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Abstract
The increase of discarded tires in urban environments has emerged as a pressing environmental concern. This study explores 
the potential of incorporating scrap tire particles into sand matrices as a sustainable solution to diminish tire stockpiles and 
decrease environmental pollution. The main focus of this research is to investigate the mechanical properties of loose sand–
rubber mixtures (SRM) characterized by a void ratio of 0.86, with varying rubber-to-sand particle size ratios (SR) of 0.25, 
1, and 4. An extensive set of 300 direct shear tests was conducted using normal stresses (NS) of 50, 100, and 150 kPa. These 
tests were supplemented by 110 Oedometer tests using constant NS of 60 kPa for three days, 60 kPa for 1.5 days with an 
additional 140 kPa for 1.5 days, and 200 kPa for three days. Analysis of shear stress and deformation characteristics reveals 
that mixtures with different size ratios show similar trends but different values, which means characteristics of SRM depend 
not only on rubber content but also on size ratio. The addition of rubber particles to the mixtures makes the material more 
deformable and alters its softening behaviour. Specifically, adding up to 20% rubber content increases the mixture's friction 
angle, while higher rubber percentages cause it to decrease. A critical transition point is identified at approximately 20% 
rubber content, where the sand component begins to mimic rubber behaviour. Additionally, mixtures with SR = 0.25 exhib-
ited a lower dilation angle compared to those with higher SR values, indicating that smaller rubber particles contribute to 
reduced dilation. Furthermore, the compressibility tendency of SRM escalates with higher rubber proportions, with mixtures 
featuring an SR of 0.25 exhibiting the most pronounced compressibility under equivalent NS conditions.

Keywords  Scrap tire recycling · Sustainable materials · Shear strength · Deformation behaviour · Oedometer testing · 
Particle size ratio

List of symbols
SRM	� Sand–rubber mixtures
NS	� Normal stress
SR	� Size ratio (rubber-to-sand particle size 
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PSD	� Particle size distribution
kPa	� Kilopascal
SRC	� Sand–rubber composites
D

R
	� Diameter of rubber particles

D
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	� Diameter of sand particles

SF	� Sand fraction
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	� Specific gravity
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C
u
	� Uniformity coefficient

C
c
	� Gradation coefficient

D10,D30, and D60	� Diameter below which 10, 30, and 60% 
of the particles, by weight, are found 
respectively

Introduction

The utilization of unconventional materials in geotechnical 
engineering has gained significant attention in recent years 
as researchers and engineers seek innovative solutions to 
address environmental challenges associated with waste dis-
posal and the optimization of construction materials [1–9]. 
Among these unconventional materials, the combination of 
sand and rubber has emerged as a promising path, presenting 
a unique mixture of sustainable resource management and 
improved geotechnical performance [10–15]. The integra-
tion of rubber particles, derived from discarded tires, into 
sand matrices has opened new possibilities for enhancing 
the properties and applications of geotechnical materials 
[16–21].

The accumulation of discarded tires worldwide has 
become a growing concern, posing significant environmen-
tal and economic challenges due to their non-biodegradable 
nature and slow decomposition rates [22–24]. Traditional 
methods of tire disposal, such as landfilling and stockpiling, 
have proven to have negative impact on ecosystems and eco-
nomically burdensome. In response to this issue, researchers 
and engineers have turned to the repurposing of scrap tires 
as a valuable resource in geotechnical engineering [25–30].

This innovative approach involves the incorporation 
of rubber particles into sand-based mixtures, resulting in 
sand–rubber composites (SRC) that exhibit unique mechani-
cal, hydraulic, and environmental properties [31–36]. The 
combination of these materials has shown promise in vari-
ous geotechnical applications, ranging from enhancing the 
stability of embankments and retaining walls to improving 
drainage systems and reducing settlement [37–44]. Under-
standing sand–rubber mixtures (SRM)’s performance and 
behaviour is essential to realizing its full potential for sus-
tainable geotechnical engineering practices. Waste tire use, 
either in its totality or in processed forms, has become more 
common in the fields of civil and geotechnical engineering 
in recent years. This trend can be attributed to various advan-
tageous properties inherent in rubber particles, including 
their lightweight nature, high elasticity, capacity to absorb 
vibrations, excellent hydraulic characteristics, low lateral 
pressure, and effective temperature insulation [45–52]. 
Kawata et al. [53] recommended the incorporation of rubber 
particles in civil engineering applications because of their 
light weight and elastic deformation. Additionally, Garga 
and O’Shaughnessy [54] and O’Shaughnessy and Garga [55] 

successfully employed non-processed scrap tires to improve 
the construction of retaining walls and slopes. The utiliza-
tion of discarded tires for slope stabilization has been dem-
onstrated to be both economically and technically beneficial, 
as illustrated by Poh and Broms [56]. Furthermore, Huat 
et al. [57] employed whole scrap tires to rehabilitate tropical 
soil slopes. Notably, tire-reinforced embankment structures 
have displayed enhanced strength and reduced settling when 
compared to their non-reinforced counterparts [58–62]. 
Investigating the performance of SRM becomes imperative 
when addressing the aforementioned challenges. To accom-
plish this task, many laboratory experiments have been done 
to analyze the mechanical characteristics of SRM. These 
investigations encompassed the utilization of Triaxial testing 
[63–65], direct shear testing, and oedometer [13, 66] test-
ing methodologies. In general, several parameters, including 
density, rubber forms and sizes, rubber content, form vari-
ations between rubber and soil particles, and the size ratio 
between rubber and sand particles ( D

R
∕D

S
 ), affect SRM’s 

mechanical performances. The variables D
R
 and D

S
 stands 

for, respectively, average sand and rubber particle sizes. Up 
to this date, some researches have been done to investigate 
the effect of D

R
∕D

S
 in SRMs.

Youwai and Bergado [67] carried out triaxial experiments 
at varied confining pressures of 50, 100, and 200 kilo Pascal 
with DR

D
S

 of around 10. Their goal was to investigate the shear 
stress and deformation properties of SRM. The mixtures 
were prepared using cubical rubber grains, and different rub-
ber percentage were incorporated, ranging from 0 to 100%. 
It was observed that increasing rubber content within the 
mixtures, there was a corresponding decrease in the maxi-
mum shear stress of the SRM, while the shear strain at peak 
load increased. For instance, in comparison to a mixture 
devoid of rubber (0% rubber), a mixture containing 50% 
rubber exhibited a greater peak shear stress but a lower dis-
placement at the point of maximum shear stress. In order to 
study the mechanical behaviour of SRM with D

R
 to D

S
 of 

0.25 under an 80 kPa confining pressure, Lee et al. [1] 
employed triaxial laboratory experiments. Their results 
showed, the peak strength decreases for mixtures with a 
lower sand fraction (SF), followed by an increase in the axial 
strain at peak strength, and no peak strength is also visible 
for mixtures with a lower SF of 0.6, according to tests with 
various SF of 0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, and 1. Large-scale 
direct shear experimental tests on sand with tire chips were 
performed by Takano et al. [68]. They discovered that the 
tire aspect ratio and content had an impact on the mixes' 
shear strength values. Additionally, they found that sand 
reinforced with shreds has more angle friction than pure 
sand tests. Liu et al. [69] investigated effects of particle size 
ratio on the shear strength of SRM under normal cyclic load-
ing. Their results showed SRM with larger rubber particles 
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have higher shear strength compare to the same rubber con-
tent but smaller rubber particles. Boominathan and Banerjee 
[70] conducted experimental tests on different FRs and they 
showed increasing rubber content will decrease shear 
strength of the mixtures.

According to research findings, the presence of rubber 
grains inside SRM affects how the mixtures deform [13, 
71–75]. Neaz Sheikh et al. [76] performed a one-dimen-
sional compression test on SRM with NS of up to 745 kPa 
and then unloaded to 38 kPa. By increasing the rubber per-
centages in the composite, the compressibility behaviour of 
the SRM enhanced which is obvious according to inherit 
flexibility of rubbers. Oedometer laboratory tests were 
performed by Lee et al. [1] utilizing different SF up to the 
effective stress of 556 kPa on SRM where D

R
 to D

S
 was 

0.25. Their results showed, by increasing the SF of SRM, 
the vertical strain of composite is reduced. Additionally, they 
demonstrated that in all three confinements, modulus and 
shear modulus increases when the SF is increased (or rub-
ber volume are decreased). Oedometer experiments were 
performed by Huat et al. [57] on SRM with D

R
 to D

S
 of 10 

and various rubber portions. They concluded that compres-
sion and swelling rise as the rubber volume of the composite 
increases. Boominathan and Banerjee [70] investigated the 
effect of rubber content on the deformability of SRM and 
demonstrated that with increasing the FR the compressibility 
of the mixtures will decreases.

As it was shown, the mechanical behaviour of SRM are 
affected by several parameters. As mentioned, there are 
lots of researches in the literature, studying sand–rubber 

behaviour but the effect of D
R
 to D

S
 , has not received enough 

attention. The research presented in this study represents 
a new exploration of how varying D

R
 to D

S
 impacts the 

mechanical properties of SRM. In the previous study of the 
same research group [3], the authors have investigated only 
the shear behaviour of materials by conducting direct shear 
tests. However, to understand the long term behaviour of 
SRM in this study the authors studied the compression and 
consolidation behaviour of SRM. Specifically, this study 
examine scenarios where rubber particles are four times 
smaller as well as four times larger than sand particles, while 
maintaining the same particle size distribution (PSD). These 
investigations are conducted under conditions of low com-
paction effort and with different rubber volume fractions, 
using direct shear and oedometer tests. Since in this study 
sand grains and rubber particles have the same PSD the only 
affecting factor will be the texture and inherit characteristics 
of materials.

Materials and methodology

Sand

Rubber was combined with Firoozkooh Sand Fraction 
131 to create the composite. To get the desired grain size 
distribution, which ranged from 0.3 to 1 mm, the sand 
particles underwent sifting, as shown in Fig. 1. Figure 2 
shows that the sand particles are primarily angular to sub-
angular in form. The modified Firoozkooh sand fraction 

Fig. 1   a Used material PSD. b Sand and of rubber types
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131 specifies void ratios of 0.59 at the minimum and 0.97 
at the maximum, respectively, as per the British specifica-
tion BS1377-4:1990. The table below lists further sand-
specific characteristics.

Rubber

The same rubber material was accurately combined with 
sand particles, resulting in the generation of three distinct 
particle size distributions. As visually represented in Fig. 1, 
the rubber particles underwent a rigorous sieving process to 
attain size distributions that exhibited three specific relation-
ships to the sand particles: some were four times smaller, 
some were identical in size, and some were four times larger 
than the sand particles. This careful manipulation of particle 
sizes allowed for a comprehensive examination of the effects 
of varying particle size ratios on the subsequent mixtures.

Moreover, to facilitate a deeper understanding of the 
materials used, Table 1 offers a comprehensive breakdown 
of the key properties and characteristics associated with the 
rubber, serving as a valuable reference point for the subse-
quent analyses.

Sample preparation of direct shear test

In this study, sand–rubber composite specimens with vary-
ing rubber volume fractions were subjected to direct shear 
testing, as shown in Fig. 3, at a constant speed of 0.5 mm/
min. The specimens were prepared in a shear box with 
dimensions of 100 mm × 100 mm and a height of 35 mm. 
To ensure homogeneity and prevent the potential segrega-
tion of ingredients during laboratory testing, it was essen-
tial that well-mixed samples were created.

Fig. 2   Macroscopic pictures of 
the used particles

Table 1   Characteristics of the materials [3]

*C
u
=

D
60

D
10

**C
c
=

D
2

30

D
60
D

10

Properties Sand Rubber 1 Rubber 2 Rubber 3

Maximum void ration 0.97 – – –
Minimum void ration 0.59 – – –
G

s
2.65 1.04 1.04 1.04

C
u
* 1.26 1.26 1.26 1.26

C
c
** 0.95 0.95 0.95 0.95
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To achieve this, the moist tamping method was employed, 
a widely recognized technique for producing uniform mix-
tures in laboratory settings [3, 77–80]. The process began 
with the mixing of sand and rubber particles in a circular 
bowl. To ensure that all particles were adequately coated 
and evenly distributed, 10% water by volume was added. 
This water content was carefully measured to ensure that the 
particles remained slightly damp, which facilitated a uniform 
mixture without causing clumping. Once the mixture was 
prepared, it was spoon-deposited into the shear box in three 
successive layers. The zero height drop technique was used 
to place each layer carefully, minimizing the risk of parti-
cle segregation [81]. Each layer was then lightly tamped to 
achieve a uniform relative density of 30%, ensuring consist-
ency across all samples [82].

Three different rubber volume fractions were utilized in 
the mixtures, corresponding to D

R
 to D

S
 ratios of 0.25 (Mix-

ture-1), 1 (Mixture-2), and 4 (Mixture-3). For an assumed 
rubber fraction ( F

R
=

V
R

V
R
+V

S

 ) and the fact that all specimens 
had a void ratio of 0.86, the required masses of sand and 
rubber in the mixture were calculated.

Sample preparation of oedometer test

In the oedometer test, as shown in Fig. 4, the mechanical 
behaviour of sand–rubber mixtures under one-dimensional 
compression was examined. The specimens were prepared 
using oedometer cylinders with a height of 50 mm and a 
diameter of 50 mm. The same moist tamping technique 
described for the direct shear test was employed to ensure 
the homogeneity and integrity of the samples.

The sand and rubber particles were first mixed with 
10% water to achieve an even distribution. The mixture 
was then placed into the oedometer cylinder in three lay-
ers. Each layer was carefully tamped to ensure that the 
desired void ratio was achieved consistently across the 
sample.

Various rubber volume contents—5%, 15%, 25%, and 
40%—were used in the oedometer tests, with D

R
 to D

S
 ratios 

of 0.25, 1, and 4 being considered.

Results and discussion

Repeatability

To ensure the accuracy and consistency of the findings in 
this study, each sample underwent four direct shear tests and 
three oedometer tests and all conducted under meticulously 
controlled and the same conditions. To ensure the repeat-
ability of results, more than 300 direct shear tests and 110 
one-dimensional compression tests were carried out using 
this information along with the application of nine differ-
ent rubber fractions for direct shear tests and four different 
rubber fractions for oedometer tests, three different D

R
 to 

D
S
 values, and three different NS of 50, 100, and 150 kPa 

for direct shear tests and three NS patterns of 60  kPa, 
60 + 140 kPa, and 200 kPa for oedometer tests. In direct 
shear and oedometer testing with SR = 0.25, Fig. 5 depicts 
the shear and compression behaviour of SRM in direct shear 
and oedometer tests. The results nicely repeated, as seen in 
Fig. 5. The results are thus reported in the next sections of 
the study, using the averaged data.

Fig. 3   Schematic diagram of direct shear test
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Shear strength of SRM

Figure  6 provides a visual representation of the shear 
strength characteristics exhibited by SRM under varying 
D

R
 to D

S
 values and different rubber content percentages, 

specifically 10%, 20%, 30%, and 40%. Notably, the figure 
illustrates a distinct pattern: in comparison to mixtures fea-
turing D

R
 to D

S
 (size ration, SR) = 0.25, the sand–rubber 

combinations with SR values of 1 and 4 display notably 
higher shear strengths. This observation underscores the 

profound influence of fine rubber particles on particle inter-
actions within the mixtures. In cases where D

R
 to D

S
 = 0.25, 

the presence of fine rubber particles results in a dominance 
of rubber-to-rubber interactions, as these particles envelop 
the sand particles. However, as the rubber content increases, 
especially beyond the 20% threshold, this behaviour assumes 
greater significance. Consequently, the behaviour of the mix-
tures begins to resemble that of rubber rather than sand, 
emphasizing the evolving role of rubber content in shap-
ing the material's mechanical response. It is observed that 

Fig. 4   Schematic diagram of 
oedometer test

(a)

(b)

Fig. 5   a Shear stress versus shear displacement under NS of 150 kPa; b vertical displacement versus Time of SRM under 150 kPa NS when 
SR = 0.25
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the shear displacement corresponding to the shear strength 
increases with a higher rubber content in the mixture. It is 
also worth mentioning that the effect of rubber percentage 
on shear displacement is more pronounced under normal 
stresses of 100 kPa and 150 kPa.

The peak shear stress was selected based on the follow-
ing criterion: if the highest shear stress was attained before 
a 10 percent displacement of the box, it was chosen. How-
ever, if the highest shear stress was not reached before 10 
percent displacement, the stress recorded at the 10 percent 
displacement of the direct shear box length was selected. 
Figure 7 offers a comparative analysis of the peak shear 
stress observed in each SRM. The data portrayed in the 
figure reveals a notable trend: when the FR exceeds 20%, 
the peak shear stress in mixtures with SR greater than 1 
surpasses that in mixtures with SR values less than 1. Inter-
estingly, it becomes apparent that the size of the rubber 
particles exerts minimal influence on FR values below the 
20% threshold. In SRMs featuring less than 20% rubber con-
tent, sand emerges as the dominant factor influencing their 

(a) (b)

(c) (d)

Fig. 6   Shear stress pattern of SRM under various NS for the rubber content of: a 10 percent; b 20 percent; c 30 percent; d 40 percent.

Fig. 7   Impact of FR on peak shear stress of SRM
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mechanical behaviour. On the other hand, the significance of 
rubber's part becomes more apparent as the rubber content 
rises over 20%. Additionally, the mechanical behaviour of 
these mixtures exhibits sensitivity to the size of the rub-
ber particles. Remarkably, these findings align with those 
previously reported by Takano et al. [68], reinforcing the 
consistency of these observed trends in the broader context 
of materials science. However, this finding appears to con-
tradict the research conducted by Youwai and Bergado [67]. 
Their research showed that the maximum shear strength of 
SRM decreased as the rubber content increased. This dis-
parity in results could potentially arise from variations in 
sample density, differences in sample processing method-
ologies, or variations in SR. It's important to emphasize 
that the findings reported here remain consistent within the 
specific context of this investigation, where a void ratio of 
0.86 and a relative density of 30 percent were employed. To 
gain a more comprehensive understanding of these observa-
tions and to account for potential variations, further research 
should explore the impact of different relative densities on 
the mechanical behaviour of these mixtures [3].

Figure 8 presents the data relating to the friction angle 
and cohesiveness values across different FR levels. The rela-
tionship observed between the friction angle and RF is par-
ticularly noteworthy. Notably, regardless of the SR value, the 
friction angle reaches its highest point in mixtures contain-
ing a 20% RF. It is also evident from the Fig. 8, SR of 4 can 
provide the highest friction angle which can be because of 
the big edges of rubber particles in SR = 4 mixtures. These 
findings are intriguing and align with previous research con-
ducted by Rouhanifar and Ibraim [77], especially in cases 
where samples exhibit higher rubber percentages exceed-
ing 25%. It is also consistent with the findings of [69], who 
assessed the shear strength of SRM under normal cyclic 

loading and observed that mixtures containing larger rubber 
particles exhibited higher shear strength. This parallel with 
prior research underscores the consistency of these observa-
tions and their potential significance in understanding the 
mechanical behaviour of these mixtures [3].

However, it is worth noting that, in contrast to previous 
findings, SRM containing a rubber proportion between 20 
and 25% exhibited the lowest levels of cohesiveness. This 
deviation from prior observations suggests that other factors 
may be at play. One possible reason for the decrease in cohe-
sion might be linked to the suction forces within the blend 
and the way the particles interlock with each other. Taking 
a closer look at Fig. 8a, it becomes apparent that mixtures 
with SR of 0.25 exhibit lower friction angles compared to 
combinations with higher SR values. Conversely, mixtures 
with an SR of 4 display higher friction angles than speci-
mens with no rubber content. These trends align with find-
ings from extensive research on sand containing tire chips, 
as documented by Takano et al. [68], further reinforcing the 
validity and relevance of these observations in the broader 
context of materials science.

An interesting trend emerges as the rubber content in 
SRM increases; the shear displacement of SRM shows a 
corresponding increase at a given shear force. This pattern 
aligns with previous research, including studies conducted 
by Youwai and Bergado [67]. This occurrence can, to some 
extent, be ascribed to the unique attributes of rubber parti-
cles. Rubber particles have a low modulus, a high capac-
ity for deformation, exceptional elasticity, and demonstrate 
volume incompressibility, specifically, with a rubber Pois-
son's ratio of around 0.5 [81]. These properties collectively 
contribute to the observed behaviour, although it's worth 
noting that the shape of the rubber particles can also be eas-
ily changed. In contrast, sand particles may be perceived 

Fig. 8   a Angle of friction and b cohesiveness of the SRM with various SR vary in terms of RF
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as rigid, given their resistance to compression and limited 
capacity to change shape. The force dynamics following 
the mixing of these materials vary, contingent on their 
respective gradation properties and the mixing ratio [83]. 
Within this framework, three distinct types of force chains 
emerge: sand–sand, rubber–rubber, and rubber–sand. When 
subjected to an external load, the predominant force trans-
mission path is determined by the sand–sand force chain. 
Consequently, the stress–strain properties of the sand parti-
cles dominate the overall behaviour, as evident in Fig. 9. At 
lower proportions of rubber, the rubber grains are positioned 
between the sand grains without making direct contact with 
one another. In contrast, at higher rubber fractions, the rub-
ber particles begin to interact and occupy spaces between 
sand particles. This shift in particle interaction, coupled with 
the unique properties of rubber-like particles, leads to the 

emergence of the rubber–sand–rubber and rubber–rubber 
force chains as primary routes for transmitting the force. 
Consequently, the overall stiffness of the rubber–sand mix-
ture experiences a significant reduction [83]. The concept 
of force chains, as identified in this study, refers to the paths 
or networks along which forces are transmitted within the 
material mixture. These force chains, namely sand–sand, 
rubber–rubber, and rubber–sand, play a crucial role in deter-
mining the overall mechanical behaviour of the rubber–sand 
mixture under external loads. Understanding force chains is 
crucial in engineering scenarios where materials with dif-
ferent properties are combined. This knowledge can help in 
predicting how a material will respond to external loads and 
can be applied in the design of structures and foundations.

The shear displacement behaviour of the mixtures at the 
shear stress of 60 kPa is visualized in Fig. 10(a). Notably, 

Fig. 9   Graphic view of dis-
placement of loading SRM

Fig. 10   Shear displacement of the SRM at shear stresses of a 60 kPa and b maximum. For all points, NS = 150 kPa
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it becomes evident that SRM with the SR of 0.25 exhibit 
higher shear displacement compared to mixtures featuring 
higher SR values. This trend suggests that the presence of 
small rubber particles, which have the ability to envelop 
sand particles and induce greater material deformation, may 
be a contributing factor to this observed outcome. Turning to 
Fig. 10(b), which showcases the shear displacements at the 
maximum shear stresses, a different pattern emerges. Here, 
it appears that the SR value does not exert a consistent or 
systematic influence on the horizontal displacement at the 
peak stress. This observation underscores the complexity of 
the mechanical behaviour of these mixtures, which is influ-
enced by various factors beyond just the SR value.

In summary, the findings presented in this section con-
firm the earlier observations that SRM with varying SR 
values exhibit diverse shear behaviours. However, it can be 
concluded that mixtures featuring SR values greater than 1 
demonstrate higher shear strength, underscoring their struc-
tural integrity, while those with SR values less than 1 exhibit 
greater ductility, indicating a more flexible response to shear 
forces.

Dilation behaviour of SRM

The vertical displacement data for SRM with SR (sand-to-
rubber ratio) values of 0.25, 1, and 4 is illustrated in Fig. 11. 
Analysis of the deformation characteristics of these mixtures 
reveals a diminishing tendency for dilation as the proportion 
of rubber in the mixtures increases. This observed trend may 
be attributed to the compressive behaviour exhibited by rub-
ber particles within the mixtures. The compressibility of the 
mixtures becomes notably significant when the FR exceeds 
or equals 20%, indicating that the overall dilation behaviour 
of SRM is governed by the presence of rubber particles [3].

Numerical studies have also corroborated the influence of 
rubber particles on the deformation of SRM. For instance, 
Evans and Valdes [84], utilizing discrete element numerical 
modelling, determined that the force chain configuration and 
porosity evolution in the mixture are controlled by the mix-
ing fraction and size ratio of particles. This micromechanical 
perspective on the subject has been explored by Perez et al. 
[85] as well.

To gain a deeper understanding of the dilation behaviour 
of sand–rubber mixtures in this study, the dilation angle for 
these materials was calculated. As illustrated in Fig. 12, mix-
tures containing smaller rubber particles ( SR = 0.25 ) exhib-
ited a lower dilation angle compared to those with larger 
rubber particles ( SR = 1and4 ), across all normal stress lev-
els. This observation aligns with the general principle that 
materials with a higher friction angle tend to exhibit greater 
dilatancy under shear [86, 87]. It is also worth mentioning 
that the mixtures under higher normal stresses demonstrated 
lower normal stress which is expected.

Oedometer tests

Oedometer tests are crucial in the assessment of SRM due to 
their ability to explain the mechanical behaviour and defor-
mation characteristics of these composite materials [88]. 
By subjecting the mixture to incremental vertical loads, the 
sand and rubber components interact and respond under 
various stress conditions and subsequently deform, Fig. 13 
[89]. This is particularly important in the context of sustain-
able construction and geotechnical engineering, as SRM are 
often employed in projects aiming to withstand a constant 
weight. This section, investigate the deformation of SRMs 
in oedometer tests.

To explore the vertical deformation characteristics of 
SRM, oedometer tests were employed as part of this inves-
tigation. The study encompassed the utilization of three 
distinct SR and three different NS applied at 60 kPa (over a 
period of three days), 60 + 140 kPa (distributed as 1.5 days 
followed by another 1.5 days), and 200 kPa (for a total 
duration of three days). The chosen normal stress range of 
60–140 kPa for the oedometer tests reflects the anticipated 
pressures in real-world scenarios for the loose material under 
study. With 60 kPa representing near-surface conditions and 
200 kPa corresponding to depths of 3–4 m, the range allows 
us to explore the material's behaviour under varying stress 
levels. The results of these experiments are presented in the 
subsequent figures for analysis and interpretation (Figs. 14, 
15, 16).

The figures provided above offer valuable insights into the 
behaviour of composites under varying loading conditions. 
Notably, when subjected to an instantaneous loading of 
200 kPa, these composites exhibit more pronounced defor-
mation, indicating the significant influence of the applied 
load. Conversely, composites subjected to an instantane-
ous loading of 60 kPa display lower levels of deformation, 
underscoring the importance of the loading magnitude as a 
critical variable in the deformation response.

Regarding the role of SR, the observations suggest a note-
worthy trend. In the majority of cases, composites with an 
SR of 0.25 tend to exhibit greater levels of deformation. The 
results of this section is consistent with [70] which showed 
increasing the rubber content will increase the deformabil-
ity of the mixtures. This consistent pattern highlights the 
influence of SR as a contributing factor in the deformation 
behaviour of these materials.

In this study, it's important to note that the Poisson's 
ratio was not directly calculated after the adding of rubber 
into the sand mixture. Instead, an upper constraint of 0.3 
and a lower constraint of 0.2 for the Poisson's ratio were 
assumed based on [90] for the purposes of analysis. Subse-
quently, the elastic modulus of the mixtures was computed 
based on these assumed Poisson's ratio values. The follow-
ing figure illustrates the variation in the elastic modulus 
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of the SRM. Notably, the figure demonstrates a consistent 
trend: as more rubber is incorporated into the mixtures, 
there is a noticeable decrease in the elastic modulus of the 

SRM. This trend highlights the influence of rubber 
portion on the stiffness and elasticity of the composite 

(a) (b)

(c) (d)

(e) (f)

Fig. 11   Vertical displacement versus shear displacement: a SR = 0.25 
and NS = 50  kPa; b SR = 0.25 and NS = 100  kPa; c SR = 0.25 and 
NS = 150 kPa; d SR = 1 and NS = 50 kPa; e SR = 1 and NS = 100 kPa; 

f SR = 1 and NS = 150 kPa; g SR = 4 and NS = 50 kPa; h SR = 4 and 
NS = 100 kPa; and i SR = 4 and NS = 150 kPa
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materials, providing valuable insights into their mechani-
cal behaviour.

Limitations and future studies

While this paper provides valuable insights into the mechan-
ical behaviour of SRM, there are certain limitations and 
paths for future research that should be acknowledged. The 
study primarily focused on a specific soil type with a void 
ratio of 0.86, which may not fully represent the diverse range 
of soils encountered in real-world applications. Different soil 
types, with varying compositions, grain size distributions, 
and densities, could significantly impact SRM behaviour, 
warranting further research into SRM performance across 
various soil conditions. Additionally, the behaviour of SRM 
under different environmental conditions, such as varying 
temperatures and moisture levels, remains unexplored and 
requires investigation to assess its suitability for broader 

applications. The study's focus on short-term mechanical 
behaviour also suggests the need for extended laboratory 
testing and field studies to evaluate the long-term stabil-
ity and durability of SRM in practical scenarios. Moreover, 
while SRM presents a promising sustainable geotechnical 
material, future research should explore its environmental 
and economic implications, including life cycle assessments 
and cost-effectiveness compared to traditional materials. 
Standardization in testing protocols and design guidelines 
for SRM is essential to ensure consistency in research and 
practical applications. Beyond traditional geotechnical uses, 
exploring innovative applications of SRM, such as in sound 
barriers, pavements, or earthquake-resistant structures, could 
further enhance its utility. Lastly, the efficiency and environ-
mental impact of processing discarded tires into rubber par-
ticles for SRM production need to be optimized, considering 
the availability and sourcing of these materials. Address-
ing these limitations and pursuing these research avenues 
will contribute to a more comprehensive understanding and 

(g) (h)

(i)

Fig. 11   (continued)
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(a) (b)

(c)

Fig. 12   Influence of rubber content on the dilatancy of mixtures under NS of: a 50 kPa; b 100 kPa; and c 150 kPa

Fig. 13   Oedometer test with 
SRM
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broader application of SRM in sustainable construction 
practices.

Conclusion

Studying mechanical behaviour of SRM, is a critical area of 
research with implications for geotechnical engineering and 
construction industries. Understanding how the addition of 
rubber particles influences deformation, shear strength, and 
friction angles in these mixtures provides valuable insights 
for designing sustainable and resilient infrastructure.

The investigation of SRM's mechanical behaviour was 
the main goal of this work. A wide range of combinations 
with unique SR of 0.25, 1, and 4 were examined under 

varied NS of 50, 100, and 150 kPa in a thorough series of 
studies. The rubber content within the mixtures spanned a 
wide range, including values of 0%, 5%, 10%, 15%, 20%, 
25%, 30%, 40%, and 50%. Additionally, oedometer tests 
were performed, involving three different SR and three dis-
tinct NS conditions: 60 kPa (over a period of three days), 
60 + 140 kPa (distributed as 1.5 days followed by another 
1.5 days), and 200 kPa (for a total duration of three days). 
The study's findings can help engineers better understand 
these materials, for instance, in situations where they are 
utilized as backfills with little to no compaction.

The results from both the direct shear and oedometer 
tests have yielded important insights into the mechanical 
response of SRM. Key findings include:

(a)
(b)

(c)

Fig. 14   Vertical displacement versus time of SRM under different NS for: a SR = 0.25 ; b SR = 1 ; and c SR = 4



Innovative Infrastructure Solutions          (2025) 10:403 	 Page 15 of 18    403 

1.	 The shear stress and deformation behaviour of the SRM 
are notably influenced by the proportions of rubber and 
the ratio of rubber particle size to sand particle size. 
The presence of rubber in the mixtures imparts greater 
deformability to the material, altering its softening 
behaviour.

2.	 The internal friction angle of the mixtures exhibits a 
distinct pattern. It increases significantly with the incor-
poration of rubber, particularly up to a rubber fraction of 
20%. However, a further increase in rubber content has 
a detrimental effect on the material's friction angle.

3.	 Depending on the rubber to sand size ratio, the material's 
shear strength changes. Mixtures with ratios of 1 and 4 
exhibit higher shear strength compared to those with a 
ratio of 0.25.

(a)
(b)

(c) (d)

Fig. 15   Vertical displacement versus time of SRM under different NS for a FR = 5 percent; b FR = 15 percent; c FR = 25 percent; and d FR = 40 
percent

Fig. 16   Elastic modulus versus rubber percent
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4.	 The vertical displacement data analysis of SRM indi-
cates reduced dilation as rubber content increases, espe-
cially when exceeding 20%. Dilation behaviour of SRM 
demonstrated that mixtures with lower SR (SR = 0.25) 
have lower dilation angles compare to the mixtures with 
higher SR (SR = 1 and 4).

5.	 The results showed that the dilation angle depends not 
only on the content of rubber in the SRM but also on 
the SR. SRMs with smaller rubber particles exhibited a 
smaller dilation angle compared to those with the same 
rubber content but larger SR.

6.	 Oedometer test results reveal that SRM with an SR of 
0.25 exhibit greater deformability and flexibility. Addi-
tionally, the addition of more rubber to SRM leads to a 
reduction in the elastic modulus of the composites.
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