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Abstract

'This work consists in highlighting the influence of granulates rubber on the
shear strength of sand. It deals with the study of sand-rubber mixtures and in
particular saturation and mechanical properties. In order to study the influence of
granulate rubber content on the mechanical properties of sand, direct shear tests
were performed. The shear results show that the strength of the sand in the dry
or saturated state increases with increasing rubber content. A rubber granulate
content of 20% is the optimum value for improving the mechanical behavior of
sand in dry and saturated conditions. This work also compares the shear results
obtained for a dry and saturated sample under various normal stresses (100, 200,
and 400 kPa). Increasing the normal stress improves the shear strength of pure
sand in both dry and saturated states. A reduction in the maximum shear strength
is observed in the saturated condition compared to the dry condition for the same

relative density (D_ = 55%).

Keywords

Used tires, Sand-granulated rubber mixtures, Direct shear test, Mechanical
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Introduction

The Moroccan location is at risk of earthquakes due to its position between
two zones with significant geodynamic activity. The convergence of the African
and Eurasian plates to the north and the divergence of the African and American
plates to the west increases this risk. The city of Agadir, situated on the Moroc-
can Atlantic coast at an altitude of 75 m above sea level, experienced one of the
most destructive earthquakes in the country’s history on February 29, at 23 h 40
min 1960, with a magnitude of 5.8, about 5 km north of the center of the city of
Agadir. It corresponds geographically exactly to the point of coordinates 30° 27’
north and 9° 37" west [1]. Evidence of ground failure in Agadir and other areas
resulted in significant property damage and loss of life. Indeed, ground failure
was significant in several areas, particularly in the city of Agadir, where sandy
soils were ejected to the ground surface during the 1960 earthquakes. Conse-
quently, a geotechnical study of the sandy soils in the region is necessary. The
utilization of used tires for reinforcing soil stability in the contemporary era has
been a notable development. This approach has proven to be a viable and effective
solution for enhancing the mechanical properties of soil, while also being benefi-
cial to the environment and cost-effective. Consequently, numerous scholars have
concentrated on exploring the effectiveness of using added or crushed used tires
for soil reinforcement [2, 3]. Several studies have indicated that the addition of
rubber granulates to soil can enhance its strength. Researchers Anbazhagan et al.
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[4] and Tiwari et al. [5] conducted direct shear tests on sand
samples reinforced with rubber granulate and found that the
shear strength behavior of sandy soil was influenced by the
volumetric or mass content in used tires for medium and high
densities on the shear strength behavior of sandy soil, particu-
larly for dry samples. They also discovered that an optimal val-
ue of 20% or 25% of rubber granulate content in the mixture
improved the mechanical characteristics of soils. Furthermore,
the properties of the rubber granulate used, such as type, con-
tent, dimension, and orientation, also affect the effectiveness of
the reinforcement.

The performance of soil reinforced with rubber granulate
is dependent on various soil characteristics, including parti-
cle size, shape, saturation, and density. Research suggests that
the behavior of sand is primarily influenced by the content
of rubber granulates and saturation. Indeed, the presence of
rubber granulates in low content can create high stability and
incompressibility of the soil structure [6]. Enquan and Qiong
[7] conducted direct strain-controlled shear tests on Fujian
sand-rubber mixtures (1 - 5 mm) with rubber granulate con-
tent of 5%, 10%, and 15% by weight, and relative density of
50%, under normal stresses of 100,200,300, and 400 kPa. They
found that the elasticity of the rubber granulates improves the
deformability of the rubber-sand mixture. Moreover, increas-
ing the rubber content led to higher shear strength of the sat-
urated samples, which also increased with higher normal stress
levels. In this paper, we discuss the results of an experimental
investigation that seeks to explore how the addition of rubber
granulate and saturation affect the shear behavior of sand-rub-
ber mixtures. Our research covers a rubber content range of
0 - 40%. This work was conducted on 120 direct shear tests on
both unreinforced and reinforced sand-rubber granulate sam-
ples, applying various normal stresses (100, 200, and 400 kPa)
and testing them in both dry and saturated conditions.

Materials and Method

Below is a summary of the characteristics of the materials
used in this study, which include Issen sand and rubber granu-
lates obtained from used tires. All used materials are nanoscale
materials.

Issen sand

The sand is collected from the alluvium of Oued Issen, in
the region of Ait Baha in Morocco. It is classified as a fine sand
(0.063 - 5 mm) with a uniform and well-graded grain size. Its
average grain size is D, = 0.48 mm, and its void ratio can vary
betweene =0.612ande = 0.835.The sand’s specific den-
sity is p_= 2.64 g/cm’, determined by the pycnometer method
NF P 94-054 and NF P 94-512-3 [8, 9]. The grain size distri-
bution was determined using the NF P 94-056 method [10]
(Figure 1). The sand’s geochemical composition was analyzed
using X-ray fluorescence spectrometry (Epsilon 4 Benchtop
XRF-EDS) and is mainly composed of SiO, (60.972%) and
ALO, (14.207%). CaO, Na,O, and K,O were present in rel-
atively weak proportions (about 2%), while Fe O, had pro-
portions exceeding 4%. TiO,, MnO, and P,O, were present
in trace amounts, with proportions below 1%. The mineral
composition of the sand is determined by an X-ray diffrac-
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Figure 1: The particle size distribution of the materials studied.

tometer (Rigaku-Smart Lab diffractometer). The geochemical
results are in agreement with the mineralogical composition.
It includes high proportions of quartz which testify to the
presence of SiO,, with a small content of plagioclase which is
also supported by the presence of ALO, and finally includes
Calcite and Hematite which are respectively carbonate and
ferric minerals confirming the observed contents of CaO and
Fe,O.,. Finally, the scanning electron microscope (Vega3 Tes-
can) showed that the Issen sand is composed of sub-rounded
to rounded particles (Figure 2).

Figure 2: Microscopic image of Issen sand with SEM at different scale.

Granulate rubber

To physically characterize crushed rubber samples of
varying diameters (ranging from 2 to 5 mm with an average
diameter of D, = 3.35 mm, several parameters must be deter-
mined, including the specific density of the solid grains, the
maximum density (p, ) (or minimum void index), and the
minimum density (p, ) (or maximum void index). The spe-
cific density of the solid grains was determined using the same
method as mentioned before for Issen sand. After testing, the
specific density of the solid grains was determined to be 1.129
g/en’. To determine the minimum and maximum density of
the soils, the standard NF P 94-059 [11] was followed, which
involves placing the soil sample into a mold successively in a
loose state (p, ) and a dense state (p, ).

After determining the densities, the void ratio is then cal-
culated using the equations (1) and (2):

~

ng -1

n dmin

1

max
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The range of the void ratio can fluctuate between ¢ = =
0.908 and ¢, = 1.112.The particle size distribution curve of
granulate rubber is presented in figure 1. Additionally, figure
3 displays the various geometric characteristics of the rubber
granulates used.

Figure 4 depicts the variation of the minimum and the
maximum void ratio (¢, e ) with the rubber content in the
sand-rubber mixtures. The graph shows that as the rubber
content (RC) increases, these two void ratios decrease, until
RC reaches around 30 %. Beyond this point, the trend reverses
tor higher RC values.

Shear box

In this study, direct shear tests were performed on
sand-rubber mixtures in accordance with NF P 94-071-1 [12].
The tests were carried out using a direct shear device manu-

€ max
T ¢ (Dr=55%)

€ min

Void ratio, e (.)

024+—F—F 1+
0 10 20 30 40 50 60 70 80 90 100

Figure 4: Variation of the maximum and minimum void ratios versus rub-
ber proportion.

factured by IGM (Ingénierie Générale de Mesures), equipped
with a computer controlled by an acquisition unit. A data pro-
cessing software (IGM) allowed for the visualization of the
various measurements taken during the experiments, as well
as their subsequent recording. The test method was conducted
by placing the Issen sand-rubber mixture in a dry state in the
mold of the direct shear equipment with a square section of 60
mm side (L) and 30 mm height (H), followed by the consol-
idation phase. At this stage of consolidation, two cases were
taken under consideration: the first case, the dry samples were
directly subjected to normal stresses, and the second case, the
dry samples were saturated and subjected to normal stresses.
To investigate the effect of rubber, granulate (RC) content and
vertical normal stresses (100, 200, and 400 kPa) on the shear
strength of a dry sand-rubber mixture, a laboratory study was
conducted. The mixture was placed in horizontal boxes, which
were then separated. One of the half boxes was subjected to
a constant strain rate of 1 mm/min, and the resulting vertical
and horizontal displacements (AH and AL, respectively) and
shear force (T) were measured using force and displacement
sensors installed on the shear box. To prepare the laboratory
samples, the relative density (D, ~ o

— ] of the sand was used,
based on the maximum and minimum void ratio. The density
state of the sample was defined by the relative density (D).
Saturation was also considered as a factor in the study. The
mass of the mixture (72) was estimated using equation 3.

m = Vix 3)
’ 1+emax(1 _Dr)+Drxemin

Where, p_is the specific density of solid grains,e . and e are

S min max
respectively the ratios of the minimum and maximum voids,
V. is the volume of the direct shear cell, D_is the desired rel-
ative density.

To ensure the homogeneity of the mixture, several preven-
tive actions were taken while filling the mold shear box. First-
ly, segregation was prevented by carefully pouring the mixture
(m,) in three layers using a funnel. Secondly, the material was
mixed thoroughly after each layer until the box was completely
filled. Once filled, normal stresses were applied, and the sam-
ples were sheared. To investigate the impact of rubber gran-
ulates on the shear strength of sands, direct shear tests were
carried out on Issen sand. The experimental program involved
using varying weight percentages of granulated rubber, rang-
ing from 0% to 40%. Table 1 displays the results of the tests.

Results and Discussion

'The addition of rubber granulates has been proven effec-
tive in reinforcing soils due to the friction generated between

Table 1: Designations for the different mixtures; Sand-Rubber.
Designations Sand-Rubber

RCO 100% Sand + 0% Rubber

RC 10 90% Sand + 10% Rubber

RC 20 80% Sand + 20% Rubber

RC 30 70% Sand + 30% Rubber

RC 40 60% Sand + 40% Rubber
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the sand grains and rubber granulates. This study aims to in-
vestigate the impact of rubber granulate content by weight
ranging from 0 to 40% on the mechanical behavior of sand in
a medium-dense state (D_= 55%), using direct shear tests. It
will also examine the influence of both the saturation level and
rubber granulate content on the mechanical behavior of rein-
forced and unreinforced sand at varying normal stress levels.

Figure 5a and 5b demonstrate the impact of saturation on
the mechanical characteristics of sand samples with and with-
out reinforcement (RC = 0% and RC = 10%, 20%, 30%, and
40%) at an average relative density of 55% and a normal stress
0f 200 kPa. The outcomes indicate that the samples reinforced
with rubber granulates exhibit superior shear strength ( g ,
with S: sample surface) performance in both dry and saturated
conditions in comparison to pure unreinforced sand. The most
satisfactory outcomes are achieved when the rubber granulate
content is 20% in both cases. Comparatively, reinforced sand
has approximately 15% higher maximum shear strength than
unreinforced sand in dry and saturated conditions. However,
samples containing rubber granulate exceeding 20% exhibit
lower maximum shear strengths, but these strengths are still
higher than those of pure unreinforced sand. Figure 6a and
6b show the variation in vertical deformation (4 as a func-
tion of horizontal deformation [%j for different rubber con-
tents under a normal stress of 200 kPa for both case (Dry and
saturated). They validate the trends observed for the shear
strength. The contracting phase seen in unreinforced sand is
reduced with the incorporation of rubber granulates, resulting

(@) ®)
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Shear Stress, kPa
Shear Stress, kPa

| ——rco

¥, | ——RCO
74 ——RC10
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Figure 5: Shear stress variation curves for different rubber contents under

normal stress of 200 kPa. (a) Dry sand and (b) saturated sand.

in a slightly dilatant behavior. Furthermore, it was observed
that the vertical deformations decrease with increasing rubber
granulate content. The tests carried out in this section can ef-
fectively highlight the real behavior of the soil reinforced with
rubber granulates. Thus, the rubber granulates rotate around
the sand grains and occupy the intergranular void, generating
friction between the sand grains and the rubber granulates.

Figure 7 presents an analysis of the relationship between
the crushed rubber granulate content of used tires and the
maximum shear stress under different normal stresses. The
results show that adding rubber granulate to pure sand sig-
nificantly increases the maximum shear strength in both dry
and saturated states. For instance, under a normal stress of
100 kPa, the maximum shear strength of sand increases from
68.31 + 3.01 kPa to 83.17 + 3.06 kPa in a dry state and 55.44
+ 2.96 kPa to 61.89 = 2.98 kPa in a saturated state, with a
20% rubber granulate content. This increase in strength is at-
tributed to the rubber granulates filling the voids between the
sand grains, which prevents their displacement and slippage.
However, if the rubber content exceeds 20%, the maximum
shear strength decreases due to the deformation of the rubber

360
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c 100 kPa
320
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400 kPa
na_u 280 s Satured Issen Sand
= z 4 = 100 kPa
4 240 % o 200 kPa
£ z * I | s 400kPa
@ K T %
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Figure 7: The relationship between rubber proportion and peak shear stress
variation.
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material under normal applied stress. Moreover, mixtures with
high rubber content exhibit lower shear strength values since
their particles can move and slip easily during the shear test.
'This variation in maximum shear strength can be explained by
the change in the void ratio in sand/rubber mixtures.

As the normal stress on samples rises, their shear strength
also increases. This occurs due to the grains becoming more
tightly packed and the reduction of voids. The increased inter-
locking, frictional, and cohesive forces between the sand grains
counteract the horizontal shear force and prevent motion.

In figure 8, the friction angle is plotted as a function of
rubber content for a medium relative density (D, = 55%). The
results indicate that adding up to 20% granulated rubber can
increase the initial friction angle of dry sand from 30.9° + 0.68
to 32.3° + 0.6, and that of saturated sand from 27.9° + 0.76
to 29.7° + 0.7. However, if the rubber content exceeds 20% in
either dry or saturated conditions, the friction angle decreases.
'This can be attributed to the rubber particles surrounding the
sand grains in the shear zone, creating more voids that cannot
be filled with sand. As a result, the friction between particles is
mainly controlled by the rubber granules.

34
a2 % % 0 Satured sand
A Dry sand
30 {
: i
S 28 X
=3 1
E |
5 26 l
-1 | 1
2
=
= 24
22 - %
20 T T T T T T T T
0 10 20 30 40
Rubber content, %
Figure 8: The friction angle of dry and saturated sand as a function of
rubber content.

Conclusions

This paper consists of studying the behavior of dry and
saturated Issen sand reinforced by rubber granulate from used
tires. The experimental direct shear results have led to the fol-
lowing conclusions:

e 'The shear strength of sand is impacted by various factors
such as normal stress, saturation, and the content of
rubber granulate.

e An increase in normal stress has a notable effect on
enhancing the shear strength of sand in both dry and
saturated conditions.

e 'The maximum shear strength under saturated conditions
is lower than under dry conditions for medium relative

density (D, = 55%).

e 'The mechanical behavior of sand-rubber mixtures can be
improved by adding rubber granulate, with an optimal

content of 20%. Such addition can enhance the shear
strength and prevent soil contraction.

Based on the aforementioned results, the use of granulate
rubber as reinforcement appears to be a promising approach
for addressing soil instability and deformability. Further
investigation is necessary to fully explore this technique,
including conducting monotonic and cyclic undrained
triaxial tests as well as dynamic triaxial tests on sand samples
containing rubber granulate. This will allow for a deeper
understanding of soil liquefaction in seismic zones, which is
particularly relevant for the Agadir sand as it is susceptible to
liquefaction during earthquakes and even under static loads
in certain cases. This issue carries significant importance for
the region.
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