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*e application of scrap tires as construction materials in civil engineering is one of the most promising ways to recycle this
pollutant. *e objective of this study was to investigate the shear strength and liquefaction potential of saturated rubber-sand
mixtures. Direct shear tests and cyclic triaxial tests were conducted on rubber-sand mixtures at various rubber contents. It was
found that the addition of rubber particles to sand changed the shear stress-horizontal displacement development.*e addition of
rubber particles to sand improved the shear strength slightly and improved resistance to liquefaction significantly. Additionally, a
hyperbolic model was proposed to describe the pore water pressure generation. *is study demonstrates the effect of rubber
particles on the physical properties of sand.

1. Introduction

With the rapid development of automobile industry, dis-
carded automobile tires have become a serious threat to the
environment. If these wastes are not handled properly, they
will cause environmental pollution, fire, and harm to peo-
ple’s health. For example, in 1999, millions of scrap tires
spontaneously ignited in Stanislaus, USA [1].

Lately, several investigations have been undertaken in
order to study the possibilities of application of rubber-sand
mixtures in civil engineering, as reported by Cetin et al. [2].
*e investigations show that the rubber-sand mixtures have
the advantages of low bulk density, high physical and
chemical durability, high tensile strength, and high shear
strength and permeability compared with pure sand [3].
*erefore, the rubber-sand mixtures have been widely used
in highway embankments as a lightweight fill material and
backfills behind retaining structures over weak or com-
pressible soils [4–6] and also been used in energy dissipation
cushions of dynamical foundations or building bases to
reduce vibration and seismic dynamic effects, as reported by
Tsang [7] and Abdelhaleem et al. [8].

Researchers have carried out extensive research studies
on the mechanical properties of rubber-sand mixtures,

which have made many useful conclusions and actively
promote the engineering application of rubber-sand
mixtures.

Previous researchers mainly conducted direct shear tests
on the dry or slightly moist rubber-sand mixtures, and they
did not reach consensus on the research of shear strength of
rubber-sand mixtures. *e addition of rubber particles or
tire chips in sand was reported to improve the shear strength
of sand [9–13]. On the contrary, the addition of rubber
particles or tire chips in sand was reported to reduce the
shear strength of sand, as discussed by Tanchaisawat et al.
[14]. Moreover, Mahmoud [15] discovered that the internal
friction angle of rubber-sand mixtures which contain
10%–20% granulated rubber immensely improved, while the
shear strength of the mixtures did not change a lot. Sellaf
et al. [16] conducted direct shear tests on the mixtures of dry
rubber tires and sediments, and the results indicated that
there is a decrease in cohesion with the increase of scrap tire
rubber when the variation of internal friction angle is
vacillating.

In the recent years, several studies were carried out on
the dynamic behaviour of rubber-sand mixtures. However,
the research results remain controversial. *e addition of
rubber particles or tire chips in sand was reported to
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improve the resistance to liquefaction of saturated sand
[17–20], while some other studies [21, 22] gave the opposite
point of view. Moreover, Mashiri et al. [23] conducted
strain-controlled cyclic triaxial tests on the sand-tire chip
mixtures, and the results indicated that the addition of 10%
of tire chips to sand does not improve the resistance to
liquefaction. *e addition of tire chips between 10% and
30% to sand improves the resistance to liquefaction sig-
nificantly. *e addition of tire chips between 30% and 40%
to sand reduces the resistance to liquefaction significantly.
Shariatmadari et al. [24] conducted hollow torsional tests
on the sand-tire crumb mixtures, and the results indicated
that the addition of 10% of tire chips to sand decreases the
resistance to liquefaction and the addition of tire chips
between 10% and 25% to sand decreases the resistance to
liquefaction.

*e objective of the present study is to study the shear
strength and liquefaction potential of liquefiable sand
mixed with rubber particles. *e strain-controlled direct
shear tests were conducted on saturated rubber-sand
mixtures to determine their shear strength. And stress-
controlled undrained cyclic triaxial tests were carried out
on saturated rubber-sand mixtures to determine their
liquefaction potential.

2. Materials and Methods

2.1. Materials Used. *e tests were conducted on rubber-
sand mixtures, composed of sand and rubber particles.
Sand here refers to Fujian sand, which has been used in
numerous studies in the geotechnical field in China. *e
maximum and minimum dry densities of Fujian sand are
18.53 kN/m3 and 16.01 kN/m3, respectively. *e rubber
shreds were obtained by shredding scrap tires with the help
of a mechanized shredding machine. To prevent any
puncture of membranes, the steel wires in the rubber tires
were removed before shredding.*e diameter of the rubber
shreds ranged from 1 to 5mm. *e rubber shreds were
classified as rubber particles according to ASTM D6270-08
(2012) [25]. Physical properties of the sand and rubber
particles used in the tests are shown in Table 1. *e grain
size distributions of the sand and rubber particles are
presented in Figures 1 and 2. *e optical microscope
images of the sand and rubber particles are presented in
Figure 3. Figure 3(a) shows the contact form between the
sand and rubber particles of the mixture specimen.
Figures 3(b) and 3(c) show the surface state of sand and
rubber, respectively.

2.2. Sample Preparation and Testing Program for Direct
Shear Tests. *e effects of the rubber particle content (RC)
on the shear strength of saturated rubber-sand mixtures
were studied in these direct shear tests. *e direct shear
tests were conducted in a strain-controlled direct shear
apparatus.*e size of all sand-rubber samples is 61.8mm in
diameter and 20mm in height. *e tests were carried out
based on the procedure described by the Chinese standard
for the soil test method (GB/T 50123-1999) [26]. Direct

shear tests were performed on samples at four normal
stresses σn of 100 kPa, 200 kPa, 300 kPa, and 400 kPa and at
a shear displacement rate of 2.4mm/min. Samples con-
sisting of sand alone and various mixtures of sand and
rubber were tested. *e mixtures contained 5%, 10%, and
15% rubber particles by weight. *e relative density of pure
sand is 50%, and the mass is 104.42 g. *e sand-rubber
mixtures were divided into three parts. Each part was
poured in the shear test box and compacted in the dry state
in order to reach the required relative density. *e com-
pacted specimens were placed in the saturator for 2 hours
to make sure that the specimens were adequately filled with
deaired water before shearing.

2.3. Sample Preparation and Testing Program for Cyclic Tri-
axial Tests. *e effects of the rubber particle content on the
dynamic characteristics of saturated rubber-sand mixtures
were studied in stress-controlled cyclic triaxial tests. *e
size of all sand-rubber samples is 39.1mm in diameter and
80mm in height. *e tests were carried out based on the
procedure described by the Chinese standard for the soil
test method (GB/T 50123-1999) [26]. Samples consisting of
sand alone and various mixtures of sand and rubber were
tested. *e mixtures contained 3%, 5%, and 10% rubber
particles by weight.*e relative density of pure sand is 45%,
and the mass is 163.82 g. *e sand-rubber mixtures were
divided into four parts. Each part was deposited into the
mold and compacted in the dry state in order to reach the
required relative density. After sample preparation, the
specimens were installed with a chamber pressure of 50 kPa
and a back pressure of 30 kPa. For the saturation process,
distilled deaired water was flushed into specimens from the
bottom and circulated at least one hour to ensure that the
specimens were fully saturated.*e B value of any prepared
specimens was required to be >0.95. *e specimens were
consolidated at an effective confining pressure of 50 kPa,
100 kPa, and 200 kPa. *e undrained cyclic tests were
carried out at a constant frequency of 1Hz. *e testing
program performed with and without granulated rubber is
summarized in Table 2. *e pore water pressure ratio
(PWPR) to effective confining pressure at 1 was the
threshold standard if initial liquefaction is adopted in this
paper.

*e cyclic stress ratio (CSR) in Table 2 is calculated by
the following equation:

CSR �
σd
2σ3′

, (1)

where σ3′ is the effective confining pressure and σd is the
cyclic axial stress.

3. Direct Shear Stress Test Results

Figure 4 shows the shear stress-horizontal displacement
curves for pure sand and rubber-sand mixtures at normal
stresses of 100, 200, 300, and 400 kPa. It can be observed
that the curves for pure sand and mixtures with different
rubber contents are obviously different. *e shear stress-
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horizontal displacement curves for pure sand show a clear
peak associated with failure, and the curves exhibit a strain-
softening characteristic, as shown in Figure 4(a). *e
shear stress-horizontal displacement curves for mixtures
with different rubber contents exhibit a strain-hardening
characteristic without peak value, as shown in Figures
4(b)∼4(d).*e reason for difference between pure sand and
mixtures is that adding rubber particles to sand increases its
elasticity and compressibility. As a result, the rubber-sand
mixtures exhibit shear-shrinking and strain-hardening
behaviours.

In order to study the effects of normal stress and rubber
particle content on the shear strength, the shear strength of
samples under different conditions is presented in Figure 5.

In these cases, shear strength was reported as the peak shear
stress. However, for most cases, a peak shear stress was not
reached after 6mm of horizontal displacement, as shown in
Figure 4. Generally, in samples for which no peak shear
stress was observed, shear stress at a horizontal displacement
of 6mm was reported as the shear strength according to the
Chinese standard for the soil test method (GB/T 50123-
1999) [26]. *e test results show that the shear strength is
positively correlated with the normal stress σn and increases
steadily with the increase of the normal stress σn. *e ad-
dition of rubber particles to sand improves the shear
strength of sand. *e shear strength of samples grows with
the increase of the rubber content, but the growth rate is
slight.

Table 1: Physical properties of the Fujian sand and rubber particles used in the tests.

Materials Mean diameter
d50 (mm)

Uniformity coefficient
Cu � d60/d10

Curvature coefficient
Cc � d302/(d10d60)

Maximum void
ratio emax

Minimum void
ratio emin

Specific gravity Gs

Fujian sand 0.65 7.41 0.43 0.67 0.45 2.68
Rubber particles 3.10 1.48 0.88 1.32 0.74 1.21

Fujian sand
Granulated rubber
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Figure 1: Grain size distribution of the Fujian sand and granulated rubber material used in the tests.
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Figure 2: Materials tested. (a) Fujian sand. (b) Rubber particles.
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In order to study the shear strength behaviour of pure
sand and rubber-sand mixtures, internal friction angle and
cohesion of the samples were analyzed according to
Mohr–Coulomb criteria, as shown in Figure 6. With the
consideration of uncertainties in the model and test, the
uncertainty factor θ should be identified using equation (2)
and the effect of uncertainty can be expressed in terms of
coefficients of variation as equation (3) [27, 28]:

θh �
Rexperimental,h

Rmodel,h
, (2)

where Rexperimental,h is the hth experimental result, Rmodel,h is
the hth model prediction, and θh is the hth model
uncertainty.

vθ ≈
����������

v2observed − v2ε



, (3)

where vθ is the coefficient of variation of model uncertainty,
vobserved is the coefficient of variation as derived from com-
parison of model and experimental results, and vε is the
coefficient of variation of test uncertainty. *e coefficient of
variation of model uncertainty is 0.09 (approximate to 0.1),
and the test uncertainty has minor significance, as described
by Holicky et al. [28] and Sykora et al. [29]. In this study, the
coefficient of variation of test uncertainty vε is not considered.

Rubber particle

(a) (b)

(c)

Figure 3: Optical microscope images. (a) Contact form between the sand and rubber particles. (b) Surface state of sand. (c) Surface state of
rubber.

Table 2: Test cases for the cyclic triaxial tests.

Test ID Rubber
content (%)

Effective confining
pressure (kPa)

Cyclic axial
stress (kPa) CSR

B1 0 100 20 0.1
B2 0 100 40 0.2
B3 0 100 60 0.3
B4 0 100 80 0.4
B5 0 100 100 0.5
B6 3 100 40 0.2
B7 3 100 60 0.3
B8 3 100 80 0.4
B9 3 100 100 0.5
B10 5 50 20 0.2
B11 5 50 30 0.3
B12 5 50 40 0.4
B13 5 100 40 0.2
B14 5 100 60 0.3
B15 5 100 80 0.4
B16 5 100 100 0.5
B17 5 200 80 0.2
B18 5 200 120 0.3
B19 5 200 160 0.4
B20 10 100 40 0.2
B21 10 100 60 0.3
B22 10 100 80 0.4
B23 10 100 100 0.5
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*e model uncertainty observations θ are shown in
Figure 6(b), while the mean of θ is 0.93 and the coefficient of
variation of model uncertainty vθ is 0.09.

Figure 7 reveals the relationship between internal fric-
tion angle and rubber particle content and the relationship
between cohesion and rubber particle content. It can be
observed that adding rubber particles to sand increases its
internal friction angle and cohesion. *e cohesion of the
saturated rubber-sand sample increases with the increase of
rubber content, and the internal friction angle increases
slightly with the increase of rubber content.

4. Cyclic Triaxial Test Results

4.1. Liquefaction Potential. *e typical experimental results
are shown in Figures 8–10. Figures 8(a), 9(a), and 10(a) show
the loops of the axial stress and axial strain for three different
confining pressures. Figures 8(b), 9(b), and 10(b) show the
time histories of the pore water pressure ratio (PWPR).
Overall, the slopes of the axial stress and axial strain decrease
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Figure 4: Shear stress-horizontal displacement curves. Rubber content: (a) 0%; (b) 5%; (c) 10%; (d) 15%.
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gradually with increasing numbers of loading cycles. *e
areas of the axial stress and axial strain loops increase
gradually with increasing numbers of loading cycles, in-
dicating the dissipated energy and damping increase. *e
stiffness decreases with increasing axial strain. *e PWPR
spikes obviously show a tendency to increase rapidly and
positive and negative fluctuations or oscillating character-
istics under cyclic loading, indicating the alternating be-
haviour of shear expansibility and compressibility during
cyclic loading.

*e effect of CSR on the number of cycles to liquefaction
(Nf ) for different rubber content mixtures at an effective

confining pressure of 100 kPa is shown in Figure 11(a). *e
test results clearly reveal that the number of cycles required
to reach liquefaction increases with the decreasing CSR.
Moreover, for a particular value of Nf, the CSR for lique-
faction increases with the increasing rubber content (RC)
from 0% to 10%. *e results reveal that the addition of
rubber to sand improves the resistance to liquefaction
significantly.

Figure 11(b) shows the effect of effective consolidation
pressure on the relationship between the CSR and the
number of cycles (Nf ). *e test results reveal that the ef-
fective confining pressure had little influence on the cor-
relation between the CSR and Nf.

*e relationship between the CSR and the number of
cycles (Nf ) of pure sand and sand with various rubber
particles during the dynamic axial loading is closely re-
lated to the rubber content (RC), and the correlation
between the CSR and Nf can be described by the following
equation:

CSR � mN
n
f, (4)

where parameters m and n are fitting values, which are listed
in Table 3 for different test cases. *e n value is constant for
different cases, and the m value is closely related to rubber
content (RC). Figure 12 shows that the correlation between
the parameter m and the rubber content (RC) can be
expressed as

m � 0.09RC + 0.57, (5)

where RC is the rubber content (%).
*erefore, equation (4) can also be expressed as

CSR � (0.09RC + 0.57)N
(−0.32)
f . (6)

RC = 0%
RC = 15%
Linear fit of RC = 0%, R2 = 0.999,
ϕ = 28.8°, c = 4.9kPa
Linear fit of RC = 15%, R2 = 0.996,
ϕ = 30.5°, c = 16.9kPa
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Figure 6: Calculations of cohesion and internal friction angle through Mohr–Coulomb criteria. (a) Fitting results. (b) Model uncertainty
observations θ versus normal stress.
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Figure 8: Typical experimental results for RC� 5%, σ3′ � 50kPa , and CSR� 0.3. (a) Loops of the axial stress and axial strain. (b) Time
histories of PWPR.

A
xi

al
 st

re
ss

 (k
Pa

)

σ3′ = 100kPa, CSR = 0.3
RC = 5%

–40

–30

–20

–10

0

10

20

30

40

–1 0 1 2–2
Axial strain (%)

(a)

σ3′ = 100kPa, CSR = 0.3
RC = 5%

5 10 15 20 25 300
Time (s)

0.0

0.2

0.4

0.6

0.8

1.0
PW

PR

(b)

Figure 9: Typical experimental results for RC� 5%, σ3′ � 50 � 100kPa , and CSR� 0.3. (a) Loops of the axial stress and axial strain. (b) Time
histories of PWPR.
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Figure 10: Typical experimental results for RC� 5%, σ3′ � 200kPa , and CSR� 0.3. (a) Loops of the axial stress and axial strain. (b) Time
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*en, Figure 13 shows the fitting correlation between
CSR/(0.09RC + 0.57) and the number of cycles (Nf ) for all
test cases. Figure 13(a) shows the fitting results. Figure 13(b)
shows model uncertainty observations θ versus RC, while
the mean of θ is 1.16 and the coefficient of variation of model
uncertainty vθ is 0.49.

4.2. Pore Water Pressure Development. Figure 14 shows the
pore water pressure generation for different test cases. *e
test results reveal that the pore water pressure generation is
influenced by the rubber content, CSR, and effective con-
solidation pressure. *e correlation between the PWPR and
N/Nf can be described by the following equation:
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Figure 11: Relationship between CSR and Nf for different rubber contents (a) and for different effective confining pressures (b).

Table 3: Fitting values of m and n for different test cases.

Rubber content (%)
Parameters

m n R2

0 0.65 −0.32 0.95
3 0.80 −0.32 0.96
5 0.91 −0.32 0.95
10 1.54 −0.32 0.98

R2 = 0.97
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Fitted curve
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Figure 12: Fitting correlation between the parameter m and the rubber content.
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Figure 14: Pore water pressure ratio (PWPR) for different rubber content cases for (a) RC� 0%, (b) RC� 3%, (c) RC� 5%, and (d) RC� 10%.
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ud

σ3′
�

N/Nf

T1 + T2 N/Nf 
, (7)

where ud is the pore water pressure, N is the number of
vibration cycles, and T1 and T2 are the fitting parameters.

5. Conclusions

*e rubber-sand mixtures were adopted to investigate the
shear strength characteristics and liquefaction potential of
the saturated composite material. *e shear strength char-
acteristics of the saturated mixtures were obtained by the
strain-controlled direct shear tests. *e liquefaction po-
tential of the saturated mixtures was investigated by the
stress-controlled undrained cyclic triaxial tests. From the
test results, the following conclusions can be drawn:

(1) *e deformable ability of the rubber-sand mixture is
enhanced due to the elasticity of rubber particles. *e
distribution of shear stress with horizontal displace-
ment of pure sand reflects the characteristic of strain
softening, while the distribution of rubber-sand
mixtures reflects the characteristic of strain hardening.

(2) *e shear strength of samples increases with the
increasing normal stress, and the addition of rubber
particles to sand improves the shear strength of sand.
*e shear strength of samples increases with the
increase of the rubber content. *e addition of
rubber particles to sand increases its internal friction
angle and cohesion.

(3) *e addition of rubber to sand improves the re-
sistance to liquefaction significantly. *e effective
confining pressure had little influence on the cor-
relation between the cyclic stress ratio and the
number of cycles. A power function model was
presented to describe the correlation between the
CSR and Nf of saturated mixtures under cyclic
loading.

(4) *e PWPR spikes obviously show a tendency to
increase rapidly and positive and negative fluctua-
tions or oscillating characteristics under cyclic
loading. A hyperbolic model was presented to de-
scribe the relation between the PWPR and N/Nf of
saturated mixtures under cyclic loading.
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