. The higher percentages of contact
gain and contact loss throughout the shear lead to a higher
degree of fabric anisotropy of the shear bands when com-
pared to those of the entire samples. The above findings
provide a novel insight into the inter-particle contact evo-
lution of granular materials and should serve as experimen-
tal evidence of previous findings in DEM simulations.
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Jaquet, C., Andó, E., Viggiani, G., Talbot, H., 2013. Estimation of
separating planes between touching 3D objects using power watershed.
In: International Symposium on Mathematical Morphology and Its
Applications to Signal and Image Processing. Springer, Berlin,
Heidelberg, pp. 452–463.

Kanatani, K.-I., 1984. Distribution of directional data and fabric tensors.
Int. J. Eng. Sci. 22 (2), 149–164.

Mathworks (2013) MATLAB, Version R2013a.
Muthuswamy, M., Tordesillas, A., 2006. How do interparticle contact

friction, packing density and degree of polydispersity affect force
propagation in particulate assemblies? J. Stat. Mech: Theory Exp. 2006
(09), 09003.

Oda, M., 1972. Initial fabrics and their relations to mechanical properties
of granular material. Soils Found. 12 (1), 17–36.

Oda, M., 1982. Fabric tensor for discontinuous geological materials. Soils
Found. 22 (4), 96–108.

Oda, M., Nemat-Nasser, S., Konishi, J., 1985. Stress-induced anisotropy
in granular masses. Soils Found. 25 (3), 85–97.

Oda, M., Takemura, T., Takahashi, M., 2004. Microstructure in shear
band observed by microfocus X-ray computed tomography. Géotech-
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Viggiani, G., Andò, E., Jaquet, C., Talbot, H., 2013. Identifying and
following particle-to-particle contacts in real granular media: an
experimental challenge. AIP Conf. Proc. 1542 (1), 60–65.
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tomography. Géotechnique 65 (8), 625–641.

Zhou, B., Wang, J., Zhao, B., 2015. Micromorphology characterization
and reconstruction of sand particles using micro X-ray tomography
and spherical harmonics. Eng. Geol. 184, 126–137.

http://refhub.elsevier.com/S0038-0806(18)30137-9/h0175
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0175
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0175
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0180
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0180
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0180
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0185
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0185
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0190
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0190
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0195
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0195
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0200
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0200
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0200
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0205
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0205
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0210
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0210
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0210
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0215
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0215
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0215
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0220
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0220
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0220
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0225
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0225
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0225
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0230
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0230
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0230
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0235
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0235
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0245
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0245
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0245
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0250
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0250
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0250
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0250
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0255
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0255
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0255
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0260
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0260
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0260
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0265
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0265
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0270
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0270
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0270
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0275
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0275
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0275
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0280
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0280
http://refhub.elsevier.com/S0038-0806(18)30137-9/h0280

	Experimental investigation of inter-particle contact evolution of�sheared granular materials using X-ray micro-tomography
	1 Introduction
	2 Experimental setup and materials
	2.1 Experimental setup
	2.2 Materials tested

	3 Image processing and analysis
	3.1 Image reconstruction, smoothing, thresholding, and particle segmentation
	3.2 Characterization of particle properties
	3.3 Detection of inter-particle contacts

	4 Results
	4.1 Stress-strain behavior
	4.2 Particle displacement
	4.3 Coordination number (CN) and branch vector orientation (BV)
	4.4 Evolution of inter-particle contacts
	4.5 Fabric tensor analysis

	5 Conclusions
	Acknowledgements
	References


