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Abstract

As a lightweight and energy-dissipating filler, rubber-sand mixture (RSM) is promising for a wide range of applications in
civil engineering. However, the shear strength of RSM decreases with higher rubber content compared to that of sandy soil
alone. To overcome this issue, geosynthetics are placed within RSM to increase the shear strength and overall stability of
the system. This paper focuses on the stress—strain—strength behavior of geogrid-reinforced RSM, with the aim of
expanding the application of RSM in geotechnical, traffic and seismic fields. Based on triaxial compression tests, the
stress—strain response and strength parameters of geogrid-reinforced RSM considering the effects of reinforcement layers,
rubber contents and confining pressures were analyzed. The test results indicate that the strength parameters of the geogrid-
reinforced RSM are significantly improved compared to the unreinforced case, and the incremental amplitude increases
with increasing the number of reinforcement layers and decreasing the confining pressure. The reinforced RSM with a 20%
rubber content (by weight) might be the optimum for the use of reinforcement with geosynthetics. Additionally, a new
equation is proposed to estimate the strength reinforcement effect of the composite mixtures, which could provide a
reference for subsequent theoretical research and engineering applications.
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1 Introduction [9, 38, 50], for road and slope construction [39, 64], and as

a natural base isolator for earthquake protection

Rubber-sand mixture (RSM) is made of waste tire rubber
(e.g., granulated rubber, tire chips and tire shreds) and
sandy soil. Owing to its characteristics of light weight,
strong elastic deformation ability, low shear modulus and
large damping, RSM can be widely used in various engi-
neering projects. For instance, it has been used as a light
filler for abutment and retaining walls [46, 53], for soft
foundation treatment [41, 49], for pipeline backfilling
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[44, 52, 58]. From an environmental perspective, the safe
and beneficial use of tire rubber overcomes the ssues
associated with waste tire treatment and provides long-term
safety. Laboratory tests and field studies have demonstrated
that there is little or no significant leaching of those sub-
stances of specific public health concern from tire chips,
which proves that recycled scrap tires are not hazardous
materials [11, 34, 52]. Additionally, as a hydrophobic
material, rubber has almost no reaction with underground
water, and the adverse environmental impact on soil and
groundwater is minor. Consequently, RSM is an eco-
friendly engineering material that provides a sustainable
solution to various projects.

Since the 1990s, the mechanical properties of the mix-
tures of tire chips/scrap rubber and sand/soil have been
studied, and many valuable conclusions have been made.
Ahmed et al. [1] carried out triaxial tests on tire chip-sand
mixtures. Their results showed that the shear performance
of the mixture depends on the specimen preparation
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method, rubber size, rubber content and confining pressure.
Edil and Bosscher [16] studied the strength, compressibil-
ity and permeability characteristics of tire chips and soil
mixtures using direct shear tests, compression tests and
water pressure tests. They reported on the potential of the
mixtures as a lightweight drainage material in highway and
landfill construction. Foose et al. [20]conducted large-scale
direct shear tests on sand reinforced with shredded waste
tires, considering the influences of rubber content, normal
stress, shred length, and shred orientation on shear strength.
To discuss and evaluate the feasibility of using the mix-
tures as cost-effective substitutes for geotechnical fillings,
Wu et al. [60] performed triaxial compression tests fol-
lowing stress paths on tire chips with rubber sizes of
2-38 mm and studied the effects of gradation and particle
shape on shear strength. Lee et al. [29] carried out con-
solidated drained triaxial tests on the mixtures of Ottawa
soils and tire chips and proposed a nonlinear hyperbolic
model of the mixtures based on the original Duncan model.
Yang et al. [63] developed a series of laboratory static test
methods considering the effects of rubber size (2-10 mm)
and confining pressure. They found that the shear strength
of shredded tires is independent of particle size and that the
transverse strain ratio is independent of confining pressure.
Zornberg et al. [67] investigated the influence of tire shred
shape on the shear strength of tire shred-soil mixtures.
Their experimental results indicated that the greater the
length—width ratio of tire shred is, the greater the shear
strength of the mixtures is. Rao and Dutta [45] studied the
compressibility and strength behavior of sand-tire chip
mixtures. Their results showed that the shear strength of the
mixtures decrease with increasing rubber content, and the
mixture with a mass ratio of 20% could be used as a low-
cost filler for highway embankments. More follow-up
studies, such as Senetakis et al. [48], Sellaf et al. [47],
Kyser and Ravichandran. [26], Wu et al. [43], Benessalah
et al. [8], Zhang et al. [65] and Dai et al. [12] amply
demonstrated that the mechanical properties of the mix-
tures can be significantly improved by adjusting the con-
tents of waste tires.

The works mentioned above mainly focused on the
influence of various factors (e.g., rubber content, confining
pressure, tire rubber shape, and specimen preparation
method) on the engineering properties of various RSMs
(including chip, shred, granulated) and accumulated valu-
able experience for applying RSMs in practical engineer-
ing. However, the addition of rubber will result in a
reduction in the strength and modulus compared to pure
sand. For example, the friction angle decreases with
increasing rubber content [67], increasing the earth pres-
sure on the retaining walls when used as an engineering
filler and reducing the bearing capacity when used as a
foundation cushion. In this regard, it is believed that the
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introduction of geogrid to reinforce RSM may be an
effective option. The frictional locking effect between the
geogrid and granulated sand can improve the shear strength
of RSM, thereby enhancing the bearing capacity of the
weak foundation and the overall stability of the super-
structure. The reinforcement effect of geogrid on ordinary
soils has already been extensively studied (e.g., see
[10, 21, 33, 40, 54, 56]. However, to the best of our
knowledge, research on the stress—strain—strength behavior
of geogrid-reinforced RSM is still very limited.

In this study, a series of consolidated drained triaxial
tests were conducted to investigate the effect of the rein-
forcement layer (one to three layers), rubber content
(040%) and confining pressure (50 kPa, 100 kPa, and
200 kPa) on the stress—strain response and strength
parameters (including peak strength, effective cohesion and
effective friction angle) of granulated RSM, and a new
equation for estimating the strength reinforcement effect of
the composite mixtures is proposed. This paper discusses
the reinforcement mechanism of geogrid on RSM, which is
conducive to the implementation of more rational reuse of
waste tire rubber and the subsequent research on the
application of RSM to geotechnical and earthquake
engineering.

2 Experimental program
2.1 Materials used

The sand used in the test is ISO standard sand from Xia-
men, Fujian province, China, and it was purchased from
Xiamen Aisiou Co., Ltd. The grain size of used sand varied
between 0.05 and 2.0 mm, and its distribution curve is
shown in Fig. 1. The specific gravity of the sand is 2.65,
estimated as per ASTM D854 [5]. The sand is classified as
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Fig. 1 Particle size distribution curves of the test materials
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Table 1 Physical properties of China ISO standard sand and granu-
lated rubber

Test material Description Value

ISO standard sand Mean size, Dso 0.64 mm
Uniformity coefficient (C,) 2.23
Specific gravity (Gy) 2.65

Maximum dry density 1.86 g/em®

Minimum dry density 1.51 g/cm3

Maximum void ratio (emax) 0.91

Minimum void ratio (e;,) 0.58
Granulated rubber Mean size, Dsq 1.51 mm

Uniformity coefficient (C,) 4.77
Specific gravity (Gy) 1.21
Bulk density 0.51 g/em®

poorly graded sand according to the unified classification
system (UCS), ASTM-D2487 [3]. Other details of sand are
presented in Table 1.

The rubber was procured from a local rubber processing
factory and was classified as granulated rubber. It consists
of scrap tires from which the steel and fibers have been
removed. As per ASTM D6270 [4], particulate rubber
composed of non-spherical particles with size ranges from
425 to 12 mm is referred to as granulated rubber. The grain
size of used granulated rubber varied between 0.5 and
5.0 mm, and its distribution curve is shown in Fig. 1. The
bulk density of granulated rubber is based on standard
compaction test procedure, estimated as per ASTM
D7481-18 [7]. Other details of granulated rubber are pre-
sented in Table 1.

The geosynthetic material used in the present study was
a bidirectional geogrid made of glass fiber. Its mechanical
properties (provided by the manufacturer) are presented in
Table 2. The test equipment was a strain-controlled triaxial
apparatus, consisting of a triaxial chamber, pressure control
and axial loading devices, which was equipped with vol-
ume change and axial deformation measurement devices.
Typical photos of the material samples and bidirectional
geogrid used in the present study are shown in Fig. 2.

Granulated rubber was mixed with sand in a certain
proportion, in which the rubber content by weight is

Table 2 Mechanical properties of the geogrid material

defined as the ratio of the weight of the rubber to total
weight of the specimen. To ensure the comparability of the
test results, the same relative density of 0.7 was adopted for
RSM specimens with different rubber contents (0%, 10%,
20%, 30% and 40%). In this test, three types of geogrid
arrangements were considered, namely, no reinforcement,
1-layer reinforcement, 2-layer reinforcement and 3-layer
reinforcement.

2.2 Sample preparation and testing procedure

The specimen is cylindrical, with a size of 61.8 mm in
diameter and 125 mm in height, and was prepared by moist
compaction. Geosynthetics were arranged in horizontal
layers as this increases strength, mainly through friction,
and interlocking between the grains and the reinforcement.
The mixtures were spooned into a metal mold to form 6 or
8 layers, and each layer was processed to a suitable height
using the undercompaction method [27]. More specifically,
6-layer specimen holds for 1-layer and 2-layer reinforce-
ment, and 8-layers specimen holds for 3-layer reinforce-
ment. To avoid separation during sample preparation, the
RSM was mixed uniformly in layers beforehand and then
transferred into the molds. At each layer of the cylindrical
specimen, it is gently compacted through a metal disc
whose diameter was slightly smaller than the diameter of
the mold. When reaching the predetermined horizontal
layer, the precut geogrid was placed, followed by the filling
of the upper later of RSM. Compared to unreinforced
specimens, the interlayer spacing of the reinforced ones
was kept constant and the number of RSM layers was
adjusted to match the position of the reinforcement. The
diameter of the geogrid layer was 1 ~ 3 mm less than that
of the specimen to avoid edge effects, similar preparation
procedures could refer to related studies, see Indraratna
et al. [24] and Latha and Am [28].

To investigate the effects of the reinforcement (one to
three layers), rubber content (0-40%) and confining pres-
sure (50 kPa, 100 kPa, and 200 kPa) on the shear strength
of RSM, a total of 60 consolidated drained (CD) triaxial
compression tests were performed according to ASTM
D7181 [6]. The prepared specimens were consolidated for
40 min under the target confining pressure and then tested
at a loading rate of 0.32 mm/min.

Material Elongation (%) Grid size (mm) Elastic modulus (GPa) Tensile strength (kN/m)
Longitudinal Transversal
Glass fiber <3 12.7 x 12.7 67 60 60
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Fig. 2 Typical photos of test materials: a China ISO sand; b granulated rubber; and ¢ bidirectional geogrid

3 Experimental results
3.1 Stress—strain behavior

Figure 3 shows the stress—strain curves obtained from tri-
axial tests of unreinforced and reinforced RSMs (i.e., RSM
and GGRSM) for a confining pressure of 100 kPa with
varying percentages of rubber. The effects of the rubber
content and reinforcement layers can be noticed by sig-
nificant changes in stress—strain behavior. At relatively low
rubber contents, the stress—strain curves exhibit the typical
dilatancy and softening characteristics for the unreinforced
RSM. The mechanical properties of RSM at a lower per-
centage of rubber tended toward that of pure sand with
dense sand behavior due to dominant rigid sand-sand par-
ticle contact [61]. However, as the percentage of rubber
increased to 30% and 40%, the softening characteristics of
the stress—strain curve of the unreinforced RSM gradually
vanished. This demonstrates that as the granulated rubber
increases, the rigid sand-sand contact in the mixture is
displaced by the flexible rubber—sand and rubber—rubber
contacts. Granulated rubber with strong elastic deformation
ability can be regarded as an equivalent void [55], causing
pure sand to exhibit a loose sand behavior [62]. The geo-
grid inhibited the softening characteristics of the stress—
strain curve for the lower percentage of rubber and
improved the peak and residual strength. The hardening
characteristics of the stress—strain curve for higher per-
centages of rubber were improved by the geogrid, and both
the initial modulus and peak strength increased.
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Furthermore, with an increasing number of reinforcement
layers, the stress—strain curves of GGRSM rose
significantly.

Generally, the stress—strain relationships for both RSM
and GGRSM exhibited hardening or softening character-
istics under different test conditions, with typical hyper-
bolic forms. Thus, the Duncan-Chang hyperbolic model
can be employed to describe the presented stress—strain

curves presented [15]:

_ Epg
71-‘1-(81/8,)& (1)

where o is the axial stress; g3 is the confining pressure; E
is the initial elastic modulus; ¢, is the axial strain; ¢, is the
reference axial strain; and o is the exponential parameter of
the Duncan-Chang model. Using Eq. (1) to fit the stress—
strain response, the obtained fitted curves are plotted in
Fig. 3b—f (solid lines in the subfigures). It is evident that
the experimental data can be fitted well.

Moreover, to validate the correctness of the experiments
in the present study, Fig. 4 presents the comparison of the
Duncan-Chang model’s parameters from the unreinforced
results of the present study and previous studies (see
[23, 66]. The relationships between the initial elastic
modulus and reference strain of RSM with different rubber
contents are in good agreement with the results of previous
studies, which proves the reliability of the presented results
to a certain extent.

g1 — 03
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Fig. 3 Stress—strain curves of the unreinforced and reinforced specimens (i.e., RSM and GGRSM) for a confining pressure of 100 kPa with
different percentages of rubber: a details of the specimens; b rubber content of 0%; ¢ rubber content of 10%; d rubber content of 20%; e rubber

content of 30%; and f rubber content of 40%
3.2 Shear strength

Based on the obtained test results, the peak strength was
determined as follows. If there was a peak value in the
stress—strain curve, the peak deviatoric stress was taken. If
there was no peak in the stress—strain curve, the deviatoric
stress at the axial strain of 15% was taken. As a result, the

strength parameters of RSM and GGRSM with different
percentages of rubber could be obtained.

Figure 5 shows the variations in the effective values of
the peak strength q;, apparent cohesion ¢’ and friction
angle ¢’ of the unreinforced RSM with varying rubber
contents, which were accompanied by the comparisons
with the results of previous studies [1, 13, 18]. One can find
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Fig. 4 Comparison of the Duncan-Chang model parameters from the
unreinforced results of the present study and previous studies: a initial
elastic modulus and b axial strain

that q;) decreased with increasing rubber content, and the
greater the confining pressure is, the more pronounced the
decrease; ¢’ increased first and then decreased with
increasing rubber content, generally reaching a maximum
of 20% RSM; and ¢’ decreased monotonically with
increasing rubber content.

Figure 6 depicts the variations in the effective values of
the peak strength of RSM and GGRSM with the rubber
content at different confining pressures. The peak strengths
of reinforced RSM were notably higher than those of the
unreinforced one, and increased with an increasing number
of reinforced layers. This is explained by the fact that with
more layers and fewer arrangement intervals, the granular
material between the horizontal reinforcement layers was
more constrained, resulting in an increase in the peak
strength of the specimen. Moreover, the peak strengths of
GGRSM also decreased with increasing rubber content,
and the decreasing rate of the peak strength of the rein-
forced specimen was more significant than that of the
unreinforced one when the rubber content was less than
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Fig. 5 Variations in the effective values of the a peak strength,
b apparent cohesion and ¢ friction angle of RSM versus the rubber
content

20%. When the rubber content exceeded 20%, the peak
strength curves have a double folded shape, and this
decreasing pattern was more evident in the cases of mul-
tilayered reinforcement.

The above analysis demonstrates that although the
obtained curves from the present and previous studies did
not completely overlap due to the differences in the type of
sand and rubber, test methods and test programs, the results
of the rubber content influence on the strength character-
istics from different tests were similar. Obviously, the
comparison of the results presented in this subsection fur-
ther validates the reliability of the presented triaxial
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Fig. 6 Variations in the effective values of the peak strength of RSM
and GGRSM versus the rubber content at different confining
pressures of a 50 kPa, b 100 kPa and ¢ 200 kPa

compression tests and confirm that reinforcement is nec-
essary due to the reduced strength of pure sand caused by
the addition of rubber.

3.3 Quantitative analysis of reinforcement effect

Taking the confining pressure of 100 kPa as an example,
the variations in the effective values of the peak strength,
apparent cohesion and friction angle with the number of
reinforcement layers for different percentages of rubber are
shown in Fig. 7. These results indicate that the strength
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Fig. 7 Variations in the effective values of the a peak strength,
b apparent cohesion and c friction angle with the number of
reinforcement layers

parameters of GGRSM increased approximately linearly
with the number of reinforcement layers. To quantitatively
describe the influence of geogrid reinforcement on shear
strength, the reinforcement effect coefficients are intro-
duced by

9y GGRSM
__1p (2)

Ry =

/
dp RSM
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where Ry, R and R are the reinforcement coefficients for
the effective values of the peak strength, apparent cohesion
and friction angle, respectively.

Simultaneously, the reinforcement density is introduced
to quantitatively characterize different reinforcement
layers:

pe="0 5)
where py is the reinforcement density; B is the width of the
specimen (i.e., the cross-sectional diameter for triaxial
tests); H is the height of the specimen; and » is the number
of reinforcement layers.

Figure 8 shows the relationships of the reinforcement
coefficients for the effective values of the peak strength of
GGRSM with the rubber content. Overall, R, increased
first and then decreased and reached its maximum at 20%
of rubber inclusions. For the same rubber contents, the
lower the confining pressure and the greater the number of
geogrid layers, the stronger the strength reinforcement
effect. Figure 9 plots the relationships of the reinforcement
coefficients for the effective apparent cohesion and effec-
tive friction angle of GGRSM with the rubber content. In
presented results, all R and R, were greater than 1.0,
which indicates that geogrid reinforcement can improve the
shear strength, and the reinforcement effect is more obvi-
ous with more layers. For R, the effect of geogrid rein-
forcement on the effective apparent cohesion of pure sand
was the greatest, even though it had little effect on RSM.
For R, the reinforcement effect was significantly influ-
enced by the rubber content, showing a hump-shaped trend
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Fig. 8 Variations the reinforcement coefficients for the effective
values of the peak strength of GGRSM versus the rubber content
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Fig. 9 Variations in the reinforcement coefficients for the a effective
apparent cohesion and b effective friction angle of GGRSM versus
the rubber content

of increasing and then decreasing, in which RSM with 20%
rubber content was probably optimal.

Figure 10 compares the strength reinforcement coeffi-
cient versus the reinforcement density obtained in the
present study and in Peng et al. [42], where the effects of
the number of reinforcement layers and the rubber content
are shown in Fig. 10a and b, respectively. Both the results
presented in this paper and the publications reveal that the
strength reinforcement coefficient of the reinforced speci-
mens increased with increasing reinforcement density. For
lower confining pressures (19.6 kPa in Peng’s work and
50 kPa in the present study), the slopes of the latter parts of
the Ry ~ pg curves increased dramatically, indicating that
the reinforcement effect increases at an accelerated rate
with increasing reinforcement density. Although the slopes
of the Ry ~ pg curves obtained from the two tests are
quite different due to the differences in test materials, test
methods and confining pressures, the resulting patterns are
still similar.
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4 Discussion and future work

The reinforcement mechanism of geogrid with granular
materials can be attributed to two effects, one being the
friction between the grid and the granular material and the
other being the bite force generated by the grid against the
lateral displacement of granular material. This limits the
lateral expansion deformation and improves the average
shear strength of the medium in the local range. With
increasing reinforcement density (more layers and a closer
arrangement), the restricted local area increases. Thus, the
average shear strength of the medium is further improved,
and the reinforcement effect is more significant on the
macro level.

For RSM, the higher the granulated rubber content is,
the greater the proportion of sand—rubber and rubber—rub-
ber contacts in the force transfer skeleton of RSM. For
lower confining pressures, the lateral deformation trend of
reinforced RSM in the triaxial test become more pro-
nounced, and the reinforcement effect of the geogrid is
more fully exploited. Actually, the confining pressure in
the work of Peng et al. [42] is lower than that in the present
study, and the corresponding slopes of the R, ~ pg curves

are steeper, which is also an indication of the reinforcement
mechanism. Furthermore, a rubber content of 20% for
reinforced specimen might be an optimal value from the
perspective of material stability. At around this percentage,
the shear strength and overall stability of the composite
mixtures are superior to that of pure sand. In the prevailing
mechanism, granulated rubber in the mixture plays an
integrated role due to its low modulus and strong
deformability [57]. More specifically, the strong contact
force chains of RSM specimen with such rubber content
would increase monotonically with axial strain, and the
stress—strain curves would form a relatively stable strain-
hardening characteristic with small volume shrinkage. As
also reported in previous studies such as Mashiri et al. [37],
Liu et al. [30], Khatami et al. [25], the shear stiffness
resulting from a reasonable level of rubber inclusion could
meet the engineering requirements, in this case the mixture
features a higher damping ratio and better energy
dissipation.

Overall, reinforcement of RSM with geosynthetics
possess many potential benefits in geotechnical and earth-
quake engineering applications. Reinforced RSM could be
better used as a fill material to reduce the contact pressure
with the underlying soil and the deformation of facing
[14, 32, 59]. Also, RSM as foundation material provides an
available and low-cost solution for seismic isolation, while
the use of reinforcement is capable of overcoming the
shortcomings of RSM in terms of shear resistance and
bearing capacity [2, 17, 19, 36]. In the present study, a
number of well-designed and executed triaxial compres-
sion tests have been performed to evaluate the stress—
strain—strength behavior of reinforced RSMs. Nevertheless,
all conclusions regarding geosynthetic reinforcement may
be constrained by the specimen size, effective openings,
geogrid materials and boundary effects [21, 22, 28, 33]. To
further evaluate the use of geosynthetics to enhance RSM,
large size geotechnical testing and numerical analysis are
required.

Our future work will focus on the monotonic and cyclic
behaviors of the reinforced RSM-structure interface
through large-scale pull-out tests and large-scale simple
shear tests (see Fig. 11). In this regard, the influence of the
varying factors such as grain size and shape, rubber con-
tent, relative density, contact surface roughness, and nor-
mal stress would be considered, and then a geosynthetics-
RSM-structure mechanical model would be developed to
determine the statics/dynamic contact parameters. On the
other side, 3D discrete element numerical simulations
would be carried out to investigate the macro- and micro-
mechanisms of key factors on the stress—strain—strength of
geosynthetic RSM. Actually, previous studies have shown
a direct correlation between bulk friction and microscopic
friction for sand-rubber composites (e.g., see [31, 35, 51].
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Fig. 11 Planning scheme of large-scale geotechnical tests for geosynthetic RSM through a pull-out apparatus and b simple shear apparatus

As can be expected, the geogrid-mixture interface during

the

shearing process would result in large deformed strip,

violent particle movement and interesting contact force
distribution. With the experimental finding and mechanism

analysis,

the optimized proportioning parameters of

geosynthetic RSM applicable to geotechnical engineering

and

earthquake resistant design could finally be proposed.

5 Conclusion

In this study, the stress—strain—strength behaviors of
geosynthetic-reinforced RSM were investigated through a
series of triaxial tests, and the effects of the rubber contents
(0%, 10%, 20%, 30% and 40%), reinforcement schemes
(one-, two- and three-layer geogrid arrangements) and
confining pressures (50 kPa, 100 kPa and 200 kPa) on the
shear strength parameters were evaluated and discussed.
Based on the test results, the following conclusions can be
drawn:

1.

The strength parameters of the geogrid-reinforced
RSM, including the effective values of peak strength,
apparent cohesion and friction angle, were significantly
improved compared to those of the unreinforced RSM.
The improvement effect increased with the increase in
the number of reinforcement layers and decreased with
the increase in confining pressure.

With increasing rubber content, the reinforcement
coefficient for effective apparent cohesion decreased
rapidly at first and then tended to become stable, while
the reinforcement coefficients for effective friction
angle and peak strength increased first and then
decreased. When the rubber content was 20%, all
shear strength parameters might be the optimal.

A comparison between this work and the previous
studies suggests, the strength reinforcement coefficient
of the geosynthetic granular sand/sand-rubber would be

@ Springer

increased with increasing reinforcement density, espe-
cially for the low confining pressure cases.

Additionally, further research on the macro- and micro-
mechanical properties of reinforced RSM using advanced
geotechnical tests, discrete element modeling, and large-
scale field evaluations is recommended to reasonably
determine the optimized proportioning parameters of
geosynthetic composite mixtures for applications in dif-
ferent engineering projects.
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