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ABSTRACT  

Particle rolling is an essential microscopic mechanism that governs macroscopic behavior. This study conducts biaxial 

shearing tests on bi-dispersed circular discs at different confining pressures. A novel 2D image analysis technique is 

employed to measure the rolling of all the particles. It is observed that most of the particles exhibit significant rolling 

during shearing. Rollings are normally distributed in clockwise and counterclockwise directions, and the net rolling of 

the granular assembly is almost zero. Generally, the rolling of a particle is accompanied by its neighboring particle’s 

opposite rolling in a similar magnitude. In some cases, a group of particles is observed to exhibit rolling in the same 

direction, accompanied by another opposite rolling group in the neighboring regions. Particles inside the shear band tend 

to show significant rolling. The rolling rate is prominent at the beginning of the shearing and gradually decreases towards 

the end. Small particles exhibit significantly higher rotations, while larger particles are relatively resistant to rolling. Small 

particles work as ball bearings between two big particles, reducing the shear strength of the granular materials. The 

experimental data obtained in this study can be used to perform detailed validation of numerical models to simulate 

realistic granular behavior such as DEM. 
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1. Introduction 

The microscopic mechanisms at the particle level 

govern the macroscopic behavior of granular materials 

(Calvetti et al. 1997). An individual particle can move 

against the neighboring particles through sliding and 

rotation at contacts (Iwashita and Oda, 1998). The 

deformation mechanism of granular media is influenced 

by frictional sliding between particles (Rowe, 1962; 

Horne, 1965; Oda, 1972). However, Oda et al. (1982) 

studied the evolution of the microstructure of oval-

shaped photoelastic granules in biaxial tests and stated 

that rotation is the dominant microscopic deformation 

mechanism. Therefore, image-based experimental 

techniques have been applied to evaluate granular 

behavior. Digital image correlation (DIC) is widely used 

to investigate displacement and deformation fields (Chu 

et al. 1985). Surface-DIC is based on 2D images, while 

volumetric-DIC (or digital volumetric correlation, DVC) 

is based on 3D images (Rorato et al. 2020). 

The microscopic behavior of granular materials had 

been studied usually in a 2D experiment using rod 

assemblies (Bardet, 1994). Calvetti et al. (1997) studied 

the micromechanics of multi-sized circular rods using 

special shear apparatus. Out of 750 rods used in the 

testing, only 300 in the central part of the shear box were 

marked with a unique identity. Photos taken during the 

test were used for measuring micromechanical variables. 

Furthermore, Misra and Jiang (1997) investigated the 

deformation patterns of around 600-rod particles of three 

different sizes in a biaxial test to check the particle 

rotations. Zhai et al. (2018) performed biaxial shearing 

with 970 oval-shaped particles. Results indicated that 

particle rotations were an essential micromechanical 

parameter in macroscopic deformations. However, 

laboratory observation of particle kinematics is still 

limited and only obtained on small samples of a few 

hundred particles. Sibille and Froiio (2007) developed a 

semi-automated numerical photogrammetry technique 

for measuring microscale kinematics and the fabric of 

granular media. They applied it to a biaxially sheared 

assembly of 1300 wooden rods of circular cross-sections 

with three different sizes. The interpenetration of wooden 

rods during shearing affected the accuracy of image 

analysis. Moreover, due to necessary manual support, 

processing time was significant. Therefore, they just 

discussed particle rotation during one load increment. 

Measuring particle rotations in usual laboratory 

experiments requires three-dimensional (3D) images of 

the specimen. Such images can be acquired by X-ray 

scanning (Hall et al. 2010; Andò et al. 2012). These 3D 

images can be correlated using the DVC technique to 

characterize local particle kinematics. However, X-ray 

CT can only be applied to static experiments due to the 

time required for scanning and is affected much by stress 

relaxation or creep behavior. Alternatively, in 2D 

systems, surface-DIC only requires 2D images that can 

be taken with a high-quality digital camera.  

Granular behavior is usually simulated by the discrete 

element method (DEM), wherein individual particles can 

be modeled explicitly (Cundall 1979). Bardet and 

Proubet (1991) numerically studied the shear band 

formation in idealized granular media and confirmed that 

particle rotations affect granular behavior significantly 

and concentrate inside shear bands. Kuhn (1999) 

performed DEM simulations of the biaxial test with
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Figure 1.  Schematic diagram of biaxial apparatus 

circular disks and observed that particle rotations play an 

essential role in granular deformations. DEM requires 

acalibration/validation process to confirm the validity of 

the numerical results. The validation is usually performed 

by comparing numerical results with the stress-strain 

response from elementary tests (Nitka et al. 2021). Such 

a validation process may not sufficiently confirm the 

particle-scale mechanisms in numerical results. In the 

validation process, consideration of particle scale 

information is usually overlooked due to insufficient 

experimental information on idealized circular disks (the 

usual shape used in DEM). 

This study conducts the biaxial shearing test on 

assemblies of bi-disperse aluminum circular rods using 

2674 rods under different confining pressures. A novel 

2D image analysis method is used to capture the particles' 

kinematics. The results confirm that particle rotations 

contribute significantly to granular deformations. 

Furthermore, particles exhibiting high rotation are 

associated with low coordination numbers. This particle 

scale information can be used to strengthen our 

understanding of sheared granular media. Additionally, 

this study provides complete micro and macroscopic 

information on the shearing of idealized circular disks, 

which can be utilized for the substantial validation of 

particle-based simulations such as DEM. 

2. Experimental setup 

2.1. Biaxial apparatus 

Fig. 1 shows a schematic view of the biaxial 

apparatus. The initial dimensions of the sample box are 

350 x 350 mm, and the depth of the walls is 50 mm. The 

boundaries are rigid walls, wherein the bottom boundary 

is fixed, and the top and side boundaries move only in the 

normal direction. 

Displacement and load in both axial and lateral 

directions are measured throughout the test. The axial 

displacement of the top wall is obtained by averaging the 

displacements of the right and left ends of the wall. The 

relative lateral displacement of the side walls is measured  

 
Figure 2.  Aluminum rod material used in this study. 

by a displacement transducer. Axial and lateral strains are 

obtained by dividing axial and lateral displacements by 

the initial height and width, respectively. 

The axial 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 axial and lateral 

stresses are calculated by dividing the axial and lateral 

load by the current changing cross-sectional areas of the 

specimen perpendicular to the corresponding directions. 

The load is controlled with the pneumatic cylinder, and 

the screw jack applies the displacement. The lateral 

pressure is kept at the same value as the axial pressure to 

keep the isotropic condition during the consolidation 

process. During shearing, the lateral pressure is kept 

constant. For strain-controlled loading during shearing, 

the axial strain rate is controlled by applying a prescribed 

displacement by the screw jack. The axial strain rate was 

selected to ensure the specimen's quasi-static shearing. 

Further details about the experimental setup can be found 

in (Ali et al. 2023). 

2.2. Material used 

Aluminum rod material is well known for studying 

the mechanical behavior of granular materials under 

plane strain conditions (Schneebeli 1956). Binary 

mixtures, a mixture of granular materials of two sizes, 

have attracted attention in the geotechnical field for 

investigating the mechanical behavior of gravel-soil 

structures. (Ueda et al. 2012). Binary mixtures of 

aluminum rods mixed in a ratio of 2:3 (big: small) by 

weight exhibit medium-dense to dense sand behavior 

(Shahin et al. 2004). Fig. 2 shows the granular material 

used, which consists of dual-size aluminum rods of 10 

and 6 mm diameters. The length of the rods is 50 mm, 

equal to the depth of the biaxial box. Hence, when placed 

inside the sample box, the material can withstand without 

any support from the front and back sides and simulates 

the plane strain condition. The mixing ratio of big to 

small particles is 2:3 by weight. 

2.3. Image analysis 

A novel 2D image analysis process extracts particle-

level information, such as particle rotations. The bare 

aluminum has a reflecting silver color which can affect 

the quality of images taken during the test. To eliminate 

such issues, the surface of the aluminum rods is treated 

before testing, wherein black circular stickers are glued 

on the surface of each particle. A black color sticker on a 

silver surface helps to acquire high-quality images during 

the test and facilitates the identification and tracking of  
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Figure 3.  Relationship between void ratio, e, and mean stress, 

p, during the isotropic compression 

the particles. Additionally, to estimate the rotation of 

particles, two dots of red and green color are added on a 

black background to track geometric transformations by 

digitally correlating two consecutive images taken during 

the test. During the shearing test, high-quality images of 

24.35 megapixels (6016 x 4000) are acquired using a 

digital camera positioned on the front side of the 

apparatus. The diameter of circular stickers on big 

particles corresponds to approximately 80 pixels on a 

digital image, while that on small particles corresponds 

to approximately 50 pixels. The images are processed to 

improve the quality by adjusting the intensity and 

applying other image adjustment techniques using the 

freeware ImageJ. A well-known approach, MATLAB's 

built-in function ‘imfindcircles’ is used to identify 

circular particles in images. An algorithm by Crocker and 

Grier (1996) is employed for tracking particle 

translations. The trajectories include only the 

translational movement of the particles, not their rotation. 

Finally, the algorithm developed by Chen et al. (2017) 

named Multiscale Analysis for Granular Image 

Correlation is used to identify particle rotations. The 

accuracy of rotation algorithms has been evaluated 

before application. The average accuracy for particles 

subjected to the known rotation was more than 97%. The 

rotation of stickered particles during the biaxial test can 

be estimated by a correlation between two consecutive 

images. Further details about the image analysis process 

can be found in (Ali et al. 2023). 

3. Results and discussion 

3.1. Macroscopic response 

Fig. 3 shows the relationship between void ratio, e, 

and mean total stress, p, during the isotropic compression 

process. The initial void ratio for all tests is 0.215. The 

void ratio decreases gradually with the increase in the 

mean total stress corresponding to the compression of the 

sample. Fig. 4 shows aluminum rods' stress-strain 

relationship and volumetric behavior for the shearing test 

conducted under a confining pressure (σ3) of 39.2 kPa. 

Due to rigid boundaries, the displacement is distributed 

uniformly within the sample; hence no significant peak 

in the stress-strain curve is observed. The sample is likely 

to compress at the start of shearing, and the curve falls 

below zero axes. Then, the increase of volumetric strain 

corresponds to dilation. The macroscopic behavior of 

rods is similar to medium-dense sand. 

 
Figure 4.  Stress-strain and volumetric behavior of dual-size 

aluminum rod material 

 
Figure 5.  Cumulative particle rotation magnitudes at the end 

of shearing under σ3 = 39.2kPa (s ≈ 20%) 

3.2. Particle rotations 

The rotation of each particle is measured during the 

shearing process. Out of around 2674 particles used in 

the test, rotation of more than 2550 particles is identified 

with a success rate of more than 95 %. Fig. 5 shows the 

distribution of cumulative rotations at the end of the 

biaxial shear, deviatoric strain (εs) of 20 %, conducted 

under confining pressure (σ3) of 39.2kPa. Particles closer 

to boundaries and along the diagonals of the biaxial box 

tend to exhibit significant rotations (indicated by blue and 

red color groups). However, many particles (around 44 

% of the total) exhibit minor rotations between -10 to 10 

°.   
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Figure 6.  Cumulative distribution of rotation of all particles 

at the end of shearing under σ3 = 39.2kPa (s ≈ 20%) 

Fig. 6 shows the histogram and cumulative 

distribution of rotation for all particles for the test 

conducted confining pressure of 39.2 kPa. Generally, the  

rotation increases with an increase in deformation and 

mainly falls within 0 ° to ± 50 °. Furthermore, almost half 

of the particles exhibit clockwise rotations, and the other 

half exhibit counterclockwise rotations, making the 

complete assembly's net rotation almost 0 °. The dotted 

vertical line shows the mean rotation of all particles. 

Usually, a counterclockwise rotation is accompanied by 

a clockwise rotation of nearly the same magnitude within 

the neighboring region. In Fig. 5, red and blue color 

groups indicate counterclockwise and clockwise 

rotations, respectively. Mostly blue markers are 

surrounded by some red or vice versa. In some cases, 

multiple particles can rotate in the same direction 

forming a rotation cluster. In such a situation, another 

opposite rotating cluster of almost the same magnitude 

can be observed in neighboring regions. The formation 

of rotation clusters within biaxial assemblies was also 

observed by Kuhn and Bagi (2002). The mean rotations 

observed at the end of shearing in clockwise and 

counterclockwise directions are 18.2° and 19.0°, 

respectively. Furthermore, the final absolute mean 

rotation for all the particles in the assembly is 18.6°. 

3.3. Particle size effect on rotation 

The rotation of small and big particles is analyzed 

separately to investigate the effect of particle size on 

rotation magnitude. Of the 2674 particles, 499 are big and 

2175 are small. Results indicate that the size of circular 

particles significantly influences rotational behavior. 

Small particles undergo high rotation magnitudes; 

however, big particles are relatively resistant to rotations 

during granular deformations. Fig. 7 shows the 

relationship between absolute mean cumulative particle 

rotation and deviatoric strain for small and big particles. 

Small particles undergo high rotations as compared to big 

particles. The absolute mean rotation at the end of 

shearing for small and big particles is 19.9 ° and 11.9 °, 

respectively, which indicates that each small particle 

exhibits around 1.7 times higher rotation magnitude than 

a big particle on average. Due to the different sizes of 

particles, the moment of inertia of both sizes is different. 

The higher mass inertia of big particles relatively 

obstructs rotations. A similar effect of particle moment 

of inertia on rotational behavior is observed by Wu et al. 

(2021). Furthermore, the larger circumference of a bigger  

 
Figure 7.  Effect of particle size on the absolute mean 

cumulative rotation of  complete assembly (σ3 = 39.2kPa) 

 

Figure 8. Deviatoric strains of particles during axial strain 

increment from 8% to 9% for the test under σ3 = 39.2kPa 

particles increase the possibility of having multiple 

contacts resulting in a relatively high coordination number  

hindering the rotation of big particles. Nie et al. (2020) 

also reported that a higher coordination number obstructs 

the rotation of particles. Due to high rotations, small 

particles play the role of ball bearings between big 

particles, reducing the assembly's overall shear strength. 

A similar ball-bearing effect induced by the high rotation 

of small particles is also observed in the DEM simulation 

of binary granular mixtures by Ueda et al. (2012). 

3.4. Rotations in shear band  

The microstructural constraints on kinematics inside 

shear bands differ greatly from other parts of the sample 

during shearing (Rorato et al., 2020). Thus, to identify 

the particles inside the shear band, a nominal deviatoric 

strain is assigned to each particle using a procedure 

developed by Catalano et al. (2014). This procedure 

identifies a Voronoi cell for each particle using a regular 

Delaunay triangulation (Smilauer et al., 2015). Thus, the 

particle positions at two instants towards the end of 

shearing (i.e., when the axial strain was 8% and 9 %) 

were identified and introduced in the YADE (Yet Another 

Dynamic Engine). Displacements of neighboring grains 

were then used to compute a nominal displacement 

gradient tensor for the triangles whose vertices are the 

centers of black stickers pasted on each particle. Finally,  
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Figure 9.  Particle rotations and coordination number 

evolution inside the shear band (σ3 = 39.2kPa) 

a nominal averaged deviatoric strain was projected back 

to each grain. Fig. 8 shows the results of the shear band 

identification process wherein the deviatoric strain can be 

seen concentrating along the diagonals of the biaxial box, 

forming two X-shape shear bands. The identified shear 

bands correspond closely to those apparent high rotation 

zones in Fig. 5. A threshold value nominal averaged 

deviatoric strain is set at 0.05 to assign grains to the shear 

band. Once the particles inside the shear band are 

identified, the particle levels information, such as 

rotations and coordination numbers, can be analyzed. 

Fig. 9a shows the relationship between absolute mean 

cumulative particle rotation and deviatoric strain for 

complete assembly, inside and outside the shear band. 

The absolute mean rotation increases with deviatoric 

strain. Particles inside the shear band exhibit higher 

rotations than particles outside the shear band. Outside 

the shear band, only significant rotations happen at the 

start of shearing and achieve a steady state towards the 

end. However, particles inside the shear band continue to 

rotate even at the end of shearing. This indicates that 

localized strain inside the shear band is significantly 

contributed by the rotation of particles along with sliding. 

Fig. 9b shows the relationship between the mean 

coordination number and deviatoric strain for complete 

assembly, inside and outside the shear band. Generally, 

the coordination number is higher at the start of shearing 

and decreases during shearing, corresponding to dilation. 

Inside the shear band, the coordination number increases 

at the start, corresponding to the initial compression at 

the beginning of shearing, then decreasing. The decrease 

in coordination number is more significant inside the 

shear band. This indicates that higher rotations inside the  

 
Figure 10. Effect of particle size on absolute mean cumulative 

rotation (a) inside the shear band (b) outside the shear band (σ3 

= 39.2kPa) 

the shear bands are associated with lower coordination 

numbers. The concentration of particle rotations inside  

the shear band has also been reported by Bardet (1994), 

Mitchell and Soga (2005), and Andò et al. (2012). 

Fig. 9c shows the relationship between rotation rate 

and deviatoric strain for complete assembly, inside and 

outside the shear band. Generally, the rotation rate is 

higher at the start of shearing, corresponding to the initial 

reorientation of the particles as a reaction to the applied 

load to find a stable state to resist the applied load. As the 

shearing progresses, the rotation rate decreases and 

achieves a relatively steady state towards the end of 

shearing. The rotation rate inside the shear band is higher, 

corresponding to the rapid and high rotation of particles 

inside the shear band.   

3.5. Particle size effect in shear band 

Particles' rotation is checked to evaluate the effect of 

particle size inside and outside the shear band based on 

particle sizes. Fig. 10 shows the absolute mean 

cumulative particle rotation and deviatoric strain 

relationship inside and outside the shear band based on 

the sizes of the particles. It can be seen clearly that either 

inside or outside the shear band, smaller particles show 

higher rotation magnitudes. Smaller particles inside the 

shear band exhibit the most rapid and high rotations, and 

big particles outside the shear band exhibit the slowest 

and lesser rotation magnitudes. Significantly higher 

rotation of small particles inside the shear band will 

contribute to reducing the shear strength by acting like a 

ball bearing in between two big particles. 

3.6. Confining pressure effect on rotation 

Biaxial tests are conducted under three confining 

pressures σ3 = 19.6, 39.2, and 58.8 kPa. The rotational 

behavior is investigated under all three confining  
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Figure 11. Relationship between absolute mean cumulative 

rotation and deviatoric strain for different confining pressures 

pressures to evaluate the effect of confining pressure. Fig. 

11 shows the relationship between the absolute mean 

cumulative particle rotation and deviatoric strain for 

three confining pressures. It is observed that the 

confining pressure has no significant influence on the 

rotational behavior of particles. The rotational behavior 

is almost the same regardless of the confining pressure 

magnitude. The absolute mean rotation for complete 

assembly at the end of shearing is observed to be 18.56 °, 

18.59 °, and 18.54 ° for the confining pressure of 19.6, 

39.2, and 58.8 kPa, respectively. 

4. Conclusions 

Biaxial shearing tests are conducted on dual-size 

circular assemblies, and the rotation of individual 

particles is assessed. During shearing, an individual 

particle interacts with neighboring particles through their 

contacts and can displace and rotate. The magnitude of 

displacement and rotation of each particle depends on the 

particle’s location in the assembly and size. 

Particles rotate during shearing, and rotation 

magnitude increases with the increase in axial strain. 

Most particles exhibit significant rotations during 

shearing, mainly falling within the range of -50 ° to + 50 

°. Around 50.5 % of particles show counterclockwise, 

49.5 % indicate clockwise rotations of almost identical 

magnitudes, and the net rotation of the complete sample 

is nearly zero. Smaller particles exhibit high rotations and 

act like ball bearings between big particles, which may 

reduce the overall shear strengths of assembly. Quick 

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 quicker rotations. 

Particles inside the shear band demonstrate higher 

rotations than particles outside the shear band. 

Furthermore, the high rotations inside the shear band are 

associated with low coordination numbers. 
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