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Abstract

In this study, the cyclic response of sand-rubber mixtures was investigated in terms of shape and deformability effects of particles. 

A series of cyclic simple shear tests were performed using three different sand and two different rubber specimens. The rubber 

particles were included in the sand samples with five different contents, and the mixtures were loaded until five different shear strain 

levels. The cyclic response was evaluated using secant shear modulus and damping ratio parameters. The particle deformability and 

shape effects of the rubber particles were elaborated using local images from the tests. In addition, the mixtures were subjected to 

California bearing ratio test to correlate the cyclic response with static behavior. The results were evaluated by adopting an interactive 

approach by considering the shape and deformability of the particles together. It was revealed that the influence of shape and rubber 

content on the cyclic parameters were found to be highly dependent on the shear strain level. The shear modulus at small strain levels 

followed similar trends as the bearing ratio in terms of particle shape and rubber content influences. The contribution of sand and 

rubber particles to the damping ratio varied with the shear strain, and particle shape effects emerged at large strain levels. The local 

image of the samples reveals that the response of the mixtures is transformed as the rubber particles produce primary force columns. 

Rubber particles can provide a fiber effect depending on the shape features.
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1 Introduction
The mechanical response of granular materials is affected 
by the physical condition of the particles. Particle mor-
phology serves as a primary physical factor governing the 
mechanical behavior of granular assemblies [1–3]. In recent 
years, the use of rubbers from recycled tires in geotech-
nical engineering applications has attracted the attention 
of researchers [4–6]. The rubber particles have a superi-
ority against sand particles in terms of energy absorbing 
features. This provides an advantage in geotechnical engi-
neering for mitigating earthquake-related damage on the 
structures. Since rubber particles have a soft structure, 
unlike rigid sand particles, their particle shape can change 
depending on external loads. This complicates the role 
of particle shape on the behavior of mixtures. Therefore, 
a coupled approach that takes particle shape and deforma-
bility into account is needed to accurately understand the 
cyclic response of sand-rubber mixtures.

In the literature, the effect of particle shape on the mono-
tonic shear response of sandy soils has been investigated 
for various experimental conditions [7–9]. However, stud-
ies examining the role of particle shape on the dynamic 
response are relatively limited. Shin and Santamarina [10] 
and Ha Giang et al. [11] observed that the small-strain shear 
modulus increased with the angularity of the particles. 
However, Sarkar et al. [12] and Ahmed and Martinez [13] 
stated that the small-strain shear modulus decreased with 
increasing angularity. Hu et al. [14] reported that the angu-
lar particles produced a higher secant shear modulus than 
the rounded particles, and the particle shape influence on the 
damping ratio appeared at relatively large strains. The global 
performance of granular assemblies is a direct consequence 
of the mechanical interactions occurring between individ-
ual particles at the local scale. These local contact dynam-
ics essentially govern the overall evolution of the material's 
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response. In the case of adding rubber to sand material, 
the role of particle shape on the mechanical response needs 
to be related to the change in particle deformability.

Researchers have investigated the effect of rubber parti-
cles on the dynamic behavior of mixtures for different rub-
ber contents and different shear strain ranges. It is reported 
that the shear modulus decreases and the damping ratio 
increases with increasing rubber content [15, 16]. Previous 
studies have shown that the effect of rubber particles on the 
response can vary greatly depending on the level of shear 
strain. Madhusudhan et al. [4] observed an optimum rub-
ber content in terms of maximum damping ratio at large 
shear strain. Furthermore, existing research indicates that 
soil-rubber mixtures exhibit optimal static and dynamic 
performance at specific replacement ratios, providing 
an effective seismic isolation solution for low-rise struc-
tures [17, 18]. Liu et al. [19] reported that there is a thresh-
old shear strain value in terms of the effect of rubber addi-
tion on the damping ratio. Adding rubber increased the 
damping ratio when shear strain was lower than the thresh-
old value. Edinçliler and Yildiz [20] studied the influence 
of rubber form on the cyclic response. It was stated that as 
the aspect ratio of the rubber particles increased, the shear 
modulus increased while the damping ratio decreased. 
Overall, the literature review reveals that researchers have 
attempted to study the response of the sand-rubber mix-
ture in terms of the deformability effect of the particles. 
The role of particle shape has been largely ignored. This 
represents a significant gap, as the shape of both the sand 
and the rubber likely dictates how the particles behave 
together during cyclic loading. To accurately understand 
and predict the mixture's behavior, it is necessary to study 
the combined influence of both shape and deformability.

In this study, the cyclic response of sand-rubber granule 
mixtures was investigated in terms of particle shape and 
deformability effects. To this end, three different sand and 
two different rubber samples were prepared, and the par-
ticle shape features were digitized with a comprehensive 
shape parameter using the image processing technique. 
The experimental program involved blending rubber par-
ticles with the sand matrix at five separate weight-based 
percentages. The mixtures were tested using cyclic simple 
shear device under five different shear strains. The results 
were evaluated using the secant shear modulus and damp-
ing ratio parameters. Local images of the mixtures were 
taken to reveal in detail the impact of rubber particle shape 
and content on the behavior. In addition, California bear-
ing ratio tests were conducted to relate the cyclic response 
of the mixtures to their static behavior.

2 Sand and rubber particles
In this study, three distinct sands and two different rub-
ber particles were utilized. All samples were prepared in 
a single and similar grain size range to eliminate the influ-
ence of particle size on the response as shown in Fig. 1. 
The sample images for these particles are presented in 
Fig. 2. The particles were chosen by considering the shape 
properties of the materials. In sand samples, manufac-
tured glass beads (S1) were used to represent the effect of 
super-regular particles on the cyclic response. The glass 
bead particles are intentionally manufactured to be spher-
ical, exhibiting a near-ideal geometry with smooth sur-
faces. Consequently, they possess an exceptionally high 
degree of roundness that is rarely observed in natural 
granular materials. Therefore, the term super-regular 
is used to classify the S1 particles. Beach sand (S2) was 
used to accommodate a shape class between super-reg-
ular and irregular particles. Lastly, the role of irregu-
lar particles was reflected using crushed sand specimen 
with irregular particles (S3). The samples were classified 
as poorly graded sand (i.e., SP) according to Unified Soil 
Classification System (USCS).

For the part of rubber samples, crumb and elongated 
particles were used to include the shape effect. The rubber 
samples were supplied by a local firm. Crumb rubber par-
ticles (R1) were used as supplied by the company, but elon-
gated rubber particles (R2) were deliberately prepared to 
achieve a more elongated form. R1 particles have the same 
particle size range as sand samples. However, the R2 par-
ticle width is in the range of 0.6–2.0 mm and the length is 
in the range of 4.0–7.0 mm; therefore, the grain size distri-
bution curve measured from sieve analysis has a different 
trend from the other samples, as shown in Fig. 1. A series of 
tests was conducted to determine the index properties of the 

Fig. 1 Particle size distribution of sand and rubber particles
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granular materials. The specific gravity of the samples was 
determined according to ASTM D854-23 standard  [21]. 
Maximum and minimum void ratios of the sand sam-
ples were determined using standard Proctor compaction 
test method according to ASTM D698-12 standard  [22]. 
The void ratios for the pure rubber materials (R1 and R2) 
were not determined using ASTM D698-12 standard [22] 
procedures, as the high elasticity of the rubber inhibit the 
attainment of a stable index density state. The index prop-
erties of the samples were presented in Table 1.

3 Particle shape classification
The particle shape of the sand and rubber particles was 
evaluated using three different aspects of particle geome-
try, namely aspect ratio (AR), convexity (C), and spheric-
ity (S). These shape parameters are used to classify macro 
scale shape features of particles [23, 24]. AR is the ratio of 
minimum Feret diameter to maximum Feret diameter. C is 
calculated as the ratio of the projected particle area to the 
area of convex shape. S quantifies the degree of similarity 

between a particle and a sphere, calculated as the ratio of 
the perimeter of the equivalent circle with the same area as 
the particle, to the actual perimeter [25–27]. The mathe-
matical definitions used in the calculation of these param-
eters are presented in Table 2.

The sand and rubber samples utilized in this investi-
gation were deliberately selected based on their distinct 
formation histories for the sands and controlled mechan-
ical shredding for the rubber particles. While the qualita-
tive differences in shape (e.g., angular vs. rounded, crumb 
vs. elongated) were established by the material origins, 
a  quantitative shape measurement was conducted to dif-
ferentiate the samples mathematically. In the measure-
ment of particle shape, image processing technique was 
utilized. For this purpose, firstly, a sample of 100 parti-
cles was randomly selected from each granular group for 
analysis. Established literature in geotechnical image pro-
cessing has demonstrated that a sample size of 100 parti-
cles provides a sufficiently robust statistical basis to accu-
rately classify the macro-scale shape features of sands 
and similar granular materials [28, 29]. To ensure a con-
sistent and representative 2D characterization, each par-
ticle was manually oriented on its most stable facet prior 
to imaging. The particle images were obtained by a digi-
tal microscope with 30× magnification, as shown in Fig. 2 
and then they were processed using ImageJ open-source 
software [30, 31]. In the image processing step, the origi-
nal images were transformed to the binary form by apply-
ing thresholding to distinguish the particle outline from 

Fig. 2 Original and binary images of particles: (a) S1 sand; (b) S2 sand; 
(c) S3 sand; (d) R1 rubber; (e) R2 rubber

Table 1 Index properties of granular samples

Particle 
name

Mean particle 
size (D50 ) 

(mm)

Specific 
gravity 

(Gs )

Maximum void 
ratio (emax )

Minimum 
void ratio 

(emin )

S1 0.70 2.50 0.76 0.57

S2 0.72 2.64 0.81 0.58

S3 0.72 2.65 0.87 0.60

R1 0.72 1.13–1.16

R2 3.00 1.13–1.16

Table 2 Mathematical definitions for shape parameters

Parameter Formulation Description

Aspect ratio
          minimum Feret diameter

          maximum Feret diameter

Convexity
A: real area of particle

A + B: area of convex shape

Sphericity
Re : radius of circle having same 

area as particle

Pr : perimeter of particle
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background. The default method (i.e., Otsu algorithm) was 
used in the thresholding step. In order to evaluate the par-
ticle shape with a single quantitative parameter, Overall 
Regularity (OR) concept was applied as recommended 
by [23]. In this concept, OR includes comprehensive infor-
mation on macro-scale shape features by combining AR, 
C, and S through the following definition (Eq. (1)):

OR
AR C S

�
� �
3

. 	 (1)

Figs. 3 and 4 show the statistics on the shape parame-
ters of sand and rubber particles, respectively. The plots are 
box-and-whisker diagrams where the whiskers represent 
the full range (minimum and maximum) of the 100-particle 
dataset, the box represents the standard deviation, and the 

Fig. 3 Statistics on shape parameters of sand particles

Fig. 4 Statistics on shape parameters of rubber particles
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central markers indicate both the median (i.e., 50%) and the 
mean. Table 3 shows the mean values for the shape param-
eters. The mean OR values were considered as representa-
tive values for each particle group. The shape measurement 
showed that for both sand and rubber, particle groups pro-
duced distinct shape classes in terms of OR values.

4 Experimental program
In the experimental program, both the static and dynamic 
responses of the mixtures were investigated using differ-
ent test methods.

4.1 California bearing ratio (CBR) test
In this study, CBR test was conducted to evaluate the 
effect of particle shape and deformability on the bear-
ing capacity of the mixtures for static loading condi-
tion. While the rubber additives can improve the cyclic 
response, they can reduce the material's bearing capacity 
and increases the potential for settlement (static response). 
The incorporation of the CBR test serves to quantify the 
static performance of the mixtures, providing a baseline 
for bearing capacity and a practical assessment of settle-
ment potential. This provides a clearer understanding of 
the practical limits of rubber additives in terms of overall 
geotechnical safety. The test was performed according to 
ASTM D1883-21 standard [32]. For this purpose, the sam-
ples were compacted into CBR mold with an inside diam-
eter of 152 mm and a height of 178 mm. According to 
ASTM D698-12 standard [22], the maximum particle size 
should be less than 19.0 mm to ensure effective compac-
tion. As shown in Fig. 1, the particle size distributions 
of the tested samples satisfy this requirement. The  rub-
ber content in the mixtures was arranged considering the 
total weight of the samples. The compaction process was 
done in 5 layers, and 37 blows were applied to each layer. 
The number of layers and blows were determined by con-
sidering the energy required to reach the compression 
level obtained from standard Proctor tests.

A surcharge load of 4.5 kg using metal weights was 
placed on the samples and CBR mold was positioned in 
the loading system. The CBR tests were carried out on the 

unsoaked samples. The samples were compressed with 
a cylindrical piston with a penetration speed of 1.27 mm/min. 
Finally, the variation of load with penetration of piston was 
recorded during the tests. Table 4 shows the testing pro-
gram for the different sand-rubber particle combinations. 

4.2 Cyclic simple shear test
In geotechnical engineering, several laboratory tests are 
employed to characterize the cyclic response of granu-
lar materials. The selection of the appropriate appara-
tus is primarily governed by the targeted shear strain 
amplitude. The cyclic response in the small strain tests 
are generated elastic vibration of particles within a stable 
fabric  [33]. Because this study aims to investigate how 
particle shape and deformability influence energy dissi-
pation and stiffness, it is necessary to induce more sig-
nificant mechanical responses, including sliding, roll-
ing, and particle rearrangement [34]. Such movements 
generate inherent volume change tendencies (contrac-
tion or dilation) that are characteristic of the medium-to-
large strain level. Therefore, the sand-rubber mixtures 
were aimed to shear under medium-to-large strain lev-
els [17]. In this study, a Geocomp ShearTrac II, which is 
a Norwegian Geotechnical Institute (NGI) type simple 
shear device, was used in cyclic tests. The NGI type sim-
ple shear device was originally pioneered by Bjerrum and 
Landva [35] to  investigate the undrained shear response 
of Norwegian quick clays. The primary motivation for 
its development was the need to overcome the limita-
tions of the traditional direct shear box, which suffered 
from non-uniform stress distribution and a forced fail-
ure plane. Over the following decades, the application of 
the simple shear test expanded beyond clays to become 
a benchmark for evaluating the cyclic response of granu-
lar materials [36]. This setup maintains a K0 (at-rest) con-
dition during consolidation, which preserves the fabric 
of the compacted mixture better than the isotropic con-
solidation typically used in triaxial testing. In addition, 
unlike the cyclic triaxial test, which involves an abrupt 
90° rotation of principal stresses, the simple shear allows 
for a smooth and continuous rotation of principal stress 
axes. This more accurately replicates the stress condi-
tions experienced by a soil element during a cyclic load-
ing  [37]. Despite its advantages in simulating principal 
stress rotation, the shear stress is only applied to the hor-
izontal planes (top and bottom) and the stress distribution 
within the specimen is not perfectly uniform.

The device has a fully automatic system for applying 
vertical and horizontal loads and recording the relevant 

Table 3 Mean shape values for sand and rubber

Particle AR S C OR

S1 0.766 0.958 0.987 0.904

S2 0.649 0.878 0.979 0.837

S3 0.558 0.792 0.918 0.756

R1 0.585 0.757 0.903 0.748

R2 0.234 0.598 0.861 0.564



332|Ari and Akbulut
Period. Polytech. Civ. Eng., 70(1), pp. 327–341, 2026

displacements. An overall view of the test setup is pre-
sented in Fig. 5 (a). The densest packing conditions were 
targeted in the preparation of the samples. Therefore, 
the sample mass for each rubber content was decided con-
sidering the maximum dry unit weight of the mixtures, 
as shown in Fig. 6. The maximum and minimum dry unit 
weights of the mixtures were determined using ASTM 
D4254-00 [38] and standard Proctor compaction  (ASTM 
D698-12 [22]) tests, respectively. Fig. 6 shows that the dry 
unit weights decrease with increasing rubber contents. 
The  required amounts of sand and rubber particles were 
first weighed based on the target rubber content and mixed 
thoroughly to ensure a uniform distribution of rubber par-
ticles within the sand matrix. The mixtures were com-
pacted homogeneously in four consecutive layers and sam-
ples with a diameter of 63 mm and a height of 20 mm were 
prepared as shown in Fig. 5 (b). The lateral confinement for 
samples was provided by a stack of teflon coated aluminum 
rings around a latex membrane (Fig. 5  (c)). According to 

ASTM D6528-24 [39], the maximum particle size should 
be less than one-tenth of the specimen height. In this study, 
the particle sizes of the sand samples satisfy this require-
ment. In addition, since the elongated R2 rubber particles 
may have larger characteristic dimensions compared to the 
sand particles, the content of R2 rubber in the mixtures 
was limited to a maximum of 10% to minimize potential 
scale effects. Table 4 shows the testing program for differ-
ent shape of sand and rubber particles.

The samples were compressed vertically until a consol-
idation pressure of 100 kPa was reached before shearing. 
The horizontal cyclic motion was applied with a frequency 
of 1.0 Hz. The cyclic shearing was conducted under the con-
stant volume to adopt the undrained conditions by adjusting 
the magnitude of effective vertical stress [40, 41]. For this 
purpose, the vertical strain of the samples should be within 
±0.05%, as indicated by ASTM D6528-24  [39]. Fig.  7 
shows a typical cyclic response obtained for pure S2 sand. 
The specimen is forced by horizontal sinusoidal loading and 
the vertical strain is within the required limits during the test. 

It can be observed that the effective vertical stress 
decreases with shaking to comply with the constant vol-
ume condition.

Fig. 5 Views from cyclic simple shear test: (a) overall view of the 
device; (b) specimen preparation; (c) teflon-coated rings surrounding 

the specimen

Fig. 6 Variation of maximum and minimum dry unit weights with 
rubber content

Table 4 Program for CBR and cyclic simple shear tests

Test Sand Rubber Purpose of 
combination Rubber content (%)

CBR
S2, S3 R1 Sand shape 

effect
0, 2, 5, 10, 20

S2 R1, R2 Rubber shape 
effect

Cyclic
S1, S2, S3 R1 Sand shape 

effect
0, 2, 5, 10, 20, 30, 

100

S1 R1, R2 Rubber shape 
effect 0, 2, 5, 10

Fig. 7 Cyclic response under constant volume control
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5 Results and discussion
5.1 CBR values
The influence of particle shape and deformability on the 
behavior of the mixtures was first evaluated in terms of 
bearing capacity under static loading conditions. For this 
purpose, CBR values were used to interpret the variation 
of the bearing capacity with the particle shape and rubber 
content parameters as presented in Fig. 8.

In the evaluation of the sand particle shape effect, 
R1  rubber was used as an additive for each sand group. 
For the rubber shape effect, R1 and R2 rubbers were added 
to S2 sand sample. Due to the high regularity of S1 parti-
cles, the cylindrical piston led to the non-uniform settle-
ments in the CBR mold. This caused inconsistent results. 
Therefore, the effect of sand particle shape for CBR tests 
was studied using only S2 and S3 sands. Fig. 8 (a) shows 
that irregular S3 sand with OR = 0.755 produced higher 
bearing capacities (i.e., CBR) than S2 sand for all rubber 
content (RC) of mixtures. CBR was 7.2 for pure S3 sand 
and with the addition of 2% R1 rubber particles, the CBR 
slightly increased. However, CBR values decreased contin-
uously with the further increase of RC values and reached 
a value of 1.2 when RC was 20%. On the other hand, for S2 
sand, the decreasing trend of CBR values was continuous 

from RC = 0% to 20%. Another point that draws attention 
in Fig. 8 (a) is that the effect of the sand particle shape dis-
appears with increasing RC and the CBR values become 
equal at RC = 20% for S2 and S3 sands. Fig. 8 (b) shows 
the effect of rubber particle shape on the bearing capacity 
of the mixtures. For all rubber contents, elongated R2 rub-
ber with OR = 0.564 produced higher CBR values than R1 
rubber with OR = 0.749. When R2 rubber with RC = 2% 
added to S2 sand, CBR increased from 6.5 to 7.2. However, 
as RC reached 20%, CBR steadily declined to 1.7. On the 
other hand, the addition of R1 rubber resulted in a constant 
decrease in CBR with increasing rubber content.

The CBR test reveals that the bearing capacities 
decrease with increasing OR of the particles for both sand 
and rubber particles. The response of pure sand shows 
that the interlocking mechanism developed between 
irregular sand particles leads to a higher bearing capac-
ity in S3 than in S2 sand. For irregular S3 sand, the addi-
tion of R1 rubber particles at relatively small amounts can 
improve the bearing capacity of the mixtures. However, 
this effect is not the case for more regular S2 sand. When 
elongated R2 particles are used instead of crumb R1 par-
ticles, an improvement in the bearing capacity of S2 sand 
can also occur for a limited amount of the rubber. At high 
rubber contents, significant reductions in the bearing 
capacities occur, regardless of the particle shape of the 
sand and rubber, since the soft structure of the rubber par-
ticles dominates the mechanical response of the mixtures.

5.2 Cyclic simple shear test results
Fig. 9 shows the typical hysteresis loops for S1, S2, and 
S3 sand mixtures with respect to shear strain (γ) level. 
The  loops correspond to the last cyclic of the loads. It is 
obvious that the particle shape and rubber content affect the 
hysteresis behavior of the sand-rubber mixtures. In  pure 
sand sample (i.e., RC = 0%), the loop exhibits an  anti-
S-shaped form. This form disappears gradually with the 
increase of rubber content. Finally, in the pure rubber sam-
ple (i.e., RC = 100%), the hysteresis loops take on a more 
regular shape, especially at higher strain levels (i.e., γ = 1.3 
and  3.0). The maximum shear stress for the same strain 
level increases with the irregularity of the sand particles.

Fig. 10 illustrates the variation of the equivalent excess 
pore-water pressure ratio (ru ) with the number of cycles (N) 
for the boundary strain levels (0.2% and 3.0%). Within the 
dry, constant-volume (NGI-type) framework, ru is derived 
from the degradation of the vertical effective stress as:

ru v v� � � �� �1
0

� �
,
. 	

Fig. 8 Variation of CBR with rubber content for: (a) sand; (b) rubber 
particle shape effect
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As shown in Fig. 10, all specimens remained in the 
pre-failure or pre-liquefaction zone (ru < 1.0) throughout 
the 30-cycle duration, even at the maximum target strain of 
3.0%. This stability confirms that the specimens maintained 

their fabric integrity, allowing for a reliable characteriza-
tion of secant shear modulus and damping ratio.

Fig. 10 indicates that the generation of ru is affected 
by both particle shape and rubber content. As the Overall 

Fig. 9 Typical hysteresis plots of S1, S2, and S3 mixtures with respect to strain level

Fig. 10 Variation of equivalent excess pore water pressures
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Regularity (OR) of the sand particles increases, the sam-
ples tend to generate higher ru values. In other words, 
the  rate of decrease in effective vertical stress is pro-
moted with the regular particles. Therefore, S1 sand with 
the highest OR  =  0.904 produced the highest ru values, 
while S3 sample with the lowest OR = 0.756 generated 
the lowest ru values. On the other hand, with the addition 
of rubber particles, the increase of ru was slowed and the 
lowest values were obtained at RC = 30%. In addition, 
the  influence of sand particle shape was weakened with 
the increase of rubber content. 

5.2.1 Shear modulus
The shear modulus of the samples was calculated using 
secant shear modulus term (Gsec ) described in Vucetic and 
Dobry [42]. The secant shear modulus corresponds to the 
slope of line joining the maximum and minimum points of 
a hysteresis loop. The mean Gsec of the last ten cycles was 
used to obtain a representative Gsec for each test. Fig. 11 
shows the effect of sand particle shape on Gsec of the mix-
tures at different shear strain level. In Fig. 11, the Gsec of 
pure sand and rubber materials is also presented. First of 
all, it can be observed that the Gsec gradually decreases 
with the increase of shear strain for all cases. This decrease 
is more evident in irregular S3 (i.e., OR = 0.755) pure sand 

than in regular S1 (i.e., OR = 0.908) pure sand. The effects 
of sand particle shape on the Gsec are completely strain- 
and rubber content- dependent.

The Gsec decreases with increasing OR, and this trend 
can be clearly observed at relatively small-strain levels 
(i.e., Fig. 11 (a) and (b)). At γ = 0.2% and 0.4% strains, the 
addition of RC = 2% rubber particles led to a decrease in 
Gsec of S1 sand, while it caused an improvement of Gsec 
of S2 and S3 sands. This improvement was more appar-
ent in the S3 sand. A similar improvement effect was also 
detected in the CBR response of S3 sand. This response 
can be clarified by interpreting the relationship between 
the void ratio and rubber particle role in the mixtures. 
As  it has been emphasized in previous studies, the reg-
ular particles tend to form a dense granular structure; 
therefore, the void ratios are higher in the irregular sam-
ples [10, 43]. This is why the rubber particles have more 
chance to fill the voids and support the force columns in 
the irregular sand samples [44]. This may be the reason for 
the increase in Gsec of S2 and S3 sands with RC = 2% rub-
ber addition. However, with the increase of RC and shear 
strain, the supporting role of rubber particles disappears, 
and rubber particles begin to take a primary role in the 
force chains. To interpret the role of rubber particles in 
the mixture, the samples were imaged using a transparent 

Fig. 11 Variation of Gsec with sand particle shape effect at different shear strain level: (a) γ = 0.2%; (b) γ = 0.4%; (c) γ = 1.3%; (d) γ = 2.0%; (e) γ = 3.0%
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box for the cases of RC = 0%, 2%, and 20%, as shown in 
Fig. 12. S2 and R1 particles were used for this purpose. 
Fig. 12 (a) shows that the force columns consist only of 
rigid sand particles in the case of pure sand. When the 
rubber particles with RC = 2% are added into the sand, 
the primary force chains formed by the sand particles are 
supported by rubber particles, and the rubber particles act 
as secondary particles to prevent the bucking of the pri-
mary force chains (i.e., Fig. 12 (b)). However, as the rubber 
content increases to RC = 20%, the primary force chains 
consist mostly of soft rubber particles (i.e., Fig. 12  (c)). 
Consequently, the Gsec decreases with the increase of RC 
due to the soft nature of the rubber particles.

Fig. 13 shows the effect of rubber shape on the Gsec of 
S1 mixtures. The elongated R2 rubber (OR = 0.564) led to 
a higher Gsec than crumb R1 rubber (OR = 0.749) in all RC 
and strain conditions. This trend can be explained by the 
distribution of contacts between sand and rubber particles. 
Fig.  14 shows the variation of contact numbers between 
sand and rubber particles depending on the rubber particle 

shape. It is seen that R1 rubber (i.e., Fig. 14 (a)) produces 
smaller contact numbers than R2 rubber (i.e., Fig. 14 (b)). 
The  inter-particle friction capacity of R2 mixtures is 
higher than R1 mixtures and R2 rubbers produce higher 
Gsec than R1. The notable point from Fig. 13 is the improve-
ment effect of R2 rubber. For RC = 2%, the S1-R2 mixtures 
produced higher Gsec than S1 pure sand for all strain cases. 
However, the level of improvement decays with increas-
ing strain level. When RC was increased Gsec experienced 
a decrease in both shape characteristics and the improve-
ment effect of R2 vanished.

5.2.2 Damping ratio
Fig. 15 presents the effect of sand particle shape on the 
damping ratio of the mixtures. Fig. 15 points that the 
effect of particle shape needs to be associated with the 
rubber content and strain level parameters. First of all, it 
can be observed that the damping ratio increases with the 
shear strain level. However, the variation rate differs with 
respect to the soft rubber content. While the damping ratio 

Fig. 12 Role of sand and rubber particles in mixtures: (a) RC = 0%; (b) RC = 2%; (c) RC = 20%

Fig. 13 Variation of Gsec with rubber particle shape effect at different shear strain level: (a) γ = 0.2%; (b) γ = 0.4%; (c) γ = 1.3%; (d) γ = 2.0%; (e) γ = 3.0%
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increases significantly with shear strain in pure sand mate-
rial (i.e., RC = 0%), the increase rate in pure rubber (i.e., 
RC = 100%) is quite low. 

At γ = 0.2%, the highest damping ratio was observed in 
pure R1 rubber (i.e., RC = 100%) and pure sand materials 
(i.e., RC = 0%) have the lowest damping content. At this 
strain level, the effect of sand particle shape is ambigu-
ous. When the strain level is raised to γ = 0.4%, the par-
ticle shape effect appears in the mixtures. The damping 
ratio enhances with the decrease of OR. In other words, 
the  irregular particles promote the damping ratio more 
than the regular particles.

When pure sand material is considered as reference, there 
is an optimum situation in the change of damping ratio in 
terms of the RC effect. The damping ratio increased with 
rubber content up to RC = 5% and showed a decreasing trend 

for further rubber contents. At a shear strain of γ  =  0.4% 
(i.e.,  Fig. 15 (b)), the damping ratio of RC  =  100% was 
exceeded in the cases of S2, RC = 5%; S3, RC = 5% and 2%. 
As strain reached γ = 2.0%, the damping ratio of RC = 100% 
was exceeded by almost all mixtures. The  RC  =  5% and 
RC = 2% mixtures of S2 and S3 sands maintain their supe-
riority over pure sands for the strains between γ = 0.4% and 
γ = 3.0%. The trend of damping ratio with respect to particle 
shape, shear strain and rubber content can be reasoned by 
reviewing the content of the damping energy.

The energy dissipation in granular medium occurs in 
two different ways:

1.	 Frictional (i.e., interparticle sliding, rotation, inter-
locking and translation);

2.	Particle deformation and particle breakage [16, 45].

Fig. 14 Interaction of sand and rubber particles in: (a) R1 and (b) R2 mixtures (note: each contact between sand and rubber particles is indicated 
with a circle)

Fig. 15 Variation of damping ratio with sand particle shape effect at different shear strain level: (a) γ = 0.2%; (b) γ = 0.4%; (c) γ = 1.3%; (d) γ = 2.0%; 
(e) γ = 3.0%
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Since the normal stress (100 kPa) is relatively low to 
cause measurable grain breakage, the sands are consid-
ered sufficiently rigid to resist breakage during testing. 
Therefore, it is considered that energy can only be dissi-
pated by the first mechanism, and the effect of sand parti-
cle shape on the damping ratio can be evaluated by focus-
ing on frictional damping. This frictional mechanism 
inherently involves micro-scale abrasion and the abrasion 
of surface asperities at contact points [46].

As shown in Fig. 15, the sand particle shape effect 
becomes more obvious with the increase of shear strain. 
This is because particle kinematics are activated by shear 
strain and shape properties exert their influence on fric-
tional damping.

Since the interparticle friction coefficient of the elastic 
rubber is relatively high, the energy dissipation is accom-
plished by the particle deformation under shear strain. 
This is why, at relatively small strain (i.e., Fig. 15 (a)), 
the  pure rubber material produced higher damping than 
other cases, and the damping ratio of pure rubber changed 
little even if the strain level increased significantly in 
Fig.  15 (b) to  (e). However, in mixed granular system, 
both friction and particle deformation mechanisms con-
tribute to the damping [47, 48]. An optimum situation in 
terms of damping ratio emerges as a result of the friction 
and deformation contribution of sand and rubber parti-
cles, respectively. Therefore, the damping ratio increased 

as the addition of rubber up to 5% provided damping 
through particle deformation without damaging the parti-
cle kinematics. However, further increase of RC weakened 
the friction mechanism in mixtures and accordingly the 
damping ratio decreased at large strain levels.

Fig. 16 shows the effect of rubber particle shape on the 
damping ratio. R1 and R2 rubber particles produced similar 
damping ratios at relatively small strain levels (Fig. 16 (a) 
and (b)). With the increase of shear strain, the particle 
shape effect appeared in the mixtures (Fig. 16 (c)  to (e)). 
The R2 elongated rubber led to a higher damping than 
R1 crumb rubber. Fig. 17 shows the evolution of R2 form 
with the effect of shear strain. As mentioned in Fonseca 
et al. [49], the elongated rubber particles have the ability 
to wrap the sand particles. Therefore, elongated rubbers 
produce higher contact numbers than crumb particles and 
behave like a fiber at large strain levels. This property 
of R2 rubber provides higher deformability compared to 
crumb R1 under similar loading conditions. The increase 
in damping ratio as OR decreases can be clarified by con-
sidering the fiber effect and contact number characteristic 
of elongated R2 rubber particles.

6 Conclusions
In this study, the combined roles of particle shape and 
deformability on the cyclic response of the sand-rubber 
mixtures were examined through cyclic simple shear tests. 

Fig. 16 Variation of damping ratio with rubber particle shape effect at different shear strain level: (a) γ = 0.2%; (b) γ = 0.4%; (c) γ = 1.3%; (d) γ = 2.0%; 
(e) γ = 3.0%
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In order to gain comprehensive insight into the geotech-
nical response, the static response of the mixtures was 
also included using California bearing ratio (CBR) tests. 
In  addition, the role of rubber particle shape and con-
tent was elaborated using the local image of the samples 
through transparent shear box. Overall, the following out-
comes were produced from this study:

1.	 The CBR values increase with decreasing OR of the 
sand particles. However, the influence of sand mor-
phology on the CBR values becomes negligible as 
the concentration of rubber increases. 

2.	The CBR values decrease with increasing OR of 
the rubber particles. In other words, the elongated 
rubber particles produced higher bearing capacities 
than the crumb rubber.

3.	 The interactive role of particle shape and rubber 
content can be observed at smaller rubber contents. 
Addition of 2% rubber particles improves the CBR 
of irregular S3 sand, while it leads to a decrease in 
the CBR of S2 sand. Meanwhile, the elongated R2 
particles with 2% content provides an increase in 
the bearing capacity, contrary to the effect of R1 
particles. For higher rubber contents, CBR values 

decrease with increasing rubber content, regardless 
of particle shape characteristics.

4.	 The shear modulus decreases with increasing OR of 
sands. The effects of sand particle shape on the shear 
modulus are strain- and rubber content- dependent. 
At relatively small-strain levels, the addition of 
RC = 2% rubber particles leads to a decrease in Gsec 
of S1 sand, while it provides an improvement for S2 
and S3 sands. The level of improvement enhances as 
the particles became more irregular. A similar effect 
is also detected in the CBR values.

5.	 The shear modulus increases with decreasing OR 
of rubber particles. For all shear strain levels, the 
addition of 2% rubber with R2 shape produced an 
improvement in the Gsec. The level of improvement 
decreases as the shear strain level increases.

6.	 At the small-strain levels, the soft rubber particles 
produce higher damping ratio than the rigid sand par-
ticles and the effect of sand particle shape is uncer-
tain. The damping ratio of pure sand exceeds the 
damping ratio of the pure rubber at the large-strain 
levels. The effect of sand particle shape appears with 
the increase of shear strain level. The decrease in OR 
of sand results in an increase in the damping ratio.

7.	 Considering the damping ratio of pure sands as refer-
ence, the addition of rubber particles up to RC = 5% 
results in an increase in the damping ratio of mix-
tures between medium and large strain levels.

8.	 The decrease in OR of rubber particles increases the 
damping ratio. The effect of rubber particle shape 
occurs with increasing shear strain.

Ultimately, the findings confirm that the cyclic behav-
ior of sand-rubber composites is governed by a complex 
interplay between particle morphology and deformabil-
ity. The  evolution of both the secant shear modulus and 
damping ratio reflects the significance of these physical 
attributes in modulating the material’s dynamic response. 
In future work, the effects of particle shape and deform-
ability on the dynamic properties can be elaborated for 
various strain ranges using different testing methods. 
In addition, investigations including microscale responses 
will disclose the interaction mechanism of particles; thus, 
the variation of dynamic properties can be clearly reasoned 
in terms of particle shape and deformability influences.

Fig. 17 Transformation of R2 rubber form: (a) before shearing; 
(b) after shearing
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