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Rubber powder formed from discarded tire rubber is mixed with red clay to form a rubber-red clay mixture. -e dynamic triaxial
test was carried out on the mixtures under different conditions. -e effects of rubber content, rubber particle size, moisture
content of mixed soil, compactness, confining pressure, and vibration frequency on shear strain relation, dynamic shear modulus,
and damping ratio of the mixture were investigated. -e results show that under the same dynamic strain, the dynamic shear
stress-strain curve of rubber mixed soil decreases with the increase in rubber particle content and moisture content and decrease
in rubber particle size. On the other hand, it increases with the increase in compactness, confining pressure, and vibration
frequency, and as the dynamic strain increases, the τd-cd curve becomes more nonlinear. In addition, with the increase in the
rubber particle content, the dynamic shear modulus decreased while the damping ratio increased. When the content was 2%, the
change was fastest. After continued addition, it gradually became stable, and when the decrease in rubber particle size also shows
the same pattern, 2.00mm rubber-red claymixture shows better structure.-ewater content has great influence on dynamic shear
modulus and damping ratio of rubber-red clay mixtures. With the increase in compactness, confining pressure, and vibration
frequency, the interaction between mixed soil particles was enhanced, the dynamic shear modulus increased, and the damping
ratio decreased.

1. Introduction

How to deal with the black pollution caused by waste tires is
a big problem that plagues the engineering community. In
order to save resources and protect the environment and
find new ways to reuse waste tire rubber, domestic and
foreign scholars have added rubber particles to asphalt,
concrete, and soil and proposed a new geotechnical treat-
ment method for waste tire rubber. Because the formed
rubber mixture has good mechanical, thermal insulation,
and water permeability properties, it has been widely used in
road engineering, earth-rock dams, retaining walls, and
foundations [1–10].

At present, there are few studies on the mechanical
properties and related laws of rubber-improved soil. Tiwari
et al. [11] performed the compaction test on rubber-clay
mixture. It is found that as the amount of rubber powder
increased, the maximum dry density of the sample de-
creased, and the optimal moisture content did not change

significantly. Li and Zhang [12] added rubber to loess and
conducted an experiment on the mixture. It was found that
when the amount of rubber powder was less than 20%, the
compaction characteristics of the mixed soil were similar to
that of loess, and while the amount is greater than 40%, the
compaction characteristics were similar to noncohesive
soils. -e relationship between the maximum dry density
and optimum water content could be expressed by power
function. After mixing the tire fragments with sand and silt,
Tatlisoz and Okur et al. [13, 14] found the shear strength of
the mixed sand was improved to a certain extent, while the
shear strength of the mixed silt was reduced after rubber was
added to the silt. -rough the direct shear test, Gunaydin
et al. [15] found the cohesive force increases with the in-
crease in the content when the rubber content is below 40%,
and the change trend of the internal friction angle is the
opposite. Feng et al. [16–19] studied the influence of rubber
powder content on the dynamic shear modulus and
damping ratio of rubber-sand mixture under different
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conditions through resonance column experiments and
proposed an empirical model for calculating the dynamic
parameters of rubber-sand mixture. Kermani et al. [20]
studied the dynamic shear modulus and damping ratio of
rubber-sand mixture with different rubber content and
different confining pressures through cyclic triaxial tests
and proposed the normalization equation between the
dynamic shear modulus and dynamic strain. Shang et al.
[21] and Liu et al. [22] studied the laws of dynamic shear
modulus and dynamic shear strain of rubber-sand mix-
ture with different contents. Li et al. [23] studied the
dynamic strength, dynamic modulus, and damping ratio
of rubber-sand mixtures with different powder contents
by dynamic triaxial tests. Hu et al. [24] found that as the
amount of rubber powder increased, the dynamic elastic
modulus and dynamic shear modulus of rubber-loess
mixture decreased, but the damping ratio increased
instead.

Based on the research status, the research on rubber-soil
mixture mainly focused on sandy soil, and there were few
reports on the dynamic characteristics of rubber-clay
mixture. However, due to the different types of soil, the
properties of mixtures are also quite different. In view of this,
the dynamic shear stress-shear strain, dynamic shear
modulus, and damping ratio of rubber-red clay mixtures
under different factors such as powder content, particle size,
compaction, and moisture content have been studied
through indoor dynamic triaxial tests. A constitutive model
suitable for dynamic shear modulus, damping ratio, and
shear strain of rubber-red clay is proposed. -e research
results have certain academic and application value and
provide a new idea for the reuse of waste tires.

2. Dynamic Triaxial Test

2.1. Test Method. -e test uses the SDT-20 dynamic triaxial
produced by Xi’an Lichuang Material Testing Technology
Co., Ltd. (see Figure 1) and adopts a stepwise incremental
cyclic loading test method. 10 cycles of loads having various
amplitudes are applied to the samples. -e fifth vibration of
each level of load is taken as the test result. Sine wave was
selected as the carrier wave shape, the sample size was
39.1mm in diameter and 80mm in height, the consolidation
method was isotropic consolidation, and the consolidation
ratio is 1.0. -e confining pressure is 50 kPa, 100 kPa,
150 kPa, and 200 kPa. In addition, the vibration frequency is
1Hz, 2Hz, and 4Hz, respectively. -e undrained dynamic
triaxial test was carried out after the test parameters are
determined.

2.2. TestMaterials and Sample Preparation. -e soil samples
used in this paper were taken from the foundation pit of
Huashi Road on the west side of Guizhou University. It is
brown-plastic red clay with good gradation and compact
structure.-e basic physical indexes of red clay are shown in
Table 1.-e rubber is mechanically crushed fromwaste tires,
and the particle sizes of the rubber powders were 2.00mm,
0.85mm, and 0.25mm, as shown in Figure 2.

After the red clay was air-dried and crushed, it is passed
through a 2mm sieve, and 0%–10% mixed soil is prepared
according to the mass ratio of rubber powder and dry soil,
such as 10% rubber mixed soil; that is, rubber powder
quality: dry soil quality� 1 : 9. It can be seen from Table 2
that with the increase in rubber powder content, the optimal
moisture content and maximum dry density of rubber-red
clay mixture decrease. In the standard test mold (Φ
39.1× 80mm), static compaction was used to prepare
samples with different rubber powder contents, different
rubber powder particle sizes, different moisture contents,
and different compaction degrees (Table 3). -e sample
preparation process is briefly summarized as follows: (a)
Calculate the sample mass according to equation (1). It is
difficult to form the sample after the rubber powder content
exceeds 10%. -e maximum rubber powder content is 10%.

msample � kρdmax(1 + ω)V, (1)

where msample is the mass of the sample, k is the degree of
compaction, ρdmax is the maximum dry density, ω is the
moisture content, and V is the volume of the sample mold.
(b) Put the abovementioned mixed soil into a standard test
mold; the mixed soil was compacted under static pressure
and roughens each layer. (c) -e samples were put into a
curing box for one day to make the moisture content of each
part of the sample uniform.

3. Dynamic Characteristic Parameter
Calculation Method

3.1. Dynamic Shear Stress-Shear Strain. -e dynamic triaxial
test can collect dynamic shear stress and shear strain through
multistage loading dynamic load. According to the hyster-
esis loop of shear stress and strain, the dynamic shear stress-
strain backbone curve can be drawn. -e backbone curve
reflects the nonlinearity between dynamic shear stress and
strain. According to the Hardin–Drnevich hyperbolic model
[25–28], the relationship between dynamic shear stress and
shear strain can be expressed as follows:

τd �
cd

a + bcd

, (2)

where τd is the dynamic shear stress, cd is the dynamic shear
strain, and a and b are the soil properties parameters.

3.2. Dynamic Shear Modulus. According to the shear
characteristics of soil under cyclic loading, the dynamic
shear modulus when the dynamic shear strain tends to 0 is
defined as the maximum dynamic shear modulus (Gmax).
According to the relationship between dynamic shear
modulus and the dynamic shear strain, the shear modulus
ratio can be expressed by the following equation [29]:

G �
Gmax

1 + c/cr( 
, (3)

where G is the dynamic shear modulus, Gmax is the maxi-
mum shear strain, c is the dynamic shear strain, and cr is the
reference shear strain.
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Table 1: Basic physical indicators of red clay.

Plastic limit (%) Liquid limit (%) Plasticity index
Particle composition (%)

>0.075mm 0.075∼0.002mm <0.002mm
24.83 43.60 18.4 19.36 64.30 16.34

2.00mm 0.85mm 0.25mm

Figure 2: Different particle size rubber particles.

Table 2: Results of rubber-red clay compaction experiment.

Rubber powder content (%) Optimal moisture content (%) Maximum dry density (g/cm3)
0 24.26 1.633
2 23.95 1.605
4 22.48 1.581
6 22.08 1.548
8 21.95 1.522
10 21.50 1.503

Figure 1: Soil triaxial testing machine.

Table 3: Rubber mixed soil cooperation scheme.

Rubber powder content (%) Rubber particle size (mm) Moisture content (%) Compactness (%)
0～10 0.85 24.83, 23.95, 22.48, 22.08, 21.95, 21.5 90

6
2.00

24.83 900.85
0.25

6 0.85
22

9024.83
28

6 0.85 24.83
85
90
96
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3.3. Damping Ratio. According to the elastoplastic theory,
the damping ratio is defined as the ratio of the hysteresis
loop to the area of the triangle in Figure 3:

λ �
1
4π

As

At

, (4)

where λ is the damping ratio, At is the area of the hysteresis
loop, and As is the area of the triangle in the shaded area.

-e Chen et al. model [30] describes the damping ratio as
follows:

λ � λmin + λ0 1 −
G

Gmax
 

n

. (5)

Introduce the minimum damping ratio λmin, modify the
damping ratio formula of the Chen et al. model, and obtain
the empirical model:

λ � λmin + λ0 1 −
1

1 + c/ca( 
 

n

, (6)

where λmin is the minimum damping ratio, which is the
fitting parameter, ca is the reference shear strain, which is a
fitting parameter, and λ0 and n are the fitting parameters.

4. Results and Discussions

4.1. Description of Test Phenomenon. In this test, there are
two main failure types of the rubber-red clay mixtures.
When the rubber powder content is low or the moisture
content is high, it shows a bulging failure (Figure 4). In
addition, when the rubber powder content is high or
moisture content is high, the sample shows shear failure
(Figure 5). -e reason is that the red clay particles are small,
the specific surface area is large, and there is interaction
between the particles. When rubber particles are added into
red clay, the degree of bonding between the soil is reduced.
While the moisture content decreases, the cementation
between the soil particles weakens, so the two show obvious
shear phenomena. On the other hand, when the moisture
content increases, the interaction between soil and water
increases, and the bonding force becomes larger. When the
amount of rubber powder decreases, the pores become
smaller. -erefore, the samples show a bulging damage in
both cases.

4.2. Dynamic Shear Stress-Shear Strain Relationship Curve.
Figure 6 shows the dynamic shear stress and strain curves of
rubber-red clay mixture under different rubber powder
contents, different rubber powder particle sizes, different
moisture contents, different compactions, different confin-
ing pressures, and different vibration frequencies. It can be
seen as the backbone curve of rubber-red clay mixture. -e
curve could be divided into two stages. When the dynamic
shear strain is small, the curve grows linearly and is in the
elastic stage. When the dynamic shear strain continues to
increase, the curve tends to be smooth and in the elastic-

plastic stage. It can also be seen that the skeleton curve of the
mixture is hyperbolic, which was same as the Har-
din–Drnevich hyperbolic model of equation (2). For ex-
ample, the mixture with the rubber powder content is 6%,
the particle size is 0.85mm, the moisture content is 24.83%,
and the compaction degree is 90. -e confining pressure was
100 kPa and vibration frequency was 1Hz, and they are fitted
using equation (2); the experimental data have a high degree
of agreement with the model, so the Hardin–Drnevich
model can be used to describe the dynamic shear stress and
strain curve of the rubber-red clay mixture.

In Figure 6(a), with the increase in rubber powder
content, the backbone curve gradually decreases, and the
curve changes from strong hardening to weak hardening.
-e backbone curve of mixture continues decreasing, but the
decreasing rate kept becoming small and the curves are
getting closer to each other. Taking dynamic shear strain
cd � 0.6% as an example (the same below), the relative
change of dynamic shear stress in the process of increasing
the rubber content from 0% to 10% is when the content is
from 0% to 2%, the difference between the dynamic shear
stress was largest, reaching 6.43 kPa, and then it became
stable and shows a downward trend; that is, the relative
dynamic shear stress drops from 3.71 kPa to 2.81 kPa. In
Figure 6(b), as the rubber particle size decreases, the rubber-
red clay backbone curve appears weakly hardened.When the
mesh size is reduced from 2.00mm to 0.25mm, the back-
bone curve becomes smoother. -e smaller the rubber
powder particle size, the more obvious the impact on the
dynamic shear stress. When it is reduced from 2.00mm to
0.85mm, the dynamic shear stress drops by 4.07 kPa; when it
is reduced from 0.85mm to 0.25mm, the dynamic shear
stress drops by 5.67 kPa. In Figure 6(c), as the water content
increases, the dynamic shear stress gradually decreases.
When the moisture content increases from 22% to the
optimal moisture content, the dynamic shear stress drops by
6.29 kPa. When the moisture content increases from the
optimal moisture content to 28%, the dynamic shear stress
drops by 7.97 kPa. -e influence of moisture content on the
wet side of the optimal moisture content on the dynamic
shear stress-shear strain is greater than that on the dry side.

As shown in Figures 6(d)–6(f ), with the increase in
compaction, confining pressure, and vibration frequency,
the linear characteristics of the rubber-soil backbone curve
increase. -e greater the degree of compaction was, the
greater the amplitude of the dynamic shear stress was. When
the degree of compaction increases from 85% to 90% and
from 90% to 96%, the dynamic shear stress increases by
4.49 kPa and 6.01 kPa, respectively. Confining pressure is the
most important factor affected the dynamic shear stress-
shear strain curve. When the confining pressure increases
from 50 kPa to 100 kPa, the dynamic shear stress increases
most significantly, reaching 16.19 kPa, and then the increase
rate gradually decreases. -e vibration frequency has the
smallest effect on the dynamic shear stress-shear strain
curve. -e frequency increases from 1Hz to 2Hz and from
2Hz to 4Hz, and the dynamic shear stress increases by
2.26 kPa and 3.98 kPa; that is, as the vibration frequency
increases, the increase in the dynamic shear stress is smaller.
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4.3. Dynamic Shear Modulus. Figure 7 shows the dynamic
shear modulus-shear strain curve of rubber-red clay mixture
under different rubber powder content, different rubber
powder particle size, different moisture contents, different
compaction degrees, different confining pressures, and
different vibration frequencies. Under different test condi-
tions, the dynamic shear modulus-dynamic shear strain of

rubber-soil shows the same attenuation law. When the shear
strain is small, the attenuation is faster, the dynamic strain
continues to increase, and the dynamic shear modulus
basically tends to the same level. For an example, the curve of
the mixture with rubber powder content is 6%, the particle
size is 0.85mm, themoisture content is 24.83%, the degree of
compaction is 90%, the confining pressure is 100 kPa, and
the vibration frequency is 1Hz and was fitted using equation
(4). -e results are shown in Figure 8. From Figure 8, it can
be seen that the test data can be well distributed on both sides
of the model, and the degree of agreement is high enough.
-erefore, equation (4) can be used to describe the rela-
tionship between the dynamic shear modulus and shear
strain which is reasonable.

In Figure 7(a), the dynamic shear modulus decreases
with an increase in rubber powder contents. For example,
when the rubber powder content is 10%, the maximum
dynamic shear modulus of pure soil decreases from
33.7MPa to 14.7MPa of rubber-red clay mixture, and the
decrease rate was 56.4%. -e reason is that after rubber
powder is added, the mechanical bite force between soil
particles and rubber powder is significantly lower than that
of plain soil. Under dynamic load, the deformation of the
mixed soil increases, so the dynamic shear modulus de-
creases. In Figure 7(b), the dynamic shear modulus decreases
with the increase in the rubber particle size. -e reason is
that the increase in the rubber particle size means that the
particles become finer, and the specific surface area of the
rubber increases. -e contact area with the rubber particles
increases, and the deformation of the mixed soil increases, so
the dynamic shear modulus decreases. As shown in
Figure 7(c), the dynamic shear modulus decreases with the
increase in water content, which is due to the lubricating
effect of water on the soil. With the increase in water content,
the lubrication effect between soil particles becomes
stronger; the larger the value was, the lower the dynamic
shear modulus was. In Figures 7(d) and 7(e), the dynamic
shear modulus increases with the increase in compaction
and confining pressure. -e mechanism of compaction and
confining pressure was similar; that is, increasing com-
paction or confining pressure makes the soil particles
compacted further, the ability of the soil to resist dynamic
loads becomes stronger, and the dynamic shear modulus
increases. In Figure 7(f), the dynamic shear modulus in-
creases with the increase in vibration frequency. -e reason
is that the increase in vibration frequency reduces the action
time of dynamic load on the soil, the soil is compacted in a
very short time, the deformation reduced, and the dynamic
shear modulus increased. However, the structure of the soil
itself has not changed significantly, so the curve changes
little.

4.4. 5e Relationship between Damping Ratio and Dynamic
Shear Strain. Figure 9 shows the damping ratio-dynamic
shear strain curve of mixed soil under different powder
contents, different powder particle sizes, different moisture
contents, different compaction degrees, different confining
pressures, and different vibration frequencies. Both of the
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Figure 3: Typical stress-strain hysteresis curve.

Figure 4: Bulging deformation.

Figure 5: Shear failure.
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Figure 6: Dynamic shear stress-shear strain curve of rubber-red clay. (a) Rubber powder content; (b) rubber particle size; (c) moisture
content; (d) compactness; (e) confining pressure; (f ) frequency.
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Figure 7: Dynamic shear modulus-dynamic shear strain curve of rubber-red clay. (a) Rubber powder content; (b) rubber particle size; (c)
moisture content; (d) compactness; (e) confining pressure; (f ) frequency.
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damping ratio of pure soil and mixtures increased with the
increase in dynamic shear strain, and the nonlinear char-
acteristic is strong. -e curve of the mixture with the rubber
powder content is 6%, the particle size is 0.850mm, the water
content is 24.83%, the degree of compaction is 90%, the
confining pressure is 100 kPa, and the vibration frequency is
1Hz and is fitted using equation (6). As presented in Fig-
ure 10, the test data were in good agreement with the cal-
culation model. -erefore, equation (7) can be used to
describe the relationship between damping ratio and shear
strain. -e fitting curve under other test conditions is shown
in Figure 9.

-e damping ratio of the mixtures in Figure 9(a) in-
creases with the increase in the rubber powder contents. -e
reason is that after the rubber powder is added, the soil
becomes loose and the gap between the rubber powder and
soil particles increases. As the density of the mixed soil
becomes smaller, the energy loss when waves propagate in
the mixed soil increases, so the damping ratio increases. In
Figure 9(b), the damping ratio of the mixed soil increases
with the decrease in the rubber particle size. -e reason is
that the rubber particle size becomes smaller and the contact
area between the rubber and the soil particles becomes

larger, and the energy consumed in the rubber is greater than
the degree of soil consumption, so the damping ratio of the
mixed soil increases. As shown in Figure 9(c), as the water
content increases, the damping ratio of the mixed soil in-
creases. -e reason is that the energy transfer in the water
consumes a lot of energy, so the damping ratio increases. As
shown in Figures 9(d) and 9(e), as the degree of compaction
and confining pressure increase, the damping ratio gradually
decreases. Increasing the degree of compaction and con-
fining pressure makes the soil more dense, and the energy is
dissipated faster in the soil, so the damping ratio is reduced.
As shown in Figure 9(f ), the damping ratio decreases with
the increase in the vibration frequency. When the vibration
frequency increases, the action time of the dynamic load on
the soil becomes shorter, the energy loss of the soil becomes
smaller, the damping ratio decreases, and the damping ratio
curve decreases gradually.

4.5. Mechanism Analysis. -e research by Li et al. on dy-
namic characteristics of red clay based on the resonance
column and dynamic triaxial tests shows that increasing soil
compaction, confining pressure, consolidation ratio, and
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Figure 9: Rubber-red clay damping ratio and dynamic shear strain curve. (a) Rubber powder content; (b) rubber particle size; (c) moisture
content; (d) compactness; (e) confining pressure; (f ) frequency.
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vibration frequency will help improve dynamic strength and
dynamic elastic modulus of soil. -is paper concludes that
the dynamic shear modulus of pure red clay is consistent
with the previous literatures [31–34]; that is, with the in-
crease in compaction, confining pressure, and vibration
frequency, the dynamic shear modulus increases and the
damping ratio decreases. With the increase in water content,
the dynamic shear modulus decreases and the damping ratio
increases.

-e red clay has relatively fine particles and a large
specific surface area. -e particles have a strong interaction.
When rubber is added into red clay, the original gradation of
the red clay is changed, causing the pores between the
particles increase. -erefore, under the action of dynamic
load, it is easier to be compressed, and as the proportion of
rubber increases, this effect becomes more obvious. In ad-
dition, after adding rubber particles to red clay, the content
of hydrophilic minerals in the soil is reduced. At the same
time, due to the surrounding effect of rubber particles on the
soil particles, it hinders its interaction with water, so the
strength of the mixed soil is reduced [35]. -e rubber
modulus is low, and it is easy to deform under compression.
-e addition of rubber accelerates the deformation of
rubber-red clay mixture. -erefore, under different test
conditions, the dynamic shear modulus of rubber-red clay
decreases with the increase in rubber powder content, and
the damping ratio increases with the increase in rubber
powder content.

5. Conclusions

(1) -ere are two main failure types of rubber-red clay
mixture in the test. When the rubber powder content
is low or the soil moisture content is high, it shows
bulging failure. When the rubber powder content is
high or the water content is low, it shows the shear
failure.

(2) With the increase in rubber powder content, the
backbone curve of rubber-soil shows a downward

trend. -e dynamic shear modulus of rubber-red
clay mixtures is greatly reduced compared with that
of pure soil. Under different conditions, the rubber
powder content increases and the dynamic shear
modulus decreases and the damping ratio increases,
and with the increase in rubber content, the non-
linear characteristics of the dynamic shear modulus
and dynamic shear strain curve weaken. -e back-
bone curve and the Hardin–Drnevich model of
dynamic shear modulus attenuation indicate that the
damping ratio can be described by the modified
Chen et al. model.

(3) With the increase in the rubber particle size, the dy-
namic shear modulus decreases and the damping ratio
increases. Because the larger rubber particles have
better shear properties for the mixture, the larger
rubber particle can be considered in the test. Increasing
the water content of the mixture will reduce the dy-
namic shear modulus of the soil and increase the
damping ratio. -e backbone curve, the shear mod-
ulus-shear strain curve, and the damping ratio-shear
strain curve are negatively correlated with the water
content and are related to the rubber particle size. -e
diameter and damping ratio are positively correlated.

(4) Under the same test conditions, when the degree of
compaction and confining pressure increase, the
dynamic shear modulus of rubber soil will increase,
the damping ratio will decrease, and the backbone
curve will move down. When the loading frequency
increases, the dynamic shear modulus will increase
and the damping ratio will decrease, but the change
is not significant.

(5) Adding rubber to red clay can significantly reduce
the dynamic shear modulus of red clay and increase
its damping ratio, indicating that rubber-red clay has
smaller shear stiffness and larger damping. In ad-
dition, its optimal moisture content does not change
much, and it can be used as roadbed foundation and
roadbed seismic isolation material.
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Figure 10: Typical dynamic shear modulus-shear strain curve fitting results.
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