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Abstract
Incorporating sand with waste tire rubber as a new geotechnical material offers an effective solution to the global challenge

of waste tire pollution. To investigate the complex mechanical behaviors of sand-rubber mixtures, DEM modeling of the

sand-rubber mixtures, considering the realistic shape of particles and the deformability of rubber fibers is performed in this

study. Microscopic parameters in the DEM are obtained through a comprehensive calibration process with results from the

direct shear test, sliding test, and uniaxial tensile test. Next, a series of direct shear tests are simulated with sand-rubber

mixtures of different rubber mass fractions and normal stresses, and the macroscopic behaviors, i.e., shear stress and

volumetric strain of mixtures, are analyzed. At the microscale, the particle displacement fields, contact forces, internal

forces of rubber fibers, and rubber fiber deformation are presented and investigated. In particular, a novel descriptor is

proposed to assess the bending deformation of rubber fibers. The findings of this work enhance our comprehension of the

mechanical behavior of sand-rubber mixtures and contribute to their application in engineering practices.
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1 Introduction

The rapid growth of the automotive industry has led to an

increasing accumulation of waste tires worldwide, which

causes serious environmental issues. To address this

problem, recycled tire rubber has been incorporated into

construction materials for geotechnical and geological

engineering applications, offering a sustainable solution to

these environmental concerns. Waste tire rubber has been

successfully used in roadbed and embankment filling

[37, 52, 67, 76], railway foundations [29], and tunnel

backfill [61, 62, 80]. Additionally, rubber waste has been

employed as a rubber material in fiber-reinforced soil

[8, 11, 65, 73] and backfill material for retaining walls

[2, 20, 30, 44]. These applications demonstrate the signif-

icant potential of rubber mixtures in geotechnical engi-

neering. Therefore, a comprehensive understanding of the

mechanical behavior of sand-rubber mixtures is crucial for

their application in engineering practices.

Experimental studies on sand-rubber mixtures have

highlighted the complexity of their mechanical behavior.

For instance, Al-Rkaby [3] and Anbazhagan et al. [4]

reported an increase in shear strength with added rubber

content in triaxial tests. However, other studies noted a

decrease in shear strength as rubber content increased in

similar tests [40, 51]. Further research observed an initial

rise in shear strength with rubber content, followed by a

decline once a critical threshold was reached [1, 24]. These

conflicting findings underscore the complexity of the

mechanical properties in sand-rubber mixtures. Existing

studies have provided insights into the mechanical evolu-

tion of sand-rubber mixtures. However, the distribution of

deformation and internal force within rubber particles

during shear processes has not been thoroughly explored.

The macroscopic mechanical behavior of sand is often
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closely tied to microscopic particle interactions, empha-

sizing the importance of microscopic analysis [39, 79]. In

fact, the rubber fibers frequently undergo significant

deformation, exerting a notable impact on the overall

mechanical properties of the mixture [7, 23, 66]. Tradi-

tional experimental methods [25, 64] often struggle to

explain the complex microscopic interactions and

mechanical evolution of the sand-rubber mixtures. As a

result, there is an urgent need for more advanced methods

to accurately investigate both the macro- and micro-me-

chanical behaviors of sand-rubber mixtures, particularly to

understand the force and deformation mechanisms of rub-

ber within these systems.

The discrete element method (DEM) [21] has become a

valuable tool for modeling granular materials [43, 47, 63],

which has significantly advanced both macro- and micro-

mechanical studies in the field [33–35, 69]. Recently, DEM

has played a key role in understanding the behaviors of

rubber materials [56] and sand-rubber mixtures

[19, 27, 45]. To simplify the DEM model and improve

computational efficiency, most of the current research

employs spheres to simulate sand and rubber particles

[28, 77]. While these studies offer some knowledge on the

micro-mechanics of sand-rubber mixtures, the simplified

sphere particle model fails to consider the influences of

particle shape and the deformation of rubber particles. It is

worth noting that some recent studies have attempted to

model the irregular particle shapes of sand-rubber mix-

tures. Nevertheless, there are still some shortcomings, such

as being limited to two dimensions [6] or adopting over-

simplified particle shapes [18]. In addition, the effect of

particle shape on the micro-macroscopic behavior of sand-

rubber mixtures has not been reported. Hence, it is neces-

sary to develop a DEM model capable of precisely con-

sidering the realistic shapes of particles and the

deformability of rubber fibers, aiming to enhance our

understanding of the complex mechanical interactions in

sand-rubber mixtures. The deformability feature of rubber

fibers significantly influences the macroscopic behavior of

sand-rubber mixtures [23]. The deformation modes of

rubber fibers can be classified into axial deformation and

bending. The axial deformation of rubber fibers has been

effectively evaluated in [26]. However, a reliable descrip-

tor for bending deformation is still missing, which makes it

challenging to comprehensively evaluate deformation fea-

ture of rubber fibers.

This work presents a DEM modeling approach of the

sand-rubber mixtures in consideration of the realistic shape

of particles and the deformation of rubber fibers. The DEM

parameters of the sand-rubber mixtures are carefully cali-

brated by a series of laboratory tests at the single particle

scale. The shear behavior of sand-rubber mixtures is ana-

lyzed from both macroscopic and microscopic

perspectives, and the effect of particle shapes is also dis-

cussed in detail. A novel descriptor has been proposed to

assess the bending deformation of rubber fibers. The paper

is organized as follows. Section 2 presents the establish-

ment of the DEM model for sand-rubber mixtures. Sec-

tion 3 describes the calibration of DEM parameters.

Section 4 reports the results of micro-macroscopic

mechanical behavior of sand-rubber mixtures. Section 5

summarizes the concluding remarks.

2 DEM model of sand-rubber mixtures

2.1 Acquisition of sand-rubber mixture
morphology

In this work, Fujian standard sand is chosen for subsequent

experiments and DEM simulations due to its uniform

gradation and excellent engineering properties [10, 12, 31].

As shown in Fig. 1a, sand particles with sizes ranging from

0.9 mm to 2.1 mm are obtained by sieving. To acquire

particle morphology, about 200 sand particles filled in a

cylindrical container which is subjected to X-ray CT scan

[14, 16, 32, 33, 42]. Then, image processing is then per-

formed to segregate individual particles in the image and

reconstruct their shapes. Then, image processing is then

performed to segregate individual particles in the image

and reconstruct their shapes which will serve as shape

templates in DEM modeling. It should be noted that

approximately 200 sand particle shapes are used in the

DEM simulations. For the sake of brevity, the image pro-

cessing procedures will not be discussed in this work,

whereas interested readers are referred to this reference for

details [34]. Figure 1b illustrates a number of sand particles

represented by surface triangle mesh.

The rubber fibers are derived from recycled waste tires,

processed by cutting shredded tire materials. As shown in

Fig. 2, rubber particles with the elongated shape are

selected for investigation in this work. The rubber fibers are

featured the same size of 1.0 mm in height and width and

4.0 mm in length.

2.2 Particle models

Particle shapes and inherent mechanical properties can

significantly impact the mechanical behavior of the bulk

granular materials. In this study, sand-rubber mixtures are

composed of irregularly shaped Fujian sand and elongated

and deformable rubber fibers. This complex composition

requires careful selection of particle models in the DEM

simulations. For sand particles, the clump method, in which

particles are modeled by a rigid assembly of spheres, is

utilized to approximate the real shape of sand. The most
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notable advantages of this particle model are its compu-

tational efficiency and straightforward contact detection

algorithms. Specifically, the realistic shape templates of

sand particles are reconstructed by the bubble packing

approach. The approximation accuracy in this approach can

be adjusted by two key parameters: distance and ratio. The

distance influences the smoothness and angularity of par-

ticle surfaces, while the ratio defines the size ratio between

the smallest and largest spheres. Figure 3 illustrates the

effects of these two parameters on the shape of a particle

template. To achieve a balance between shape approxi-

mation accuracy and computational efficiency, the ratio

and distance are set respectively as 0.55 and 140, leading to

a total of 25 spheres in the particle.

Regarding the rubber fibers, the cluster method is uti-

lized to describe the highly deformable feature of rubber

particles [15, 17, 71, 75]. A cluster is formed by bonding

two or more spheres together, allowing axial, shear,

twisting, and bending behavior at the bonds. Thus, the

rubber particles can be accurately represented in the sim-

ulations. Figure 4 shows the cluster of a rubber fiber,

composed of seven overlapping spheres to approximate the

elongated particle shape. It is important to note that both

the size and number of pebbles influence the rubber cali-

bration parameters. While increasing the number of peb-

bles in simulations can provide a more accurate

representation of the rubber shape, it may also result in a

substantial rise in computational costs.

2.3 Contact models

In DEM, the interaction between particles is governed by

contact models. As illustrated in Fig. 5, four types of

contacts are considered in the DEM model for sand-rubber

mixture, i.e., the sand-sand contact (S–S), sand-rubber

contact (S–R), rubber–rubber contact (R–R), and bonds

within the rubber clusters (intra-particle contacts). The S–

S, S–R, and R–R contacts are governed by the linear elastic

model and are given as follows:

kn ¼ AE�=L ð1Þ
ks ¼ kn=j

� ð2Þ
Fn ¼ kndn ð3Þ

Ft ¼ minðF0
t þ ktDdt; lFnÞ ð4Þ

Mc ¼ 0 ð5Þ

Fig. 1 Sand characteristics: a particle size distribution and b particle shapes

Fig. 2 Rubber fibers used in experiments and DEM simulations
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where E� is the effective modulus, L represents the distance

between the centers of the two contacting spheres, and A

denotes the cross-sectional area of the smaller sphere

between them. j� is the ratio of normal to tangential

stiffness, while Fn and Ft are the normal and tangential

forces, respectively; kn and kt are the normal and tangential

stiffness, respectively; l is the friction coefficient; F0
t

represents the tangential force at the beginning of the

current DEM cycle, and Mc is the moment.

The linear parallel-bond model is adopted for the con-

tacts within the rubber. The force and moment in the par-

allel bond are updated as

Fn ¼ Fn0 þ knA
0Ddn ð6Þ

Ft ¼ Ft0 þ ktA
0Ddt ð7Þ

Mb ¼ Mb0 � knIDhb ð8Þ

where Fn, Ft, andMb are the normal force, tangential force,

and moment of the bond, respectively; the subscript 0

indicates the force or moment obtained from the previous

cycle; A0 is the cross-sectional area moment of inertia; I is

the moment of inertia of the parallel bond cross section;

while Ddn, Dds, and Dhn correspond to the increments in

the normal displacement, shear displacement, and bending

displacement, respectively.

Fig. 3 Effects of ratio and distance on particle shape approximation

Fig. 4 Illustration of cluster method for rubber fibers

4292 Acta Geotechnica (2025) 20:4289–4309

123



2.4 DEM specimen preparation

In the direct shear test, sand particles and rubber particles

are mixed and filled into a cylindrical container with a

diameter of 70 mm and a height of 20 mm. To ensure

adequate mixing of sand and rubber, the specimen is

divided into four layers and then compacted using the

multi-layer compaction method [38]. In each layer, sand

particles and rubber particles are randomly generated. The

porosity of mixtures is controlled by moving the top plate

to reach the specified heights (e.g., 5, 10, 15, and 20 mm).

It should be noted that the gravity and inter-particle friction

coefficients are assigned to the model once the particle

sample has finished assembling. This contributes to

removing potential cavity and improving sample homo-

geneity. Upon completion of sample generation, the normal

stress is applied to the specified values (e.g., 50, 100, and

150 kPa) using servo control and is maintained during the

shear process (Fig. 6).

To evaluate the effect of the mass fraction of rubber

fibers, samples with the mass fractions of 0%, 10%, 20%,

30% and 40% are prepared. The rubber mass fraction is

defined as the ratio of the mass of rubber fibers to the mass

of the mixture. Figure 7 illustrates the DEM specimens for

sand-rubber mixture with different rubber mass fractions,

in which sand and rubber particles are well mixed with

rubber fibers evenly distributed within the specimen.

3 Parameter calibration and model
validation

3.1 Calibration produce

The accuracy of DEM simulations highly relates to the

reasonableness of model parameters. Therefore, the input

DEM parameters are calibrated through a series of labo-

ratory tests, following a calibration procedure similar in

[77, 78]. As shown in Fig. 8, the model parameters are

divided into three groups: known, measured, and calculated

parameters. Within the group of known parameters, the

Poisson’s ratios of sand and rubber are 0.2 and 0.48,

respectively. The damping coefficient, which minimally

affects simulation outcomes under quasi-static conditions,

is set to 0.7, as recommended by [26]. Within the group of

measured parameters, the densities of sand and rubber

particles are recorded at approximately 2650 and 1700 kg/

m3, respectively. The effective modulus and friction coef-

ficients of the sand-rubber mixtures are determined through

a series of laboratory tests, including direct shear tests,

tensile tests, column collapse tests, and sliding tests, which

will be elaborated later. The calculated parameters can be

derived by substituting the known and measured parame-

ters into the equations presented in Fig. 8. Interested

readers are referred to [41] for more details about the

calculation schemes.

3.2 Effective modulus

To calibrate the effective modulus of sand-sand contacts

(Es), the direct shear test is conducted on pure sand uti-

lizing an automatic direct shear apparatus, as shown in

Fig. 9. The specimen in the direct shear test has a cylin-

drical shape with a diameter of 70 mm and a height of 20

mm. The sample size used in the DEM model is consistent

with that of the laboratory tests. Additionally, both the tests

and simulations conducted in this study meet the size

Fig. 5 Four contact types in the DEM model for sand-rubber mixture

Fig. 6 Discrete element model of a direct shear test specimen
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requirements outlined in ASTM D3080/D3080M-11 [22].

During preparation, the specimen is slightly compacted

using a pestle to eliminate potential voids and enhance

sample uniformity. Subsequently, the specimen is consol-

idated under designated confining pressures. Three normal

stresses are used, i.e., 50, 100 and 150 kPa, and the

porosity of the model is 0.19. Then, the specimen is

sheared at a rate of 0.8 mm/min by applying a lateral

velocity to the lower part of the shearing cell.

Figure 10 depicts the evolution of the shear stress during

shearing at different normal stresses. Herein, the shear

strain is the ratio of the lateral displacement of the lower

part of the shear cell to the specimen diameter. The shear

stress gradually increases as the shear strain approaches

approximately 5%, after which it becomes stable and

exhibits an almost constant value [48]. The shear behavior

derived from the DEM simulations show a good match

with the results obtained from the laboratory tests. The

calibrated effective modulus of the sand-sand contacts is

300 MPa.

To calibrate the effective modulus of rubber–rubber

contacts, we conducted uniaxial tensile tests on rubber

Fig.7 DEM specimens of sand-rubber mixtures with different rubber content: a 0% rubber content, b 10% rubber content, c 20% rubber content,

d 30% rubber content, e 40% rubber content

Fig. 8 Calibration procedure of input parameters for the DEM model
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samples using a single axis tensile tester. Figure 11 illus-

trates the setup of the uniaxial tensile test and the corre-

sponding model of the rubber fiber in DEM, where the

sizes of the rubber fiber in the tests and simulations are

both 4 mm. During the tensile test and DEM simulation,

the bottom of the rubber remained fixed, while a constant

upward velocity was applied at the top, gradually stretching

the rubber until reaching the target strain. The calibrated

normal and shear stiffness of the parallel bond are 9 9 108

N/m3 and 9 9 108 N/m3, respectively [26]. The calibrated

effective modulus of the rubber–rubber contacts is

1.1 MPa. As illustrated in Fig. 11, the force–displacement

relationships between the DEM simulations and the labo-

ratory tests are in good agreement.

3.3 Friction coefficients

In the sand-rubber mixtures, three friction coefficients are

considered, i.e., sand-sand contacts (ls), rubber–rubber

contacts (lr), and sand-rubber contacts (lsr). The friction

coefficient of sand-sand can be determined by direct shear

tests and the friction angle is calculated to be approxi-

mately 28.81� and verified by column collapse tests [49], as

shown in Fig. 12. The measured angle of repose is about

29�, which corresponds to a friction coefficient of about

0.55.

The friction coefficients of rubber–rubber contacts (lr)
and sand-rubber contacts (lsr) are determined by the slid-

ing tests. As shown in Fig. 13, a flat rubber block is affixed

to a slope, and a sand/rubber particle is placed on the

surface of rubber block. The inclination of the slope is

gradually increased, and the angle at which the sand/rubber

particle starts to slip off is recorded. A similar numerical

model of the sliding test is generated in DEM, in which the

inclination angle is the same as the recorded value in the

test. The initial friction coefficient between the particle and

the bottom is set as large as 1.0 in the model. Next, the

coefficient is gradually decreased until the particle move-

ment initiates. The lowest coefficient that maintaining the

particle static is determined as the friction coefficient

between the particle and the surface. Notably, approxi-

mately 200 sand particles with diverse shapes undergo the

sliding test, and the average friction angle is adopted in the

DEM simulation. The friction coefficients for rubber–rub-

ber and sand-rubber contacts obtained through the above

method are 0.71 and 0.52, respectively.

After the measured parameters are determined by a

series of laboratory tests, the calculated parameters are

calculated using the equations in Fig. 8, it is important to

note that no breakages of the rubber fibers are observed

after completing the test. As a result, the tensile strength

and cohesion are set to very high values to remove the

Fig. 9 Apparatus and specimens for the direct shear test

Fig. 10 Comparison of shear stress and shear strain relationships

between laboratory tests and DEM simulations at three different

normal stresses
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breakage within the rubber fiber [15, 18]. All the DEM

model parameters of sand-rubber mixtures are listed

Table 1.

3.4 Experimental validation

To validate the effectiveness of the DEM model, a direct

shear test is performed on sand-rubber mixtures. The rub-

ber mass fraction in the specimen is 10%, with a normal

stress of 100 kPa and a porosity of 0.19. A DEM model

with the same dimension, particle size, rubber mass and

normal stress is established for comparison. Figure 14

illustrates the stress–strain curves from the laboratory test

and DEM simulation. It is evident that the shear stress

initially increases, reaching a peak value at shear strain of

approximately 8%, followed by a gradual decrease. The

comparison between the experimental and simulated

results demonstrates a good agreement, confirming that the

DEM model and the associated parameters can effectively

reflect the mechanical behavior of sand-rubber mixtures.

4 Simulation results and discussions

This section presents the results of DEM simulations of

direct shear tests on sand-rubber mixtures with various

rubber mass fractions and normal stresses, including both

macroscopic and microscopic mechanical behaviors.

Additionally, the effect of the particle shape on shear

behavior with the mixtures is discussed.

4.1 Macroscopic analysis

The effects of varying normal stresses and rubber mass

fractions on shear behaviors are depicted in Fig. 15. During

the shearing, pure sand samples first exhibit a strain hard-

ening behavior and then strain softening after peak shear

stress, consistent with findings in references [53, 5755]. As

Fig. 11 Laboratory test and DEM simulation for the uniaxial tensile test of the rubber fiber: a model setup, b force–displacement relationships

Fig. 12 Column collapse test of sand

Fig. 13 Sliding tests for the friction coefficients of sand-rubber and rubber–rubber contacts
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the rubber mass fraction increases, the trend of strain

softening in the sand-rubber mixtures gradually weakens

and eventually disappears when the rubber mass fraction

exceeds 30%. The continuous strain hardening trend

becomes more pronounced, especially under higher normal

stresses. Additionally, greater rubber content results in a

marked reduction in the stiffness of the specimens, and

therefore a large shear displacement is needed to reach the

peak shear stress. The above findings align with [5, 18, 23].

For the volumetric deformation, the specimen exhibits a

significant dilative behavior at the normal stress of 50 kPa,

as shown in Fig. 15b. However, with the normal stress

increases to 100 kPa and 150 kPa, the dilation is sup-

pressed. This phenomenon is more noticeable when the

rubber mass fraction is high. For instance, the specimen

with a rubber mass fraction of 40% and a normal stress of

150 kPa exhibits contraction during almost the entire direct

shearing process. In fact, due to the lower modulus of

elasticity of rubber–rubber and sand-rubber contacts,

specimens with higher rubber mass fractions exhibit

greater compressibility. The addition of rubber fibers in the

specimen facilitates the filling of voids between sand par-

ticles, making the material more prone to deformation

during shear.

4.2 Microscopic analysis

4.2.1 Particle displacement

Figure 15 indicates that the volumetric change of the sand-

rubber mixtures is correlated with both the rubber mass

fraction and the normal stress. In this section, the dis-

placement of particles is extracted to gain more insights

into this relationship from a microscopic perspective.

Figure 16 illustrates the particle vertical displacement field

of sand-rubber mixtures with different rubber mass frac-

tions at the end of the direct shear test. The negative values

indicate downward vertical displacement, vice versa. Fig-

ure 16 shows that the particles with greater vertical dis-

placement mainly concentrate in the upper part of the shear

box, and the downward displacement becomes increasingly

prominent with higher rubber mass fractions. Figure 17

shows the particle vertical displacement of sand-rubber

mixtures under different normal stresses at the end of the

direct shear test. As the normal stress increases, the overall

trend of downward displacement becomes more pro-

nounced, aligning with macroscopic observations of

decreased volumetric dilation.

4.2.2 Contact types and orientations

The inter-particle contacts in the DEM model are classified

into strong and weak contacts[36, 46, 59]. Herein, contacts

are differentiated by the mean of contact forces: those

exceeding the mean value are classified as strong contacts,

whereas those falling below the it are labeled as weak ones

[18, 50, 54, 58]. Figure 18 illustrates distribution of dif-

ferent contact types in strong contact networks of the

specimens at the end of the direct shear test. In specimens

with low rubber mass fractions (i.e., 10%), strong contacts

are predominantly composed of S–S contacts, with a much

lower fraction of S-R contacts and nearly absent R-R

contacts. With an increase in the rubber mass fraction, the

Table 1 DEM model parameters of sand-rubber mixtures

Parameter Value

Effective modulus of sand-sand contacts, Es (MPa) 300

Stiffness ratio of sand-sand contacts, krs 1.125

Friction coefficient of sand-sand contacts, ls 0.55

Effective modulus of rubber–rubber contacts, Er (MPa) 1.1

Stiffness ratio of rubber–rubber contacts, krr 1.461

Friction coefficient of rubber–rubber contacts, lr 0.71

Effective modulus of sand-rubber contacts, Esr (MPa) 2.19

Stiffness ratio of sand-rubber contacts, krsr 1.46

Friction coefficient of sand-rubber contacts, lsr 0.52

Parallel bond normal stiffness of a rubber particle, kn (N/
m3)

9 9 108

Parallel bond shear stiffness of a rubber particle, ks (N/
m3)

9 9 108

Density of sand particles, qs (g/cm
3) 2.65

Density of rubber particles, qr (g/cm
3) 1.7

Global damping ratio, n 0.7

Tensile strength of rubber (MPa) 1 9 10194

Cohesion of rubber (MPa) 1 9 10194

Fig. 14 The comparison of the stress–strain curves in the direct shear

test between laboratory test and DEM simulation
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proportion of S–S contacts decreases within the strong

contact network, while the proportions of S-R and R-R

contacts increase. When the rubber mass fraction reaches

40%, the S-R contact becomes the dominant component in

the strong contact network. This phenomenon signifies the

major role of rubber in resisting shear force, synergistically

governing the properties of the mixture with other contact

types. The impact of normal stress is comparatively minor,

as demonstrated by similar relative proportions among

three different contact types under different normal

stresses.

Furthermore, the distribution of contact normal orien-

tation of the sand-rubber mixtures is visualized in Fig. 19.

The distribution presents a dominant alignment in the

vertical direction in the initial stage, transitioning to an

inclined angle with the horizontal direction at the end. This

phenomenon is attributed to the shear stress induced by

shearing. In addition, the anisotropy in contact normal

Fig. 15 Evolutions of the shear stress and volumetric strain of sand-rubber mixture during the direct shear test
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orientation increases when the normal stress or the rubber

mass fraction is increased.

4.2.3 Analysis of internal force of rubber fiber

In addition to the inter-particle contacts (i.e., S–S, S-R, and

R-R), the intra-particle contacts (i.e., the contacts between

contacting spheres within a rubber fiber) are extracted for

further analysis of the mechanical behavior of rubber fibers

during the shearing process. In this work, two indicators,

namely the normalized average tensile force (AT) and the

ratio of the tensile to the compressive force (RTC), proposed

by Yang et al. in [74], are utilized to describe the internal

forces within rubber fibers. AT reflects the development of

tensile forces within the rubber, while RTC describes the

main type of force inside the rubber. As depicted in

Fig. 20a, the average tensile force decreases with the

increase of rubber mass fraction under the same normal

stress. This indicates that the tensile force experienced by

the rubber is primarily induced by the surrounding sand

particles. Additionally, the tensile force is positively

correlated with the normal stress. This may be due to the

fact that the higher normal stress increases the compressive

and shear forces at the sand-rubber contacts and thus

stretches rubber fibers, leading to stronger tensile force

within the fibers. Figure 20b illustrates the RTC of rubber

fibers at the end of shearing. The results show that the

rubber fibers exhibit a tensile state in specimens when the

rubber mass fraction and normal stress are low. As the

rubber mass fraction and normal stress increase, the

internal force of the rubber fibers gradually transforms

from tension to compression. When the rubber mass frac-

tion surpasses 30%, the influence of normal stress on the

compressive force within the rubber fibers is notable, yet it

has minimal impact on the tensile force. In light of the

deformable properties of the rubber fiber, it can be inferred

that higher normal stress leads to greater compression of

the rubber, resulting in a reduction in the overall stiffness

of the sample and more pronounced volumetric

compression.

Fig. 16 Vertical displacement of particles in samples with different rubber mass fractions under 100 kPa normal stress: a pure sand, b 10%

rubber, c 20% rubber, d 30% rubber, and e 40% rubber

Fig. 17 Vertical displacement of particles in samples with a rubber mass fraction of 20% under the normal stress of a 50 kPa, b 100 kPa, and

c 150 kPa
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4.2.4 Evaluation of rubber fiber deformation

In view of the deformability of rubber and its influence on

the unique mechanical behavior of sand-rubber mixtures, a

comprehensive understanding of rubber deformation dur-

ing direct shear is crucial for interpreting the micro-me-

chanical properties of the mixture. As shown in Fig. 21a

and b, the deformation modes of rubber fibers can be

classified into two types: axial deformation and bending,

while Fig. 21c presents the realistic deformation mor-

phology diagrams of rubber fibers extracted from the DEM

simulation. The former can be evaluated by comparing the

current length (I) of the fiber and its initial length (I0)

[26].Specifically, a rubber fiber is compressed when I/I0 is

less than 1.0 and stretched when I/I0 is greater than 1.0.

However, a robust descriptor to evaluate the bending of

rubber fibers is missing in existing studies. Therefore, a

novel descriptor, the average bending angle, is proposed to

assess the bending of the rubber fibers. The definition of the

average bending angle is illustrated in Fig. 22. For the first

three neighboring spheres within the rubber fiber, the

spherical centers form a local bending angle (a1).

Similarly, the local bending angle, ai, can be derived for

any three neigoubhouring particles, resulting a total num-

ber of n-2 local bending angles by traversing all neigh-

bouring spheres, where n is the number of spheres in this

rubber fiber. Note that the local bending angle ranges from

0� to 180�. Finally, the bending angle (a) of the rubber fiber
is calculated as the average of all local bending angles of

this rubber fiber. According to the definition, a bending

angle close to 180� implies that the rubber fiber undergoes

very limited bending.

Figure 23 shows the evolution of the average length

ratio of all of the rubber fibers within the specimens under

different normal stresses. The results indicate that, for a

given specimen, the length change of rubber fibers is very

slight during the test. The rubber mass fraction plays a

more significant role in determining the average length

ratio. An increase in the rubber mass fraction decreases the

tensile deformation of rubber induced by shearing. For

instance, the rubber fibers of the specimen with a rubber

mass fraction of 40% and a normal stress of 150 kPa

consistently exhibit a compression deformation during the

direct shearing process.

Fig. 18 Proportions of different contact types in strong contact networks of the specimens under a normal stress of a 50 kPa, b 100kPa, and c 150
kPa at the end of the direct shear test
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Figure 24 illustrates evaluation of the average bending

angle of all of the rubber fibers within the sand-rubber

mixture under different normal stress. During the shearing

process, the average bending angle of the rubber fibers

decreases linearly, indicating a progressive increase in

bending degree of the rubber fibers. Under the same normal

stress, the degree of bending deformation in rubber

increases with the growth of the mass fraction and stabi-

lizes when the rubber mass fraction reaches 30%. The

normal stress also contributes to the bending deformation

of rubber fibers, but its impact is weak and can be

considered negligible. It can be further inferred that the

increase in rubber mass fraction leads to more entangle-

ment between the rubber particles, which reduces the

stable structure formed by the interaction between rubber

and sand particles. As a result, the rubber undergoes greater

bending deformation.

4.3 Effect of particle shape on shear behavior

Many previous studies have relied on the simplified DEM

model to investigate the mechanical behavior of sand-

Fig. 19 Distribution of contact normal orientation for inter-particle contacts

Fig. 20 Effects of normal stress and rubber mass fraction on a the normalized tensile force and b the ratio of the tensile to the compress force of

rubber fibers
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rubber mixtures, in which sand and rubber particles are

modeled with spherical particles [28, 68]. This simplifica-

tion may introduce potential inaccuracies in the simulation

results. For instance, the sharp angles on the surfaces of the

sand particles cause interlocking between particles, while

the rubber fibers fill more of the spaces between the shaped

sand particles, resulting in significant particle

rearrangement under shearing. To shed more light on this

issue, the effect of the particle shape on the shear behavior

is investigated by simulating rubber-sand mixtures with

both simplified model and the current model, as shown in

Fig. 25. It should be noted that this work focuses specifi-

cally on the effect of sand particle shape, while the particle

model for rubber fibers remains unchanged. As a

(a)

Shear strain

10%5%

Tension

Compression

Tension

Compression

0%

(b)

(c) 

Bending Bending

Shear strain

10%5%0%

CompressionBending
Tension

Fig. 21 Two deformation modes of rubber fibers: a axial deformation, b bending and c rubber fiber in simulation
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comparison, two additional cases of DEM simulations are

performed. The first case uses the same input parameters

for the linear contact model but with simple spherical

particles, i.e., no consideration of particle shapes. The

second case also uses spherical shaped particles but

incorporates rolling resistance in linear contact model

(rrlinear), where the rolling resistance coefficient is 0.05

[13]. To eliminate the effect of packing randomness, the

particle configurations of the specimens in the simplified

model and the current model are kept consistent.

The macroscopic mechanical behaviors of sand-rubber

mixtures modeled with three different models are presented

in Fig. 26. Results indicate that both simplified models

exhibit strain-softening behavior, whereas the current

model demonstrates the continuous hardening behavior,

which aligns with observations reported in previous studies

[9, 23, 25]. In terms of volumetric strain, the simplified

Traversal

Local bending angle

Fig. 22 Definition of the average bending angle

Fig. 23 Evolutions of the average length ratio duiring shearing process: a 50 kPa, b 100 kPa, and c 150 kPa
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model exhibits continuous dilative behavior, whereas the

current model shows contractive-to-dilative behavior. This

is because the pores between real shape particles are more

easily filled, particularly by highly deformable and flexible

rubber fibers.

Particle shape also influences the microscopic mechan-

ical behavior. Figure 27 illustrates these differences by

monitoring the contribution of different contact types to the

strong contact network after shearing. The results indicate

that, compared to simplified model, the sand-sand contacts

in the current model make a greater contribution to the

strong contact network. Because angular particles have

stronger interlocking among particles, the S–S contacts can

Fig. 24 Evaluation of the average bending angle a duiring shearing process: a 50 kPa, b 100 kPa, and c 150 kPa

Fig. 25 Particle specimens of a the current model and b the simplified model
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bear more external force and contribute to the overall

strong contact network.

Particle shape also influences the microscopic mechan-

ical behavior. Figure 27 illustrates these differences by

monitoring the contribution of different contact types to the

strong contact network after shearing. The results indicate

that, compared to simplified model, the sand-sand contacts

in the current model make a greater contribution to the

strong contact network. Because angular particles have

stronger interlocking among particles, the S–S contacts can

bear more external force and contribute to the overall

strong contact network.

The evolution of the average coordination number dur-

ing the shearing process is further investigated, with the

results presented in Fig. 28. The average coordination

number of the current model gradually increases through-

out shearing, while that in the simplified model remains

almost unchanged with a much lower value, and the

average coordination number of the other simplified model

(rrlinear) has an even lower value and also remains almost

constant during the shear process. This behavior is attrib-

uted to the real sand particles typically have irregular

shapes with sharp edges or corners. During the direct shear

process, particles undergo rearrangement and rotation,

which leads to a continuous increase in the coordination

number of real-shaped sand particles. The rearrangement

and rotation of particles have little impact on the number of

contacts between sphere particles.

Besides, the variation in bending angles of three dif-

ferent DEM models during shearing is also investigated, as

shown in Fig. 29. The results indicate that the average

bending angle of the simplified models are smaller than

that of the current model and decreases rapidly during the

shearing process. This is due to the larger internal voids

among spherical sand particles, coupled with relatively

limited particle rearrangement. The interlocking between

Fig. 26 The macroscopic mechanical behavior differences of sand particle shapes: a shear stress and b volumetric strain

Fig. 27 Contribution of different contact types to strong contact

networks in different particle models
Fig. 28 Evolution of the average coordination number duiring

shearing process
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sphere particles and rubber is relatively weak, and the

rubber is progressively compressed by the sand particles,

resulting in stronger bending deformation.

Overall, the study underscores the importance of using

sand particles with realistic shapes in simulations of sand-

rubber mixtures to achieve more accurate mechanical

properties at both macro and microscale.

5 Conclusion

This work presents a DEM modeling approach of the sand-

rubber mixtures in consideration of the realistic shape of

particles and the deformability of rubber fibers. The cali-

brated DEM model can successfully capture the behavior

of the sand-rubber mixtures. The irregular-shaped rigid

sand particles are simulated with the clump method, while

the deformable rubber particles are approximated by

bonding spheres into clusters. Subsequently, the DEM

parameters of sand-rubber mixtures are calibrated by a

series of laboratory tests. Then, by simulating the direct

shear test, the mechanical behavior of sand-rubber mixtures

is comprehensively investigated from both macroscopic

and microscopic perspectives, considering the influence of

rubber mass fraction, normal stress, and particle shape. A

key focus of our study is the comprehensive examination of

the deformation mechanism of rubber-sand mixtures, par-

ticularly the deformation and internal force of rubber par-

ticles. The main conclusions of this study are summarized

as follows:

(1)As the rubber mass fraction increases, the peak shear

stress decreases and shifts backward, while dilation is

suppressed, particularly under high normal stress. This

can be microscopically explained by the lower elastic

modulus of rubber–rubber and sand-rubber interactions,

which causes samples with higher rubber mass fractions

to exhibit greater compressibility, making them more

prone to deformation during shearing.

(2)An increase in the mass fraction of rubber reduces the

bending angle of rubber fibers, whereas the normal stress

contributes to the bending, as demonstrated by the newly

proposed descriptor of the average bending angle.

(3)The axial deformation of rubber fibers depends on the

rubber mass fraction and normal stress. The rubber fibers

predominantly experience tension in samples with low

rubber mass fractions and normal stresses. As the rubber

mass fraction and normal stress increase, the deforma-

tion type of rubber fibers changes from tension to

compression.

(4)The shape of particles plays a crucial role in the

mechanical behavior of rubber-sand mixtures, both at the

macroscopic and microscopic levels. At the macroscale,

simplified models that assume spherical particles will

underestimate the mixture’s shear strength and overes-

timate its volumetric expansion. At the microscale,

simplified models cannot capture the contribution of

sand particles to the contact network and fail to consider

the pronounced deformation of rubber fibers.

(5)The bending deformation of rubber fibers significantly

reduces the overall stiffness of mixtures, leading to a

decrease in shear strength and an increased tendency for

strain hardening at high rubber content. Additionally, the

enhanced S-R contact network alters the force chain

transmission path, while the synergistic axial compres-

sion of the rubber fibers suppresses volumetric dilation.

Overall, these microscopic mechanisms account for the

macroscopic mechanical behavior of increased com-

pressibility and reduced softening as rubber content rises.
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