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Abstract - The objective is to develop new civil engineering applications that will free the environment from used tires. The
present work consists of mixing rubber aggregates with Huston sand to improve its mechanical behavior. The sand mixed
with proportions by weight of rubber aggregates between 0 and 30%. The experimental protocol consisted in determining the
variations of the void ratios of the mixtures versus the percentage of rubber aggregates. Direct shear tests were carried out on
sand-rubber mixtures at relative densities of 55 and 95% and at normal stresses of 100, 200 and 400 kPa. The mains results
are: the void ratios decrease with increasing rubber content up to 60% and then increase again. It is also shown that the shear
strength of sand increases with increasing rubber content. The shear strength of the mixtures for the two relative densities of
55% and 95% is maximal for a content of 20% of the rubber aggregates. It also increases with the increase of the normal
stress applied and with the increase of the relative density.
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Introduction

Massive volumes of waste are generated worldwide each year at an increasing rate. Over 1,000,000,000 tires are discarded
each year [1]. Tire waste often cause pollution and environmental degradation. Currently, waste tires are managed through
various treatment methods including: burning, landfilling, or re-utilization. Their non-biodegradability, incompressibility and
flammability generate serious threats to various human ecosystems and other animals. Due to its lightness and appropriate
resistance, as well as environmental considerations, the used tire has always been attractive for civil engineering applications
[2] [3] [4]. Because of their inherent geotechnical properties, such as durability and low apparent density, scrap tires can be
mixed with soil and used in geotechnical projects as fill material, retaining wall backfill, seismic isolation material, and soil
reinforcement in seismic zones. Indeed, the addition of rubber to soil can be effective in improving the mechanical properties
of soils [5] [6]. The durability of soil-rubber mixtures is very important and has been the subject of many studies [7] [8]. The
addition of waste tires, to a sandy soil, in various forms as shredded, chipped, crumbled and fibers is conventional and has
only been studied to reveal improvements in its properties [9] [10]. Shear strength is a notable and essential geotechnical
property in practical and experimental terms. Given the attractiveness of sand and waste rubber mixtures for various
geotechnical applications, the shear strength of the sand and waste rubber mixture was investigated in this study. The present
work used aggregate rubber at different sizes ranging from 2 to 5 mm mixed with sand. Shear tests were conducted to fully
understand the effect of rubber aggregates on the sand-rubber mixture mechanical behavior.

Materials and methods

The materials used in this work are Hostun sand and rubber aggregate from used tires, their characteristics are summarized
below.

I. Hostun sand

The sand used in the present study is considered a reference material in many civil engineering laboratories in France. The
sand belongs to the category of fine sands with an uniform and well graded grain size. The sand has an average grain size
Dso = 0.32 mm, the void ratio can vary between emin = 0.752 and emax = 1.006 and the specific density of the grains is 2.625
g/cm?® determined by the pycnometer method [11] [12]. The grain size curve of this sand was obtained based on [13]. Figure
1 shows the grain size distribution of the sand.
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I1. Aggregate Rubber

The physical characterization of the aggregate rubber samples having different diameters varying from 2 to 5 mm with an
average diameter Dsp = 3.35 mm requires the determination of various parameters such as: the water content, the specific
density of the solid grains, the maximum density pdgmax (or minimum void ratio and the minimum density pgmin (Or maximum
void ratio). To determine the water content of the “aggregate rubber” sample, the drying method in an oven was used,
according to the experimental standard [14]. The result obtained for the tested sample showed that the water content is around
0.5%. In addition, the determination of the specific density of the solid grains is carried out using the pycnometer method
[11] [12]. The result obtained for the sample tested showed that the specific density ps of the solid grains is 1.129 g/cm3. The
determination of the minimum density pgmin and maximum density pdmax Of the soils was carried out in accordance with
standard [15]. The test consists in implementing materials to be studied in a mold successively in a loose state (pamin) and in a
dense state (pamin). The void ratio is calculated by the following

Equations (1) and (2):

Emax = Ps/ Pdmin - 1 (1)
emin = pPs/ Pdmax - 1 (2)

The granulometric analysis carried out according to [13]. The particle size distribution curve of rubber aggregate is
shown on Figure 1. Shows picture of the rubber aggregates used and which are differentiated by their geometric
characteristics.
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FIGURE 1
GRAIN SIZE DISTRIBUTION CURVES OSTUN SAND AND RUBBER GRAINS

I11. Standard direct shear test and sample preparation

In this study, a shear box was used to perform all standard direct shear tests on samples containing sand/rubber mixtures
according to [16]. The rectilinear shear tests carried out with the box allow the determination of the effective shear resistance
parameters of soil. The test method is to place the Hostun sand-rubber mixture in a dry state in the mold of the direct shearing
apparatus having a square section of side 60 mm and height of 30 mm, and then put it under a variable normal stresses of
100, 200 and 400 kPa. The horizontal boxes containing the mixture are then separated and a displacement at a constant strain
rate of 1 mm/min is imposed on one of the two half-boxes. The vertical and horizontal displacements as well as the generated
shear force are measured during the shearing of the sample. The shear box is equipped with force and displacement sensors.
The precision of the servo control allows a measurement of the shear load on the sample up to 5000 N with an accuracy of
around 50 N. Regarding horizontal and vertical displacements are measured with a 25 mm sensor for the first and 10 mm for
the second with a measurement accuracy of around 0.01 mm. The influence of the crushed Rubber Content (RC), vertical
normal stress of 100, 200 and 400 kPa on the shear strength of the dry sand-rubber mixture was studied. Laboratory sample
preparation was performed based on maximum and minimum void ratio and relative density (D). The mass of the mixture
(ms) to be placed in the direct shear cell is evaluated as a function of the desired relative density by Equation (4) (the initial
volume of the sample is known), the density state of the sample being defined by the relative density D,:

Dr = (émax-€) / (Emax — €min) 3
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ms = (VT'ps )/ (]-"'(:a‘max>< (1'Dr)+DrXemin) (4)

Where: ps is the specific density of solid grains, emin and emax are, respectively, the minimum and maximum void ratios, V1 is
the volume of the sample, and D; is the desired relative density.

Results and discussions

Shear strength characteristics of the composite materials were examined with respect to void ratio, the size of granulated
rubber, the percentage of rubber and the applied normal stress on the samples in the direct shear test. The influences of
granulated rubber and tire chips on the shear properties were analyzed considering varying sizes and contents of rubber. The
dilation behaviour of the sand/rubber mixture sample on the increase in rubber content was also analyzed. In this section, the
results of the laboratory tests are presented with a discussion highlighting the effects of the various parameters.

The variation of the maximum and the minimum void ratio (emaxand emin) with the rubber content is illustrated in Figure
2. It can be observed that these two void ratios decrease with the increase of the rubber content RC in the sand-rubber
mixtures until a value of RC near to 60% where the trends is inverted for higher value of RC.

. Effect of Aggregate Rubber Content on Shear Strength of Sand

Figure 3 shows an example of the response of the material to horizontal deformation, namely Hostun sand mixed with
aggregates rubber aggregates.
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VARIATION OF THE MAXIMUM AND MINIMUM VOID RATIOS VERSUS RUBBERS CONTENT.

These direct shear tests were performed for different aggregates rubber contents ranging from 0 to 30%, under an applied
three normal stress (100, 200 and 400 kPa). The results show that the presence of aggregates rubber affects significantly the
shear strength of the sand. This shear strength under a vertical normal stress of 100 kPa increased from 34.38 + 2.89 to 62.5
+ 2.99 for RC = 10% and from 34.38 + 2.89 to 72.94 + 3.02 for RC = 20%. Then, it decreased for a rubber content of 30%
but it still remains higher than that of pure sand. The mixtures show a typical behavior of a medium state dense of the sand
(Dr = 55%), with no decrease in strength after the maximum. This clearly shows that the presence of aggregates rubber leads
to a significant improvement in the shear strength of the mixtures. This increase in the shear strength of the mixtures with
increasing rubber content can be attributed to the redistribution of sand grains and aggregates rubber in the mixture matrix.
Thus, the sand grains are pushed towards the rubber grains which deform and increase the contact area between the two
materials. An additional content of RC = 30% rubber increased the shear strength of pure sand, but it decreased compared to
the addition of RC = 20%. This is because in the shear zone, the rubber grains surround the sand grains and tend to roll and
slide over them to create more voids.

The shear strength of the sand-rubber mixture increases significantly with increasing normal stress. Indeed, for a rubber
content of 20% under a normal stress of 100 kPa, the shear stress reaches a value of 73 + 3.02 kPa, while for a normal stress
of 200 kPa and 400 kPa, the shear stress reaches a value of 142 + 3.25 kPa and 262 + 3.65 kPa respectively. This increase is
due to the change in the microstructure of the mixtures which will generate an improvement of the contacts between the
particles as already cited by [17]. However for 30% rubber content, this shear strength decreases in the three normal stress
cases cited above.
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FIGURE 3

SHEAR STRESS VARIATION CURVES FOR DIFFERENT RUBBER CONTENTS UNDER A NORMAL STRESS OF; 100KPA (A), 200KPA
(B) AND 400 KPA (C) (DR =55 %)

11. Effect of relative density on shear strength of sand-rubber mixture

Figure 4 shows the variation of the shear strength of the mixtures as a function of horizontal strain under a normal stress of
200 kPa in the dense and medium dense state. The addition of the rubber aggregate content to the sand has a significant effect
on the behavior of the mixtures in the dense state. For samples with relative density of 55 and 95%, the shear strength of the
sand-rubber mixtures reaches a maximum value of 20% and then it decreases beyond that. This clearly shows that the
presence of more granulated rubber in the sand leads to an improvement in shear strength in both cases of relative density.
This increase can be attributed to the redistribution of the sand and rubber grains in the mixture. In effect, the sand is pushed
into the rubber intergranular voids, increasing the contact area between the two types of materials. It is noted that the shear
strength increases with increasing relative density:
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FIGURE 4
SHEAR STRESS VARIATION CURVES FOR DIFFERENT RELATIVE DENSITY: (DR=95 %) AND (DRrR=55 %)
Conclusions

This study presents a detailed laboratory investigation about the mechanical properties of sand rubber mixtures. The shear
tests were done on samples of the sand-rubber mixture with different rubber aggregate content, under different normal
stresses and different relative density, the main results can be summarized as follows:

- The maximum and minimum void ratios decrease with increasing rubber grain contents in mixtures.

- The increase in the aggregate rubber content from 0 to 20% induces an increase in the maximum shear strength of mixture
and then it decreases beyond 20% rubber content.

- The shear strength of the mixture increases with increasing normal stress.
- The shear strength of the mixture increases with increasing relative density
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