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ABSTRACT

The applicability of particle-scale modeling using the discrete element method (DEM) is typically evaluated by comparing
simulation results with stress-strain responses observed in elementary tests. This validation at the global level may not
guarantee that the simulation can capture realistic particle-level motion. Thus, this study investigated the applicability and
limitation of two types of DEM models, through the comparison with experimental results of biaxial shearing tests on bi-
disperse granular assemblies comprising circular (round) and hexagonal (angular) particles under various confining
pressures. Experimental data wherein particle rotations were identified by novel image analysis technique is used to evaluate
whether the DEM models could accurately reproduce macroscopic stress-strain relationships and microscopic particle
responses. Experimental findings suggested that particle rotations play a crucial role in granular deformation and are
influenced by the particle shape. A detailed DEM model with precise particle shapes effectively replicates both
macroscopic stress-strain relationships and microscopic responses, including particle rotation and interlocking at global
and local levels. Conversely, a simpler ad hoc DEM model, which incorporates rolling resistance for circular particles,
can imitate the stress-strain relationships of hexagonal particles but falls short in replicating microscopic responses
accurately.
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INTRODUCTION

Granular materials comprise individual particles and voids, with the behavior of these materials being dependent on their

microstructures. Understanding the micro-mechanical interactions between particles is, therefore, crucial to comprehend

their macro-mechanical behavior (Ando et al. 2012; Rorato et al. 2020). Particle-scale modeling entails simulating the

behavior of discrete particles within a granular system, considering actual particle shapes and establishing suitable

interactions between particles to accurately replicate global and local granular responses. The Discrete Element Method

(DEM) is an effective numerical approach to investigate granular behavior, allowing for the explicit simulation of

individual particles (Cundall 1979; Wu et al. 2020) and particle-level motion, making it a powerful tool for studying

micro-deformation mechanisms (Yimsiri and Soga 2010).

Particle shape is critical in granular systems as it governs micro-deformation mechanisms and macroscopic

behavior (Shin and Santamarina 2013; Zhao et al. 2015; Nie et al. 2020; Wu et al. 2022). While circular/spherical particles

have been commonly used in DEM simulations to simplify computations (Bardet and Proubet 1991; Bardet 1994; Kuhn

1999; Kuhn and Bagi 2002), these idealizations may lead to inaccurate results since natural granular materials are often

non-spherical (Huang et al. 2013). For more realistic simulations, researchers have introduced elongated and angular-

shaped particles (Azéma and Radjai 2012; Azéma et al. 2012; Binaree et al. 2020; Ali et al. 2023c¢, 2024). Furthermore,

since natural granular materials are composed of particles of various shapes, numerical experiments have been carried

out by DEM with mixtures of particles of different shapes (Azéma et al. 2016; Binaree et al. 2019) and level-set DEM

analyses that precisely reproduce actual particle shapes (Kawamoto et al. 2018) have also been performed. Incorporating

accurate representations of soil particles in DEM simulations can be computationally demanding. Consequently,

researchers have tackled this issue by introducing rolling resistance to simplified circular or spherical particles in the

DEM framework (Iwashita and Oda 1998). This approach enables the consideration of deviation from realistic soil shapes

while avoiding the computational complexities associated with modeling actual granular samples in DEM.

DEM models require calibration and validation as the accuracy of the numerical results depends on the selected

parameters (Tong et al. 2013). The material input parameters, such as the inter-particle friction coefficient (i) in most

DEM simulations, are generally assumed or adjusted by matching stress-strain relationships, leading to values that are
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often higher than the actual materials (Huang et al. 2014; Cavarretta et al. 2011). The calibration of the DEM model is

typically based on the comparison with the macroscopic stress-strain response obtained from laboratory tests (Nitka and

Grabowski 2021). However, these usual laboratory tests only provide a macroscopic view of the granular material

response and lack microscopic particle-level information due to measurement challenges. As a result, crucial microscopic

deformation mechanisms such as particle rotation are often neglected (Oda et al. 1982; Bardet 1994). Calibrating the

DEM model at the macroscopic level is a common practice, but it may not be sufficient to verify particle-scale

mechanisms (Tong et al. 2013; Nitka and Grabowski 2021). Thus, to ensure reliable DEM models, calibration and

validation must be performed at both the particle-scale and macroscopic levels. Kawamoto et al. (2018) used an X-ray

CT scan to observe particle rotation inside a sand specimen during triaxial shearing and compared the results with

corresponding simulation results by a level-set DEM. They reported similar regions of predominant rotation but did not

make a quantitative comparison.

To establish a comprehensive benchmark dataset for the thorough calibration and validation of the DEM from

both macro and micro perspectives, this study utilizes the experimental findings obtained by Ali et al. (2021; 2023a, b) as

the benchmark dataset. Ali et al. (2021; 2023a, b) performed biaxial shear tests on 2D dual-size granular assemblies

consisting of around 2700 circular or 2400 hexagonal aluminum rod particles. They meticulously captured the

microscopic motion of all particles using an innovative image analysis technique. These results highlighted the

significance of particle rotation, a key mechanism influenced by particle shape, in determining the behavior of granular

materials. The primary goal of the experiment was to establish a benchmark dataset for the comprehensive calibration

and validation of the DEM, a multifaceted approach that facilitates a more precise representation of granular behavior. In

this study, the authors aim to assess the validity of two recent popular DEM approaches for capturing the macro as well

as microscopic behavior of noncircular particles. The first approach involves using Hertz-Mindlin contact theory with

direct modeling of realistic shapes, while the second approach incorporates linear contact theory with the addition of

rotation constraints (rolling resistance) to circular particles to emulate the behavior of noncircular particles. For this, the

authors developed two types of 2D DEM models to simulate biaxial shear tests and compared their ability to replicate the

microscopic particle-level motions and macroscopic stress-strain characteristics observed in the experiments. The first
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model was a detailed one that accurately represented particle characteristics and material properties. To minimize

discrepancies between the experiment and simulation, this model incorporated particle shape, particle size distribution,

and constants such as friction coefficient determined uniquely from laboratory tests. The primary objective of this detailed

DEM model was to assess the extent to which a sophisticated DEM could replicate realistic phenomena. The second

model is a simple ad hoc model designed to mimic the response of noncircular particles using circular particles with

artificial rolling resistance. Given the difficulty in modeling the actual particle properties of granular materials, which

typically have particles with different shapes, and the simplicity and low computational cost, this model has been widely

used. The model simulated the response of regular hexagonal particles using a DEM of a circular particle with rolling

resistance, and the study discussed the limitations of this ad hoc model.

OUTLINE OF BIAXTAL TESTS

Biaxial test apparatus

Fig. 1 depicts the schematic illustration of the apparatus utilized in the present study. A square sample box, featuring rigid

boundaries, was employed with dimensions of 350 mm x 350 mm and a wall thickness/depth of 50 mm. The bottom wall

was fixed, while the top and side walls were only permitted to displace normally. Both the front and back sides of the

sample box were left open, enabling the recording and visualizing deformation of the granular assembly during the test.

Load and displacement measurements were taken in both axial and lateral directions. Load control in the lateral direction

was achieved through a pneumatic cylinder, while control in the axial direction could be executed via either load control

with a pneumatic cylinder or displacement control with an electric jack. A displacement transducer was employed to

determine the relative lateral displacement of the side walls, while the axial displacement was obtained by averaging the

measurements of the right and left ends of the top wall taken by two displacement transducers. Lateral and axial strains

were obtained by dividing lateral and axial relative displacements by the initial width and height of the specimen,

respectively. The axial load was obtained by averaging the readings of two load cells installed at the top and bottom walls,

and the lateral load was measured through a load cell installed at the right wall. A data logger was utilized to measure the

displacements and loads in axial and lateral directions, with data being collected by a computer. Axial and lateral stresses

were calculated by dividing the respective loads by the cross-sectional areas of the specimen perpendicular to each
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direction, with cross-sectional areas continuously updated based on the measured lateral and axial displacements. For
strain-controlled loading in the axial direction, the axial strain rate (i.e., 0.014% per sec) was regulated by applying a
prescribed displacement rate to the cylinder rod via an electric jack. The axial strain rate was selected to ensure the quasi-
static shearing process. For stress-controlled loading in the lateral direction, lateral stresses were monitored by the
computer and controlled through the modulation of air pressure to the pneumatic cylinder II. The PC regulated the air
pressure applied to the pneumatic cylinder by sending prescribed voltage signals to electro-pneumatic regulators through
a digital analog board. The tests were conducted at three different confining pressures (c3), namely 19.6kPa, 39.2kPa, and
58.8kPa.

The utilization of aluminum rods is widely acknowledged in the study of granular materials under two-
dimensional, plane strain conditions (Schneebeli 1956). The experimental setup comprises dual-sized circular rods of
diameters 10 mm and 6 mm, and hexagonal rods with inscribed diameters of 10 mm and 6 mm, all with a uniform length
of 50 mm, corresponding to the depth of the biaxial sample box. It should be noted that, due to material availability
constraints, the diameter of the circular rods matches the inscribed diameter of the hexagons. Consequently, the cross-
sectional area of the hexagon rod is approximately 10% larger than that of the corresponding disc. This discrepancy in
the area leads to a situation where fewer hexagon rods are needed to fill the biaxial box compared to circular rods. The
material can stand without any support on the front and back sides and achieve the plane strain condition. The mixing
ratio of big to small particles is 2:3 by weight. The material density of the aluminum rods is 2830 kg/m3. Further details
about the experimental setup can be found in Ali et al. (2023a). Fig. 2 shows the shapes and sizes of aluminum rods used
in the experiment.

In the biaxial test, o; and o3 represent the major and minor principal stress values in the y and x directions,
respectively. The mean stress and deviatoric stress are expressed as 6, = (01+03)/2 and 6= 61 — 63, respectively. €; and €3
represent the major and minor principal strain values in the y and x directions, respectively. The volumetric and deviatoric
strains are expressed as € /= € 1+ €3 and € = €; — €3, respectively.

Image analysis process

The image analysis process comprises several sequential stages, including the preparation of surface-treated specimens,
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image acquisition, particle identification, tracking, and rotation detection. The surface of the specimens is treated in a way

that enhances image analysis quality by capturing high-resolution images. For this, circular black stickers bearing two red

and green dots are affixed to each particle. These dots on the dark circular background facilitate the identification of the

particles' geometric transformations. During the shearing test, digital images are acquired every 20-25 seconds intervals

using a PENTAX K3 II camera, 24.35 megapixels (6016 x 4000). The images are then processed to enhance their quality

by adjusting the intensity and applying other image adjustment techniques to improve the accuracy of image analysis.

The widely utilized "imfindcircles" function within MATLAB is employed to identify circular objects in images and

determine the centroids and radii of particles. Particle translations are tracked using an algorithm developed by Crocker

and Grier (1996). The trajectories reflect only the particles' translational movements, excluding any rotational movements.

Thus, the Multiscale Analysis for Granular Image Correlation algorithm developed by Chen et al. (2017) is applied to

estimate particle rotations. The accuracy of the rotation algorithm was assessed prior to implementation. Rotation

estimation during the biaxial test is performed by correlating two consecutive images taken during the test. Further details

about the image analysis process can be found in Ali et al. (2023b).

OUTLINE OF DISCRETE ELEMENT SIMULATION

A numerical simulation tool, "Particle Flow Code (PFC)," developed by Itasca Consulting Group Inc., has emerged as a

practical Discrete Element Method (DEM) framework. Typically, PFC provides a platform for users to create codes that

address a range of DEM problems (Ciantia et al. 2019; Nie et al. 2020; Wu et al. 2021). In this study, simulations were

performed using the software PFC2D 7.0.

Biaxial shear tests were simulated at the same scale, utilizing a square sample box of 350 mm x 350 mm side

length, as utilized in the experiments. The granular samples are generated with the radius expansion method. The required

number of particles were placed in the biaxial box with their sizes smaller than the actual sizes, subsequently, the particles

underwent expansion to their actual dimensions. During expansion, rigid wall boundaries were servo-controlled,

interparticle friction was set to zero, and the sample was cycled until an equilibrated state with the desired porosity was

achieved. The simulations were performed in two phases: (a) isotropic compression was carried out by incrementing the

confining pressure, resulting in the normal movement of the right and top walls, with the condition of o1 = o3; in contrast,
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the left and bottom walls of the biaxial chamber were fixed (b) the shearing test was then performed at constant confining

pressure, with the top wall moving downward normally under the loading condition of ¢; > g3. The axial strain rate during

shearing was 0.05% per sec, ensuring quasi-static shearing. The shearing test was performed with each shape at three

different confining pressures o3 = 19.6, 39.2, and 58.8 kPa.

Two types of 2D DEM models were developed: the first model was a detailed one that incorporated circular

and hexagonal particle shapes, particle size distribution, and material constants precisely; the second model is a simplified

model containing only circular particles, and rolling resistance is applied to these circular particles to mimic the hexagonal

particles response.

Detailed DEM model incorporating particle shape

The first detailed DEM model incorporated circular and hexagonal samples of the same shape and size as used in the

experiment. The particle size distribution, initial void ratio, and other conditions were identical to the experiments. Fig. 3

depicts the initial states of the DEM model of bi-disperse circular and hexagonal disks. Fig 4 presents a comparison

between the contact normal fabrics of the test samples detected from photos and the equivalent DEM samples. This

comparison shows that the initial fabric condition indicates an isotropic state in both the experiment and simulation. This

is primarily a result of employing non-elongated particles (Ali et al. 2024). Consequently, the experiment and simulation

exhibit reasonable repeatability, with no significant effects stemming from the initial fabric state. The Hertz contact model

based on the theory of Mindlin and Deresiewicz (1953) is used for the particle—particle and particle-wall interactions. It

can produce both normal and shear forces based on the theoretical analysis of the deformation of smooth elastic spheres

in frictional contact. The material parameters for the simulation are based on aluminum, as the reference experiment

involved the use of aluminum particles. Material parameters summarized in Table 1 are applied as the parameters for the

particles. The interparticle friction coefficient was measured by performing a direct shear test with two aluminum disks.

As the walls of the biaxial box are also made of aluminum material, therefore, reproducing laboratory test boundary

conditions is important to have a quantitative agreement between the response observed in the simulation and laboratory

tests (Cui et al. 2007). Hence, wall stiffness and surface friction are assigned to be the same as that of the particle to

reproduce laboratory test boundary conditions. By fixing all material parameters, the value of shear modulus (G) was
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precisely calibrated by simulating and matching the response of circular particles with corresponding experimental data.
Simplified DEM model using circular particles with rolling resistance

The use of common particle shapes in DEM, such as discs or spheres, can lead to inaccurate results because they differ
significantly from the actual shape of real soils (Huang et al. 2013). To address this issue while avoiding the computational
complexity of replicating actual granular samples in DEM, researchers often apply rolling resistance to circular or
spherical particles in DEM to account for the deviation from realistic soil shapes (Iwashita and Oda 1998). Recent research
has investigated the effect of adding rotation constraints to circular samples on the mechanical response of granular
systems (Bardet 1994; Zhang et al. 2013) and compared it with the response of different shapes such as clumps (Wensrich
et al. 2014) and regular polygons (Estrada et al. 2011). Initially, rolling resistance was calibrated to imitate certain shapes
by matching macroscopic responses. However, to effectively solve the calibration problem, researchers have tried to link
particle shape and rolling resistance quantitatively. For example, Estrada et al. (2011) theoretically calculated rolling
resistance for ideal regular 2D polygons, while Rorato et al. (2021) suggested that using the physical measure of particle
sphericity of real sand grains to calibrate rolling resistance through a detailed comparison of identical experimental and
numerical tests would be a better approach. As the shape of real grains is very complex and often described by multiple
independent shape descriptors, mainly sphericity, angularity, and roughness (Mitchell and Soga 2005), studies on the
effect of particle shape revealed that each shape descriptor has its effect on the mechanical response of the granular system
(Rothenburg and Bathurst 1992; Mirghasemi et al. 2002). Therefore, the application and calibration of rolling resistance
to imitate complex shapes remain a hot topic in research.

Consequently, a simplified second DEM model was developed, employing conventional 2D circular particles
with artificially incorporated rolling resistance to mimic the experimental response of circular and hexagonal particles.
The initial conditions such as particle size distributions, void ratios, and other pertinent testing conditions of the circular
samples were kept the same as the circular sample used in the experiment. The primary aim of this model is to ascertain
whether the rolling resistance approach is reasonable for emulating both macroscopic and microscopic responses observed
in noncircular particles. The contacts among particles and between particles and walls are described using a rolling

resistance linear contact model available in the commercial DEM software PFC2D 7.0. The rolling resistance linear model
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builds upon the conventional linear elastic frictional contact model, to which a rolling-resistance () mechanism is
introduced (Iwashita and Oda 1998; Rorato et al. 2021).

To calibrate the second DEM model, an initial step involved simulating the response of circular particles
response without applying rolling resistance and comparing these simulations with experimental results for circular
particles. Throughout the calibration process, meticulous efforts were undertaken to maintain consistency in the input
parameters, including the utilization of the same material (aluminum) and simulation parameters as employed in the
detailed DEM model described earlier. However, special attention was paid to fine-tuning the value of effective normal
contact stiffness (Emod) to ensure alignment with corresponding experimental data. Table 2 shows the final sets of
material parameters used for the second DEM model. The value of the rolling resistance for a regular hexagon on a flat
horizontal surface was theoretically calculated to be around 0.137 or 0.134 (Huang et al. 2013; Estrada et al. 2011).
However, in our experimental setup, a bi-disperse mixture was utilized to avoid the tessellation effect of mono-sized
regular hexagons. Therefore, the value of rolling resistance assigned to circular particles to imitate hexagonal particles
was then carefully calibrated by trial-and-error method by matching with the stress-strain response of the hexagons
observed in the experiment. After achieving a good agreement between macroscopic responses, the authors compared
microscopic responses such as particle rotation to investigate whether the particle-level behavior could also be reasonably
captured.

BIAXIAL TEST RESULTS

In our previous publication (Ali et al. 2023a,b), we extensively discussed the responses of bi-dispersed circular and
hexagonal rods in biaxial shearing tests. Our findings revealed that hexagonal particles, characterized by their angular
shapes, exhibited significantly higher shear strengths when compared to circular particles. The increased strength
observed in hexagonal assemblies was attributed to reduced rotations, resulting from the stronger interlocking between
angular particles. In contrast, circular particles displayed lower macroscopic strengths because they were more susceptible
to significant rotations during shearing, primarily due to the absence of substantial interlocking. For a detailed comparison
of macro and microscopic experimental responses of circular and hexagonal particles, see Ali et al. (2023a).

The primary aim of this paper is to compare the experimental results involving circular and hexagonal particles
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with two distinct DEM models: the first model accurately represents the actual particle shape, while the second model

employs circular particles and imitates hexagonal particles through the introduction of rolling resistance. This study seeks

to emphasize the importance of precise modeling of particle shapes in DEM and outline the practical applicability and

limitations of using circular particles enhanced with rolling resistance. Firstly, the subsequent section 5 presents a

thorough comparison of simulation results obtained from the detailed DEM model utilizing Hertz-Mindlin contact theory,

which incorporates actual particle shapes. Following that, in section 6, a comprehensive comparison is provided between

the experimental and simulation results from the simplified DEM model, wherein linear contact theory is applied, and

rolling resistance is added to circular particles to imitate the experimental response of hexagonal particles.

VALIDATION OF DETAILED DEM MODEL

The initial calibration of the detailed DEM model involves conducting simulations with circular particles and comparing

the results against a comprehensive set of experimental data obtained from circular rods. Following this calibration, the

validation of the DEM model takes place by altering the particle shape from circular to hexagonal. The numerical results

are then compared against the corresponding experimental data obtained from hexagonal particles.

Comparison of macroscopic behavior

Fig. 5 illustrates the stress-strain relationships (61/03 - &) and volumetric deformations (e, - &) of circular and hexagon

samples observed in both the experiment and simulation under three different confining pressures. The DEM model

reasonably captures the effect of shape on the stress-strain response observed in the experiment quantitatively. In the

experimental study, hexagon samples exhibit a higher critical state strength and a larger dilation. A similar trend is also

observed in the simulations. For hexagonal particles, the simulation results adequately capture the impact of particle shape

on critical state strength. However, they do not entirely reflect the stiffness observed during the initial shear stage, as

indicated by the experimental observations. The volumetric behavior in the experiment exhibits a pronounced dilatancy

under lower confining pressure, which is similarly observed in the numerical simulations.

Fig. 6 shows the relationship between the mean stress (o,) and critical state stress ratio (61/03)cs. The average

critical state stress ratio obtained from three different confining pressures for circular samples in the experiment and

simulation is 1.80 and 1.76, respectively, while for hexagon samples in the experiment and simulation, it is 2.54 and 2.52,
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respectively indicating that the critical state strength of the hexagonal (angular) samples becomes significantly higher.
Similar variation in critical state stress ratio is observed in the experiment and simulation, and the simulation results are
reasonably close to the experimental data.

Comparison of microscopic behavior

Fig. 7 portrays the history of absolute average cumulative rotation (1) for particles in the complete assembly observed in

the experiment and simulation.

_ ZiLal6i]

== (1)

where 6; is the cumulative rotation of an individual particle i, and N is the total number of particles in the sample. The
experiment reveals that the ry, for circular and hexagonal samples, upon completion of shearing (& = 20%), is 18.6° and
9.7° respectively, indicating that a circular particle undergoes approximately twice as many rotations as a hexagonal
particle. The simulation also shows that, on average, circular particles rotate almost twice as much as hexagonal particles,
with the ry at the end of shearing being 21.6° and 10.5° for circular and hexagonal samples, respectively. The detailed
DEM model with appropriate parameters calibration is capable of quantifying the particle-scale behavioral changes in
granular samples that are contingent upon particle shape.

Histograms in Fig. 8 depict the density distribution of cumulative rotations for each particle from initial to final
orientations during shearing. Fig. 8(a) depicts the density distribution of cumulative rotation for circular and hexagonal
particles at the end of shearing observed in the experiment. Rotations are found to be normally distributed in both
clockwise and counterclockwise directions around a mean value of zero degrees, a phenomenon similarly observed by
various researchers (Oda et al. 1982; Misra and Jiang 1997). Experimental results indicate that circular particles tend to
rotate more readily than hexagonal particles. The histogram of the rotation density distribution highlights a higher
concentration of hexagonal particles around the mean value, suggesting that a greater proportion of these particles refrain
from rotation within the hexagonal assemblies. Fig. 8(b) presents an equivalent plot of simulation results. The rotational
behavior of both shape assemblies in the simulation follows a normal distribution, consistent with the experimental
observations. The simulation captures the influence of particle shape on rotational behavior, displaying a comparable

difference in the rotational behavior of hexagonal and circular particles. It is typically observed that rotation in one
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direction is frequently accompanied by a nearly equivalent opposing rotation in the immediate or far neighboring region,

leading to the formation of clusters of particles exhibiting rotations in a similar direction. This was similarly observed by

Kuhn and Bagi (2002) in their investigation of rotation clusters within biaxial assemblies of circular particles. The

formation of rotation clusters is more prevalent in angular samples, owing to the stronger interlocking between particles.

Shear bands and particle rotation

Elementary tests, such as biaxial tests, presume a uniform elementary response of the specimen, however, shear bands

tend to develop with strain localization near failure. The shear bands govern the overall response at failure, determining

the macroscopic strength. In dense samples, which tend to dilate when sheared, the local void ratio within the shear band

increases more rapidly, and the coordination number decreases compared to other parts of the sample (Mitchell and Soga

2005). Furthermore, significant particle rotations tend to concentrate inside the shear band, resulting in rotation

localization (Iwashita and Oda 1998; Rorato et al. 2020; Ali et al. 2023b). Hence, it is essential to investigate the behavior

of particles inside the shear band.

A nominal deviatoric strain is assigned to each particle using a procedure developed for the DEM post-

processing technique by Catalano et al. (2014), and the particles inside the shear band are identified. In this procedure,

Voronoi cells with the particles' mass centers as nodes are created using a regular Delaunay triangulation available within

YADE (Smilauer et al. 2015). Thus, the particle positions at two instants towards the end of shearing (for example, when

g is 16 % and 20 %) were identified, and nodal displacements were introduced in YADE. Displacements were then

differentiated partially to the spatial coordinates to obtain displacement gradient tensors for the triangles. A nominal

averaged deviatoric strain was finally projected back to each particle, and a threshold deviatoric strain value of 5 % was

applied to assign particles to the shear band. The same procedure was applied to identify the particles inside the shear

bands in the triaxial tests on sands by Rorato et al. (2020). The particles inside the shear band are represented as black

particles in Fig. 9. In the experiment, two X-shape shear bands were observed along the diagonals of the biaxial box in

each sample, due to rigid boundary conditions. The simulation results also showed the formation of similar two X-shape

shear bands, indicating that the DEM model is able to identify non-uniform deformation zones. Fig. 10 demonstrates the

absolute average cumulative rotation (rm) of particles inside and outside the shear band for both circular and hexagonal
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samples in the experiment and simulation. Particles inside the shear zone tend to have a greater magnitude of rotation

from the initial shear stage. This results in the localization of particle rotations, leading to the localization of deformation

and the formation of shear bands. The comparison of rotational behavior between particles inside and outside the shear

band indicates that the DEM model could reasonably capture the granular behavior, even in a non-uniform deformation

regime. For instance, the ry, inside the shear band at the end of shearing (& =~ 20 %) for circular particles was 26.6 ° in the

experiment and 29.2 ° in the simulation. Similarly, the ry, inside the shear band for hexagonal particles was 11.9 ° in the

experiment and 15.8 ° in the simulation.

Effect of particle size

Fig. 11 presents the density distribution histograms of cumulative particle rotations observed in the experiment and

simulation based on the particle sizes. For circular particles, a clear difference in rotation magnitude between small and

big particles is observed. However, distributions for both sizes follow a symmetric distribution around a mean value of

approximately 0 °. The rotation of small circular particles is significantly greater than that of big particles. The absolute

average cumulative rotation ratio of small circular particles to larger ones is 1.7 and 1.8 in the experiment and simulation,

respectively, indicating that small particles rotate nearly twice as much as big particles in both cases. This difference

results in a ball-bearing effect, where small circular particles act as ball-bearings between the big particles, leading to a

reduction in strength. Vallejo (2001) also observed a similar effect of small particles in dual-size circular mixtures. In

contrast, for hexagonal particles, there is no significant difference in the rotation of small and big particles observed in

both experiments and simulations, indicating stronger interlocking between hexagonal particles. The absolute average

cumulative rotation ratio observed for the small to big hexagonal particles is 1.1 and 1.3 in the experiment and simulation,

respectively. Therefore, it can be concluded that particle size has a significant effect in circular samples, while its effect

is insignificant in hexagonal samples, which is also observed in the simulations.

Effect of confining pressure

Fig. 12 shows the cumulative particle rotations density distribution histograms for circular particles plotted for three

different confining pressures for both the experiment and simulation. The rotational behavior of circular particles is not

significantly affected by the confining pressure, as observed in both the experiment and simulation results. The effect of
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confining pressure on the rotational behavior of particles is insignificant. The effect of confining pressure remains

consistent for hexagonal particles.

VALIDATION OF THE SIMPLIFIED DEM MODEL WITH ROLLING RESISTANCE

Initially, the simplified DEM model is employed to simulate the behavior of circular particles without considering rolling

resistance. Since the experimental particles were perfectly circular, ensuring no disparity between the particles' shape in

the experiment and simulation, the DEM model theoretically should accurately represent the response without

incorporating rolling resistance. To calibrate the simplified DEM model, numerical results are compared against

experimental data for circular particles. Upon successful calibration, the next step involves introducing rolling resistance

to circular particles. This is done with the aim of capturing the experimental response of hexagonal particles.

Predicting circular response with no rolling resistance

In Fig. 13, the stress-strain and volumetric responses of circular particles are compared between the experimental

observations and simulations using the simplified DEM model with no rolling resistance applied under three different

confining pressures. The results indicate that the DEM model, employing a linear elastic frictional contact model, is

capable of replicating the behavior of circular particles. In the experiment, the circular particles demonstrate an average

critical state stress ratio of 1.80, while the simulation yields a very close ratio of 1.83 for all confining pressures.

Furthermore, the volumetric response is reasonably well captured, with a slight compression phase followed by a dilative

response, and ultimately, the specimen undergoes shearing without any significant change in volumetric strain. The

dilations tend to be more obvious under low confining pressures.

Fig. 14 presents a comparison of the absolute average cumulative rotation (rm) within and outside the shear

bands for the case of 63 = 39.2kPa. Interestingly, the simple DEM model demonstrates the ability to effectively capture

the overall rotational behavior of the circular particles at the particle level. In the experiment, the rm, value of total particles

at the end of shearing amounts to 18.6°, while in the simulation, it is 22.1°, a value quite close to the experimental result.

Moreover, within the experiment, the ry, values at the end of shearing inside and outside the shear band are 26.6° and

15.4° respectively, while in the simulation, they are 32.6° and 15.1° respectively. This comparison indicates that the

developed simplified DEM model can reasonably reproduce the experimental response of circular particles, both at the
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macro and microscopic levels.

Furthermore, Rorato et al. (2021) conducted 3D DEM simulations to calibrate rolling resistance and reproduce

realistic sands' triaxial response. Their findings indicated that even if the sand particles were perfectly spherical with a

unit 3D sphericity value, a rolling resistance of 0.2 was still necessary to accurately mimic the realistic response in DEM.

This requirement stems from the fact that real sands comprise particles with varying shapes, and although a majority may

be spherical, there exists a range of sphericities among the grains. Consequently, a simple DEM model employing only

spherical balls cannot entirely represent a realistic sand specimen without some rolling resistance to account for the shape

differences, even for spherical sands. However, in our study, the utilization of high-quality biaxial experiments with

perfectly circular particles allowed for precise replication of the specimen in the DEM model, eliminating any

discrepancies. The results from our study, specifically within the 2D granular system, suggest that no rolling resistance is

needed to accurately imitate the response of circular particles. After successfully calibrating the simplified DEM model,

rolling resistance is introduced to circular particles to replicate the experimental response of hexagonal particles. Besides

indirectly replicating hexagonal responses through rolling resistance, the calibrated linear spring contact model was also

directly utilized to simulate hexagonal-shaped particles. Our findings suggested that employing the linear model for the

direct simulation of hexagonal-shaped particles tends to slightly overestimate shear strengths. However, it accurately

reproduces the rotational behavior of hexagonal particles both inside and outside the shear band. Further details about the

results of these simulations and their comparison with equivalent experiments are elaborated in Appendix A.

Imitating hexagonal response using rolling resistance

To imitate the experimental response of hexagonal rods, a DEM model with circular particles with the same inscribed

diameters as that of hexagons is employed, wherein the rotation of circular particles is restricted by adding rolling

resistance within the linear contact model framework. As mentioned earlier, the initial contact normal based fabric of the

experimental hexagonal samples demonstrates relatively isotropic conditions at the beginning of the shearing. Similarly,

the corresponding DEM model, employing circular particles to replicate the experimental response of hexagons, also

depicts an isotropic fabric state of contact normals at the start of shearing (as shown in Fig 4).



Different values of rolling resistance were applied to the circular particles, and numerical results were
compared with the experimental response of hexagonal particles. Based on the trial-and-error method, a value of rolling
resistance showing a reasonable match with the hexagon experiment was selected. The results suggest that applying a
rolling resistance of 0.2 to circular particles in the simulation can reasonably replicate the macroscopic behavior of
hexagonal particles, particularly critical state shear strengths. The value of rolling resistance selected is quite close to the
theoretical values recommended by Huang et al. (2013) and Estrada et al. (2011) for 2D regular hexagons. Fig. 15 shows
the comparison between the macroscopic stress-strain response of hexagonal particles observed in the experiment and
circular particles with rolling resistance under three different confining pressures. Specifically, the average critical state
stress ratio for all the experiments depicted in Fig. 15 is 2.54, which is reduced to 2.49 upon replication by applying
rolling resistance to circular particles in the simulation.

Subsequently, microscopic behavior was assessed by comparing particle rotations, and Fig. 16 illustrates the
evolution of the absolute average cumulative rotation (rm) within and outside the shear bands for the case of o3 = 39.2kPa.
Despite the good agreement achieved in terms of macroscopic response, a difference in the rotational behavior of the
particles was observed microscopically, with the magnitude of the difference being higher outside the shear band.
However, when actual hexagonal shape particles were modeled in simulations, the rotational behavior closely predicted
experimental results, as demonstrated in Fig 10(c) and 10(d).

Furthermore, Fig. 16(a) indicates that the rotational behavior of hexagonal particles is similar in the initial stage
of shearing, with the rotations tending to concentrate inside the shear band when & reach 5%. This suggests that angular
particles interlock more effectively and that a certain degree of shearing is required for rotations to concentrate within the
shear band. This observation is consistent with the behavior of actual hexagonal particles, as demonstrated in Fig. 10(d).
In contrast, a clear difference was observed for circular particles with rolling resistance from the start of shearing, as
shown in Fig 16(b), indicating a relatively weaker interlocking state than actual hexagon particles.

Thus, it can be inferred that validation of DEM models with the application of rolling resistance is suitable only
for reproducing macroscopic behavior (as shown in Fig. 17) while slightly compromising the particle-level mechanisms.

Therefore, when employing DEM models to investigate micro-deformation mechanisms in granular systems, it is crucial
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to model actual shapes and validate the models by comparing them with at least two datasets of the different shapes.

Interlocking is a resistance mechanism that results from the particle arrangement of granular materials, and it

is considered an important source of shear strength (Liu et al. 2023). Fig. 18 presents the arrangement of hexagonal
particles at different strain levels during shearing in the detailed DEM model with hexagonal particles applied in the
previous section. At the onset of shearing, initial compression leads to a well-packed arrangement of hexagonal particles,
resulting in a strong interlocking between the particles, as illustrated in Fig. 18(a) and (b). Angular particles exhibit fewer
rotations due to the stronger interlocking. As shearing continues and dilation begins, particles override each other, leading
to the weakening of the interlocking, as illustrated in Fig. 18(c). Finally, rotation concentrates inside the shear band, as
shown in Fig. 10(d). However, the simplified DEM model that utilized circular particles with rolling resistance did not
show this kind of evolution of particle arrangements observed in angular particles (as shown in Fig. 19). This is because,
even if rolling resistance is applied to circular particles, the spatial rearrangement of angular particles encouraging
interlocking never happens. Huo et al. (2023) also reported similar findings, highlighting that the particle shapes cannot
be adequately substituted using sphere models and rolling resistance due to intrinsic differences in their micro-mechanics.
CONCLUSIONS:
This study had two main objectives: (1) to verify the reliability of the detailed DEM model that incorporates actual particle
shapes and material properties by comparing it with equivalent experimental data on circular and hexagonal particles at
both macroscopic and microscopic levels, such as stress-strain characteristics and particle rotations, respectively; and (2)
to highlight the potentials and constraints of the simplified ad hoc DEM model using circular particles with rolling
resistance in imitating the macro and microscopic response of non-circular particles.

The study conducted biaxial shearing tests on dual-size granular assemblies comprising circular or hexagonal
particles, in both experiments and DEM simulations. A new image analysis was carried out to capture particle rotations.
The detailed DEM model results were compared with two experimental datasets to assess its ability to include particle
shape effects on granular material behavior at both macroscopic and microscopic levels, including stress-strain
characteristics and particle rotations, respectively. The results showed that the detailed DEM model, especially when

employing a Hertz-Mindlin contact model, was effective in capturing the impact of particle shape on both macroscopic
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stress-strain response and particle-level rotational behavior during shearing. The simulation also identified similar non-

uniform deformation zones or shear bands as observed in the experiments, and the particle behavior in the shear bands

was accurately captured. Furthermore, the DEM model could reasonably represent the effect of particle size and confining

pressure on rotational behavior in dual-size samples.

A DEM model using linear elastic contact theory with a rolling resistance mechanism was further used to

simulate the biaxial shearing tests, where circular particles with artificial rolling resistance were used to replicate

noncircular particles. The conclusion drawn is that when employing linear elastic contact theory, there is no need for

rolling resistance to accurately replicate the experimental response of circular particles. However, rolling resistance

becomes necessary only when the DEM-generated specimen deviates in shape from the reference experimental specimen.

The use of circular or spherical shapes with rolling resistance in DEM is not enough to replicate the behavior of non-

circular or non-spherical particles, especially on a particle-level mechanism such as interlocking and rotations, although

it can capture the macroscopic response by adjusting the rolling resistance. Therefore, this study emphasizes that for

verifying the reliability of DEM models in accurately capturing realistic granular behavior, a comprehensive calibration

procedure must be employed, which includes a comparison of numerical and experimental results at both macroscopic

and microscopic levels. Additionally, when conducting parametric studies, such as using multiple particle shapes in the

simulation, it is reasonable to compare the DEM with more than one experimental dataset to further verify its validity.

Furthermore, the particle-scale modeling approaches examined in this study emphasizes the significance of

precisely modeling particle shapes and selecting appropriate contact models to accurately reproduce realistic global and

local granular responses.
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APPENDIX A: HEXAGONAL RESPONSE WITH LINEAR SPRING MODEL

Fig. A1 displays the comparison of stress-strain and volumetric responses of hexagon shaped particles observed in both

the experiment and DEM simulation using linear spring contact model. Overall, there is a clear similarity between the

response observed with the linear spring contact model simulation and the experimental findings. In experiments, the

average critical state stress ratio across all three confining pressures was 2.54 and, in the simulation, employing the linear

spring contact model, this average was 2.80. Meanwhile, when using the Hertz Mindlin contact model, the same average

was 2.52, indicates that the linear spring contact model tends to slightly overestimate the shear strengths. This suggests

that while the linear contact model performs effectively for circular discs, it tends to slightly overestimate shear strengths

for angular particles. As a result, it can be inferred that the shear response of angular particles observed through the Hertz

contact model aligns relatively closer to the corresponding experimental response compared to the linear spring contact

model.

Fig. A2 illustrates the progression of the absolute average cumulative rotation of particles for the entire sample, both

inside and outside the shear band for the case of 63 =39.2kPa. It is vital to highlight that employing the genuine hexagonal

shape, even with the linear spring contact model, can effectively reproduce the rotational behavior of hexagonal particles.

Similar to the experimental findings, the rotations at the initial stages of shearing demonstrate a close resemblance, and

as shearing progresses, the rotations tend to concentrate within the shear band. This mechanism is associated with the

interlocking characteristics inherent in hexagonal-shaped particles, as discussed earlier. This observation further

emphasizes the importance of modeling the actual particle shape and highlights the limitations of employing a rolling

resistance approach in accurately predicting the microscopic response of particles during granular shearing.



FIGURES AND TABLES

Table 1. Material parameters for detailed DEM model (Hertz contact model)

Description value

Mass density [kg/m3] 2710

Coefficient of friction, u 0.20

Shear Modulus, G [GPa] 26.0

Poisson’s ratio, v 0.30

Local damping parameter 0.20
Inertial number, I (107) 0.7-2.2

Table 2. Material parameters for simplified DEM model (rolling resistance linear contact model)

Description value

Mass density [kg/m?] 2710

Coefficient of friction, u 0.20

Effective normal contact stiffness, Emod [Pa] 2¢e7

Normal-to-shear stiffness ratio, kratio 2.0

Local damping parameter 0.20
Inertial number, I (107) 0.7-2.2

Rolling resistance, u- 0and 0.2
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Figure 1. A schematic view of the biaxial test apparatus (front side)
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