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Abstract: The main objective of this study is to compare the mechanical behavior of two sands
(Hostun or Dune sands) mixed with crushed rubber obtained from used tires. However, it is es-
sential to ensure that his geotechnical application do not result in long-term negative impacts on
the environment. The chemical properties of these two sands are given by energy dispersive anal-
ysis X-ray fluorescence spectrometry. The mineral composition of these two sands is performed by
X-ray diffractometry. The morphological characteristics of the sand grains are given by the analysis
of the images of the two sands given by the scanning electron microscope. This study is based on
120 direct shear tests performed on sand-rubber aggregate mixtures. The results show that the
rubber content of the aggregates has a significant effect on the shear strength of sand-rubber mix-
tures in both cases of sand. In fact, the shear strength of the sand-rubber mixture increases with
increasing crushed rubber up to 20% for different normal stresses. The analysis of the test results
also shows the effect of the angular shape of the sand grains on the interparticle friction. The con-
tribution of the structure effect in the mobilized friction is analyzed by comparing the shear test
results of Hostun and dune sand mixtures.

Keywords: shear strength behavior; sand-rubber mixtures; grain sand shape; friction angle;
dilatancy

1. Introduction

The storage of used tires is already a major threat to our environment. Faced with
this problem, various academic research studies propose to study the feasibility of reus-
ing this waste via reliable and viable solutions in the long term. Few studies suggest the
reuse of waste tires in the form of crumb for applications in the protection of civil infra-
structure which are part of one of the possible recycling strategies. The method consists
of mixing used tire powder into the soil (generally sands and silts) thus allowing the
absorption of vibrations during seismic events. Indeed, the reuse of rubbers from
end-of-life tires in the sand mixture can address growing environmental concerns while
providing solutions to geotechnical problems associated with low ground shear strength.

Based on the studies of Edil and Bosscher, Foose et al. and Ghazavi and Sakhi [1-3];
the shear strength of sand was not improved by the addition of the granulated rubber.
However, this resistance increased with the addition of shreds or chips from used tires to
the sand. Table 1 shows the classification of crushed rubbers according to ASTM D 6270

[4].
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Table 1. Dimensions of crushed rubbers according to ASTM D 6270 [4].

Rubber Aggregate Classes Dimensions
Crumbs Less than 425 um
Aggregates 425 um to 12 mm
Shavings 12 mm to 50 mm
Derived aggregate 12 mm to 305 mm
Shreds 50 mm to 305 mm

Between 50 mm x 50 mm x 50 mm

Large particles and 762 mm x 50 mm x 100 mm

Bali Reddy et al. [5] showed that shear strength increases with increasing rubber
shred content up to 30-40% by weight and then decreases. Kim and Santamarina [6]
studied the effect of the volume proportion of aggregates (Dso = 3.5mm) on the stiffness of
the mixtures. They found that the sand controls the behavior of the mixture if the content
by volume of the rubber aggregates is less than 30% and, for a proportion by volume of
rubber which is greater than or equal to 60%, the rubber forms the backbone and thus
controls the behavior of the mixture.

Other previous studies carried out in several laboratories have shown that increas-
ing the rubber content in sand decreases the shear strength of the mixture [7-15]. Several
studies [7-10] showed that the shear strength and the friction angle increase with the
rubber content of tires (thinner size) up to 20%, but beyond this value the last two de-
creases. Ghazavi et al. [11] showed that the shear strength increased up to an optimum of
30% by volume of granulated rubber. Tiwari et al. [12] showed that the shear strength
increased up to an optimum of 25% by volume and weight of rubber aggregates, respec-
tively, and then it decreases beyond 25%. Anbazhagan et al. [13] showed that the shear
strength increased up until mixtures with 20% by volume of granulated rubber (Diameter
less than 9 mm), then no increase was observed. Although the shear strength decreases
above 20%, it still remains higher than that of pure sand. The friction angle first increases
with increasing rubber content and then decreases, while the cohesion of sand always
increases with increasing rubber content. Negadi and Arab [14] showed that the shear
strength and the friction angle of sand-rubber aggregates mixtures with an average rela-
tive density of the order of 55% and 95% increase with the increase in the rubber content
up to 30%, then decrease beyond this value. Recently, studies by Balaban et al. [15]
showed that the strength increases up to a crushed rubber content of 20% and then it
decreases.

According to the work of Enquan and Qiong [16], the shear strength and the friction
angle increases with the rubber content. For other experimental condition, Aksoy et al.
[17] show that the friction angle increases with the rubber content up to 5% and then it
decreases. Rouhanifar et al. [18] show that the shear strength of the sand-rubber mixture
depends on the rubber content and the ratio between the diameter of rubber aggregates
and that of sand grains. They concluded that the latter with D:/Ds > 1 is higher than that of
mixtures where D//Ds< 1 which allows us to say that the size of the rubber particles does
not play a significant role. Concerning, the angle of internal friction of the mixtures, it
increases with the addition of 20% of the rubber and decreases beyond. The results of the
research work mentioned are summarized in Table 2.

It is also important to note that, among other rubber properties, such as the elasticity
modulus has a significant impact on the mechanical behavior of sand-rubber mixtures
[17]. The study of this parameter is not considered here but will be the subject of future
research.
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Table 2. Summary table of previous work on sand reinforcement by adding crushed rubbers.

Physical Physical Characteristics
Authors Characteristics = Test Conditions Results of Experimental Tests
of Rubber
of Sands
4, 8.8, 15 and 25%
1] Dcr=20-80 mm by weight The shear strength increases with
’ Ps(Rubbery=1.22 on=20, 40 and increasing rubber content.
75 kPa
o ; -
Der=5 cm and 15 cm 10, 20, 30% by The. shear s.trength increases with
2] om=2.63 k=121 (5 cm), volume. increasing rubber content.
p ' P _1 '27 (15 cm) on=2,6.2,25.5 and Friction angle increases with increasing
prfutter= - © 41 kPa rubber content.
15,30 and 50% by ~ The shear strength increases with
53] 263 Dcr=2,3 and 4 cm volume increasing rubber content.
s(Sand) = 4.
petsond PsRubber=1.3 02=9.8,39.2 and Friction angle increases with increasing
98.1 kPa rubber content.
The shear strength increases with the
10 2 70% by weight rubber content up to 30% and then it
Dcr =20 x 10 mm decreases.
[5] ps(Sand) :262 Oon= 25, 75 and .. . .
Ps(Rubbery =1.08 The friction angle increases with the
125 kPa )
rubber content up to 30% and then it
decreases
15, 30, 45, 60% by The shear strength increases with
_ ) _ volume increasing rubber content.
7] petsnt =2.67 ; pitcantcrone)=1.15 0»=100, 200, 300 The friction angle increases with
and 400 kPa; increasing rubber content.
10, 30, 50 and 100%  The shear strength decreases with
8] 268 DoRrmax) =2 mm by weight increasing rubber content.
s(Sand) = 4.
st PstRuvber = 1.14 on=50, 100 and The friction angle decreases with
200 kPa increasing rubber content.
The shear strength ith
5,10, 20 and 50% e shear streng decreases wi
Ps(coarse Sand) = 2.68 . increasing rubber content.
] 2.60 Rubbererumbs by weight The friction angle decreases with
s(fine Sand) = £.
prtinesont on =28, 42, 68 kPa  eon ang
increasing rubber content.
10, 20, 30, 40, 50% The shear strength increases with the
. rubber content up to 20% and then it
Dcr =1-4 mm by weight decreases
[10] Pstsant) = 2.74 on=29, 56 and . . .
PsRubber) = 1.16 The friction angle increases with the
110 kPa .
rubber content up to 20% and then it
Dr=70%
decreases
The shear strength increases with the
15,25,30,35and  rubber content up to 30% and then it
[11] putsant = 2.67 Dcr=1-10 mm 100% by volume N decre.ases. '
PsRubber) = 1.20 on =30, 60 and The friction angle increases with the
90 kPa rubber content up to 30% and then it
decreases
25,50 and 75% by The shear strength increases with the
Dcr =0.8-2 mm weight rubber content up to 25% and then it
12 s(Sand) = 2.66
[12] petsand PsRubber) = 1.13 o= 20, 50 and decreases.

100 kPa The friction angle increases with the
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rubber content up to 25% and then it

decreases.
Group 1:
Dcr =1-2 mm
Group 2:
Dcr =2-4.75 mm
Group 3:
Dcr = 4.75-5.6 mm
Group 4:
Dcr=5.6-8
Sable A: ok =5.6-8 mm The shear strength increases with the
Group 5: 10, 15, 20, 25, 30 .
Dinax =4.75 mm rubber content up to 20% and then it
Dcr=8-9.5 mm and 35% by
Sable B: decreases for groups 1, 2, 3 and 4.
[13] Group 6: volume. . .
Dmax=2 mm The shear strength increases with the
Dcr=9.5-12.5 mm on=16, 32 and .
Ps(Sand A) = 2.65 rubber content up to 30% and then it
s(sand B) = 2.64 Group 7. 80 kPa. decreases for groups 5, 6 and 7
petSma B = 2 Dor=12.5-20 mm roups > '
ps(Cmup = 1.11
Ps(Group 2) = 1.13
ps(Cmup 3)= 1.14
Ps(Group 4) = 1.14
Ps(Group 5) = 1.16
Ps(Group 6) = 1.17
Ps(Group7) = 1.16
Dr =55%:
The friction angle increases with the
o .
5 A 5,10, 15, 20 and rubber Conter;cetzfe;os :SS % and then it
cr = 1— .
14 s(Sand) = 2 00 i h .
[ ] petsamd 665 ps(RubbL’r) =1.085 300/_bl}g)(‘;vlfll)ga t Dr= 95%:
! ' The friction angle increases with the
rubber content up to 10% and then it
decreases.
The shear strength increases with the
tent to 20% then it
10, 20 and 30% by rubber content up to 20% arlld eni
Dex = 1-6 mm weioht decreases for stresses ranging from
GR = 1— .
[15] pstsant = 2.9 & 19.62; 40.81 and 58.86 kPa.
Ps(Rubber) = 1.15 On= 981, 1962,
For a low stress of 9.81 kPa, the
40.81 and 58.86 kPa . . o .
optimum is 10%. The friction angle
increases with the rubber content of 20%
> 10;2;:1 :\f % by The shear strength increases with the
Dmax=5 mm Dcr=1-5 mm gt rubber content.
[16] 2.68 1.21 on =100, 200, 300 The friction angle increases with the
s(Sand) = 4. s(Rubber) = 1.
P P and 400 kPa T bl:%er content
Dr =50% Hbberco
2.5,5,7.5 and 10%
4 7 Th f . . 1 . . h h
7] Duw=95mm Dok =0.075-2.5 mm by weight rusb::zzﬁjifue Tgr&_)ejsji g":}t]e:l if
Ps(sand) = 2.74 pswubeer = 1.153 /1.198  0.556, 1.1111 and P ?
decreases
1.667 kg/cm?
Der=0.075-0.3mm 5,10, 15,20, 25, 30, The shear strength increases with the
(18] Dimax=1.25 mm Dcr =0.3-1.25 mm 40 and 50% by  rubber content up to 20% and then it
Ps(Sand) = 2.65 Dcr=1.2-5 mm volume decreases.

Ps(Rubber) = 1.04

on=50, 100 and

The friction angle increases with the
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150 kPa rubber content up to 20% and then it
Dr=30% decreases for Der/Dsand< 1.
The friction angle for Der/Dsana<1 is less
then when the ratio Dor/Dsand>1

Environment Impact

The mixed of rubber aggregates to the sand for geotechnical engineering applica-
tions is of great value for the mechanical properties of soils. However, it must be ensured
that the rubber granulate do not have a negative environmental impact (soil and
groundwater contamination). Indeed, the decomposition of tire rubber give lot of chem-
ical elements such as aluminum, zinc, chromium, iron, lead, manganese, sulfur, black
carbon and pigments [19,20]. Many researchers have shown that leaching from rubber
occurs as a function of the environment PH and harmful metals are released more under
acidic PH conditions [21-23]. Other research has shown that the degradation of tire rub-
ber is related to two main factors: the first one is the action of bacteria that feed on the
petroleum products in the rubber and the second one is the exposure of the rubber to the
ultraviolet rays.

Concerning the effect of temperature on the mechanical behavior of rubber,
Humphrey [24] showed that the oxidation of the metal filaments present in the tires is the
main cause of the exothermic reaction. It is also noted that Yoon et al. [25] carried out a
monitoring of temperature measurements for one year, in a construction of an embank-
ment based on a sand-rubber mixture, in order to check the development of exothermic
reactions. This work concluded that no internal heat generation was detected whatever
the weather conditions.

According to the art state discussed above, tire aggregates associated with soils are
far from being hazardous to the environment. Indeed, decomposition of these aggregates
cannot occur because the action of microbes is inhibited by the presence of zinc oxides in
the rubber [26] while exposure to ultraviolet light is completely avoided because the ag-
gregates are buried in the subsoil [27,28].

In all problems of soil stability, it is necessary to know its shear strength. This re-
sistance is very complex because it depends on several parameters including the grains
shape, saturation and others.

The objective of this work is to study the mechanical behavior of two types of sands
(Hostun and Dune sands) mixed with rubber aggregates at different content ranging
from 0 to 30%. The two sands have a grain different morphology: angular grains for
Hostun sand and sub-rounded for the Dune sand. Shear tests are performed on 120
samples to study the effect of the angular and sub-rounded character of the grains on the
mechanical behavior of the sand-aggregate mixtures.

2. Materials and Methods
2.1. Materials

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

2.1.1. Hostun Sand

The sand used in the present study considered a reference material in many labor-
atories in France. The physical and chemical characteristics of this sand were determined
in our laboratory (Tables 3 and 4). The sand belongs to the category of fine sands with a
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 emex = 1.006 and the specific density of the
grains is ps = 2.625 g/cm? determined by the pycnometer method NF P94-054 [29] and NF
P94-512-3 [30]. The grain size curve of this sand was obtained based on NF P94-056 [31].
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Figure 1 shows the grain size distribution of the sand. Figure 2a—c shows a microscopic
view (SEM) of the Hostun sand under study.

Table 3. Physical characteristics of used Hostun and Dune sands and granulated rubber.

Mateg:ﬁfl;]nder Hostun Sand Dune Sand ZG ;i;lil;)te(gzliu; Il;er;
D1o (mm) 0.22 0.125 2.55
D30 (mm) 0.28 0.22 2.95
Dso (mm) 0.32 0.24 3.35
Déo (mm) 0.34 0.25 3.55

Cu (/) 1.55 2.00 1.39

Ce (/) 1.05 1.55 0.96

ps (g/cm?) 2.625 2.982 1.129
pamax (g/cm?) 1.498 1.97 0.59
Pamin (g/cm?) 1.309 1.76 0.53
emax (/) 1.006 0.697 1.112
emin(/) 0.752 0.514 0.908

Table 4. Chemical characteristics of Hostun and Dune sands by X-ray fluorescence spectrometry.

Chemical

Composition SiO: TiO: Al:Os Fe:0s MnO MgO CaO Na:O K:0 P:0s5
(%)

Hostunsand 73.73 0.01  0.80 0 0.01 0 011 019 013 0.01

Dunesand 2171 854 409 3097 025 345 2933 063 056 0.50
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SEM HV: 10.0 kV VEGA3 TESCAN
View field: 1.38 mm Det: SE
SEM MAG:200x  SM: RESOLUTION CAC-Cadi Ayyad University

SEM HV: 10.0 kV WD: 11.97 mm VEGA3 TESCAN SEM HV: 10.0 kV WD: 12.10 mm _] VEGA3 TESCAN
View fleld: 138 ym Det: SE View field: 277 pm Det: SE 50 pm

SEM MAG: 200 kx  SM: RESOLUTION CAC-Cadl Ayyad University SEM MAG: 1.00 kx  SM: RESOLUTION CAC-Cadi Ayyad University

B
-  \ » . b - T8 <R
SEM HV: 10.0 kV WD: 11.97 mm VEGA3 TESCAN SEM HV: 10.0 kV WD: 12.10 mm

View fleld: 55.4 ym Det: SE 10 ym View field: 55.4 ym Det: SE
SEM MAG: 5.00 kx SM: RESOLUTION CAC-Cadi Ayyad University SEM MAG: 5.00 kx SM: RESOLUTION CAC-Cadi Ayyad University

Figure 2. SEM Microscopic view of the Hostun sand (a—c), Dune sand (d—f) at different scale.

2.1.2. Dune Sand

The sand comes from the consolidated dunes of the Middle Quaternary at Sidi Ah-
med Essayeh (province of Essaouira region of Marrakech-Tensift-Al Haouz in Morocco)
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(Figure 3). The physical and chemical characteristics of this sand were determined in our
laboratory (Tables 3 and 4).The sand belongs to the category of fine sands with a uniform
and well graded grain size. The sand has an average grain size Dso = 0.24 mm; the void
ratio can vary between emin= 0.514 and emx = 0.697 and the specific density of the grains is
ps=2.982 g/cm? determined by the pycnometer method NF P94-054 [29] and NF P94-512-3
[30]. The granulometric analysis carried out according to NF P94-056 [31].The grain size
curve of this sand is shown in Figure 1. Figure 2d—f) shows a microscopic view (SEM) of
the dune sand under study.

78,000 78,400 78,800 79,200 79,600

e

78000 78,400 78,800 200 79,600
78,000 78,400 78,800 79,200 79,600

Legend N

A

® Sampling site
Lithology

- Beach sand

- Conglomerates and dunes

- Dolomitic limestones

- Dunes consolidates

- Essaouira Sandstone: Calcarenite
- Grey clays

- Sandstone and sandstone dolomites

- White clayey limestones

0 025 0.5 1
1Km

78,000 78,400 78,800 79,200 79,600

Figure 3. Localization Map of Dune sand site.

2.1.3. Aggregate Rubber

The physical characterization of aggregate rubber samples having different diame-
ters varying from 2 to 5mm with an average diameter Dso= 3.35 mm requires the deter-
mination of various parameters such as: the water content, the specific density of the
solid grains, the maximum density pame (0r minimum void index) and the minimum
density pamin (or maximum void index). To determine the water content of the “aggregate
rubber” sample, the drying method in an oven was used, according to the experimental
standard NF P94-050 [32]. 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 NF P94-054 [29] and NF
P94-512-3 [30]. The result obtained for the sample tested showed that the specific density
of the solid grains is 1.129 g/cm?. The determination of the minimum density pamin and
maximum density panex of the soils was carried out in accordance with standard NF P
94-059 [33].
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The test consists in implementing materials to be studied in a mold successively in a
loose state (pamin) and in a dense state (pimar). The void ratio is calculated by the following
Equations (1) and (2):

Ps

e = -1 1
max Pdamin &)
P
€min = p_s -1 (2)
dmax

The granulometric analysis carried out according to NF P94-056 [31]. The particle
size distribution curve of aggregate rubber is shown on Figure 1. Figure 4 shows picture
of the rubber aggregates used and which are differentiated by their geometric character-
istics.

Figure 4. Picture rubber aggregates with 2 mm < DGR <5 mm.

For these two sands tested in this study, the results obtained by X-ray fluorescence
spectrometry (Epsilon 4 Benchtop XRF-EDS. It is an energy dispersive spectrometer with
a 4000 to 50.000 KV X-ray generator and an Ag (silver) anode) showed that the most
dominant chemical elements for Hostun sand is SiO2 and for the Dune sand is SiOz, Fe2Os
and CaO. The mineral composition of these two sands is determined by X-Ray Diffrac-
tometer (Rigaku-Smart Lab diffractometer). Figure 5 shows that the Hostun sand is
composed of Quartz mineral while the Dune sand is composed of Quartz, Calcite, Do-
lomite and Feldspath K+ Plagioclases minerals (Figure 6). The scanning electron micro-
scope (Vega3 Tescan) shows that Hostun sand is a highly angular particles (Figure 2a—c),
while Dune sand is composed of subrounded to rounded particles (Figure 2d—f). Both
sands are uniformly graded as can be seen from the particle size distribution curves
given in Figure 1. The morphological aspect and shape characteristics of the rubber ag-
gregates are shown in the Figure 4. The physical properties and chemical characteristics
of materials used are summarizes in the Tables 3 and 4.
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2100

Quartz

1800

1500 — Hostun sand

1200 -

900

Intensity (a.u.)
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4 | Quartz

300 - Quartz Quartz [uanz
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e
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Figure 5. The X-ray diffractometer of Hostun sand used.
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Intensity (a.u.)

700

600

500 +

400

Quartz

Dune sand

Feldspath K + plagiosclases

Calcite

Dolomite

Quartz

Quartz Quartz

Hematite

2 Theta (°)

Figure 6. The X-ray diffractometer of Dune sand used.

2.2. Methods
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 NFP94-071-1 [34]. The rectilinear
shear tests carried out with the box allow the determination of the effective shear re-
sistance parameters of soils. The test method is to place the sand-rubber mixture (Hostun
sand and Dune sand) 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 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 servocontrol allows a measurement of the
shear load on the sample up to 5000 N with an accuracy of around 50 N. Regarding hor-
izontal 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 sand relative density (D).
The mass of the mixture () 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»:
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e —e
Dr — max (3)
€max — €min

— VT X Ps
1+ emax(l - Dr) + Dy X emin

m, )
where: p; s is the specific density of solid grains, emin and ema are, respectively, the
minimum and maximum void ratios, Vr is the volume of the sample, D: is the desired
relative density.

One of the factors that can influence the experimental results is segregation. To
avoid it, necessary precautions were taken when filling the mold of the shear box. We
pour the quantity of the mixture (ms) in three layers in the shear box with a funnel; and
continuing to mix the material until it’s filled. Then normal stresses are applied and the
samples are sheared. The experimental program included direct shear tests which were
carried out for sand with different percentages of crushed rubber ranging from 0% to
30% by weight to study the influence of the presence of rubber aggregates on the shear
strength of sands (Table 5).

Table 5. Designations for the differents mixtures; Hostun or Dune sand-Rubber.

Designations Sand-Rubber
RCO 100% Sand + 0% Rubber
RC10 90% Sand + 10% Rubber
RC20 80% Sand + 20% Rubber
RC30 70% Sand + 30% Rubber

3. Results and Discussion
3.1. Effect of Aggregate Rubber Content on Shear Strength of Sand

Figures 7 and 8 represent an example of material response as a function of relative
horizontal strain for the different procedures, namely Hostun sand-Rubber and Dune
sand-Rubber. These direct shear tests were performed for different aggregate rubber
contents ranging from 0% to 30% under an applied normal stress of 100 kPa. It is found
that the presence of aggregate rubber significantly affects the shear stress where a max-
imum shear stress is observed for both sands. The shear stress of the sand-rubber mix-
tures in both cases still tends to increase slightly up to 20% crushed rubber content. The
mixtures exhibit a typical behavior of a medium dense sand (Dr = 55%), with no drop-in
strength after maximum for the Hostun sand, but for the Dune sand there is a remarkable
drop-in strength. It clearly shows that the presence of additional crushed rubber in both
sands leads to an improvement in the strength of the sand. Therefore, it can be concluded
that the addition of aggregate rubber can significantly improve the shear strength of the
mixtures. The increase in the shear strength of the mixtures with the increase in the ag-
gregate rubber content can be attributed to the redistribution of the samples. Thus, the
grains of sand are pushed towards the grains of rubber which deform and increase the
contact surface between the particles of sand and the grains of rubber. An additional ag-
gregate rubber 30% content increased the shear strength of pure sands, but it decreased
compared to 20%. This is because in the shear zone the rubber grains surround the sand
grains and tends to roll and slide over them to create more voids. While higher normal
stresses cause shrinkage rather than swelling and therefore the mixture becomes more
and more compact.

It is also showing that for Dune sand mixed with aggregate rubber, after the initial
shear at low horizontal strain, less significant dilation occur as the mobilized shear stress
approaches its maximum value. In contrast, for Hostun sand mixed with rubber aggre-
gates, when the horizontal deformation is less than 0.25%, the shear stress increases
quickly. Additional shear induces a significant expansion but a relatively small change in
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shear stress, resulting in a “plateau” on the stress-horizontal strain curves. As a compar-
ison between Hostun sand and Dune sand, it is observed that Hostun sand/rubber mix-
ture requires larger horizontal deformations to mobilize the maximum shear strength
than Dune sand of the same relative density, but the post-maximum strain softening after
is gentler than that of Dune sand-rubber mixture.

Shear Stress, kPa

—o—RC10 Hostun sand
—A— RC20 D = 55%

1
0.10 0.15 0.20
Horizontal Deformation, %

Figure 7. Shear stress variation curves for different rubber contents under a normal stress of 100 kPa.
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Shear stress, kPa

60

1045 —— RC10
—nA— RC20
—— RC30

Dune sand
D, = 55%

0 l L]

Horizontal deformation, %

Figure 8. Shear stress variation curves for different rubber contents under a normal stress of 100 kPa.

T
0.1

0.2

Regarding vertical deformation as a function of the horizontal deformation (Figures
9 and 10), it is noted that the dilatant character of the mixtures increases with the increase
in the rubber content. All lightly compacted sand-rubber mixtures expand under the ef-
fect of shear stress. It is also noted that, for pure sand and the 10% aggregate rubber
mixture, the expansion phase appears from low horizontal deformation, while for sam-
ples with rubber content of 20% to 30% the dilatancy is delayed and appears from a rela-
tively high horizontal strain. This result is in accordance with the results obtained for the
sands which showed that the presence of rubbers amplifies the dilatant character of the

sand-rubber mixture.
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0.02

Vertical Deformation, %

-0.014 ' ré\b
——RCO Hostun sand = Yo
4 —0o— RC10 Dr = 55% —A \A
0.02 —0— RC20 A \
Rl —>»— RC30 g9 &
-0.03 . . . . . . ,
0.00 0.05 0.10 0.15 0.20

Horizontal Deformation, %

Figure 9. Vertical deformation as a function of the horizontal deformation for different rubber contents under a normal
stress of 100 kPa.
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Figure 10. Vertical deformation as a function of the horizontal deformation for different rubber contents under a normal
stress of 100 kPa.

3.2. Effect of Normal Stress on Shear Strength of Sand

The dilation of the mixtures increases with increasing rubber content. All lightly
compacted sand/rubber mixtures expand under the effect of shear stress. Direct shear
tests were carried out on different percentages of rubbers between zero (pure sand) and
30% for three normal stresses (100, 200 and 400 kPa). It is noted that the shear strength of
the unreinforced sand and of the sand/rubber mixtures increases considerably with the
increase of the normal stress and this shear strength of the mixture becomes greater un-
der higher normal stress (Figure 11). This increase is due to the modification of the mi-
crostructure of the mixtures which will generate an improvement in the contacts between
the particles, namely the friction angle as already mentioned by Kim and Santamarina

[6].
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Maximum shear stress, kPa
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Rubber content, %

Figure 11. Maximum shear stress in terms of rubber content for Hostun sand.

3.3. Effect of Rubber Content on Maximum Shear Strength of Sand

Figure 12 shows the variation of the maximum shear stress as a function of the
rubber content of the crushed tires ranging from 0 to 30%. It's clear that the maximum
shear strength of these two sands increased significantly with the addition of rubber
content. Indeed, with a rubber content of 20%, the shear strength of Hostun sand and
Dune sand has increased from 34.39 + 2.89 kPa to 72.92 + 3.02 kPa and from 23.28 + 2.86
kPa to 51.72 + 2.95 kPa, respectively, under normal stress of 100 kPa. Beyond this value,
the maximum shear strength for these two sands decreased for a rubber content of 30%
but it always remains superior to that of pure sand. In fact, the shear strength Hostun
sand and Dune sand increased from 34.39 + 2.89 kPa to 68.75 + 3.01 kPa and from 23.28 +
2.86 kPa to 48,194 + 2.94 kPa, respectively, for a rubber content of 30% under a stress of
100 kPa. The shear strength of these two sands is totally dependent on the friction be-
tween the particles. The presence of the aggregate rubber material affects the friction
between the sand and rubber particles. The increase in maximum shear strength associ-
ated with 20% is related to the filling of the voids between the sand particles by the rub-
ber aggregates, which will subsequently prevent the sand particles from moving or
sliding easily during the direct shear test; and therefore, sand/aggregate rubber mixtures
exhibit higher strength values. Note that the 20% aggregate rubber content is likely to be
the optimum content. However, the decrease in maximum shear strength which has oc-
curred in sand when the rubber content is greater than equal to 30% is attributed to the
fact that the rubber material can be deformed significantly under the applied normal
stress. In addition, the particles in the high rubber content mixtures can move and slide
easily during the shear test; and therefore, the blends exhibit lower values of shear
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strength. This variation in maximum shear strength as a function of the rubber content of
the tires can be explained by the variation of the void ratio of the sand/rubber mixtures as
a function of the rubber content.

200 -
I
(L] -
& 150
- 100 kPa
§ | 200 kPa Dune sand
= 400kPa|  D,=55%
S 100 —
()
'C -
w -3 I
S ¥
g
; 50 4 I I
(]
= T
0 ‘l Ll ' LJ I Ll I Ll ' L} l LJ
0 5 10 15 20 25 30 35

Rubber content, %

Figure 12. Maximum shear stress in terms of rubber content for dune sand.

Figure 13 shows the variation of the friction angle as a function of the rubber content
for a medium relative density (Dr= 55%). It is observed that the addition of aggregate
rubber up to 20% can increase the initial friction angle of Hostun sand from 27.57° + 1.02°
to 31.94° + 0.62° and Dune sand from 18.75° + 1.02° to 26.18° +0.83°. However, for a con-
tent of 30% aggregate rubber which is added to sand decreases the friction angle from
27.57° +1.02° to 29.36° = 0.65° for Hostun sand and from 18.75° + 1.02° to 25.38° + 0.85° for
Dune sand. This is explained since in the shear zone by rubber particles surrounding the
sand grains and creating more voids. Therefore, the rubber grains mainly control the
friction between the particles. These results agree with the results obtained in previous
work, in particular that of Tiwari et al. [12]. This difference in the friction angle of Hostun
sand and Dune sand mixed with aggregate rubber may also be attributed to the effect of
particle shape of the sand. Since the angularity of particles causes more antiparticle
locking that restrains relative sliding and rotation between particles. A greater shear
stress is required for Hostun sand than for Dune sand to break the interlocking owing to
particle angularity before relative particle movement associated with dilation can take
place, which also implies that the mobilized shear strength is a combination of dilation
and interparticle locking. It should be noted that dilation tends to degrade inter-particle
locking; the “plateau” on the stress-strains curves is the consequence of coupled effects of
dilation and the degradation of interlocking.

More specifically, the interlocking is degraded with increasing horizontal strain,
which reduces the shear strength of the sand. On the other hand, the mobilized expan-
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Friction angle, deg

sion tends to enhance the strength of the material. Therefore, the coupling of dilation and
interlocking degradation shear strength with continued shear.
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Figure 13. Friction angle in terms of rubber content for different types of sand.

All the results obtained show the value of reusing used tires in civil engineering
applications. Used tires were mainly used for non-structural applications (road em-
bankments, embankment stabilization, retaining walls, bridge abutment walls, vibration
isolation layer etc.). The mixture of aggregate rubber from used tires and sand is not only
an alternative way of recycling tires and an economical way to protect the environment,
but also helps to solve the geotechnical problems associated with a low resistance to
ground shear.

4. Conclusions

This study investigated the influence of aggregate rubber content and sand particle
shape on the shear strength and dilatancy characteristics of granular materials mixed
with aggregate rubber. Based on the results of the experimental data, the following con-
clusions were obtained:

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

- The shear strength of the mixture increases with increasing normal stress.
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—  The presence of rubbers amplifies the dilatant character of the sand-rubber mixture.

—  The friction angles obtained by the Hostun sand-rubber mixture are higher than
those of the Dune sand-rubber mixture. This is explained on the one hand, by the
increase in surface roughness of the grains sand inducing an increase in friction and
on the other hand, by the redistribution of grains during shearing and a dilatation
whose mobilization requires an additional effort increasing the mobilized friction
angle.

It should be noted that this study only tested two sands composed of particles of
different shapes. Further tests on materials with the same mineralogy, surface texture, at
different temperatures and water contents should be performed to better understand the
influence of inter-particle blocking and to become closer to the real conditions of instal-
lations and uses of the behavior of sand mixed with aggregate rubber.

Author Contributions: Conceptualization, R.B., F.J. and H.I.; methodology, M.B.; software, R.B.;
validation, R.B. and H.I.; investigation, M.B.; resources, R.B., F.J. and M.B.; data curation, M.B.;
writing —original draft preparation, M.B., R.B. and H.I; writing—review and editing, H.I,, I.B. and
A.A_; supervision, R.B., F.J. and H.I,; funding acquisition, R.B. and F.]J.. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors would like to thank the institutions that contributed to the reali-
zation of this work: the laboratory of expertise, studies and tests (L3E) of Marrakech (Morocco) and
Laboratoire de Mécanique et Génie Civil (LMGC), University of Montpellier (France), the company
ALIAPUR and its manager Jean-Philippe FAURE for the supply of rubber aggregates, and finally
the National Center for Scientific and Technical Research (CNRST) of Morocco, for the student
scholarship.

Conflicts of interest: The authors declare that they have no conflict of interest.

References

1.

10.

11.

Edil, T.B.; Bosscher, P.J. Engineering properties of tire chips and soil mixtures. Geotech. Test ]. 1994, 17, 453—-464. https://doi:
10.1520/GTJ10306].

Foose, G.J.; Benson, C.H.; Bosscher, P.J. Sand reinforced with shredded waste tires. ]. Geotech. Eng. 1996, 122, 760-767.
https://doi:10.1061/(ASCE)0733-9410(1996)122:9(760).

Ghazavi, M.; Sakhi, M. A. Influence of optimized tire shreds on shear strength parameters of sand. Int. ]. Geomech. 2005, 5, 58—65.
https://doi.org/10.1061/(ASCE)1532-3641(2005)5:1(58).

ASTM D 6270 Standard practices for use of scrap tires in civil engineering applications. In American Society for Testing and
Materials; ASTM International: West Conshohocken, PA, USA, 2008.

Bali Reddy, S.; Pradeep Kumar, D.; Murali Krishna, A. Evaluation of the optimum mixing ratio of a sand-tire chips mixture for
geoengineering applications. . Mater. Civ. Eng. 2016, 28, 06015007 . https://doi.org/10.1061/(ASCE)MT.1943-5533.0001335.

Kim, HK., Santamarina, ].C. Sand-rubber mixtures (large rubber chips). Can. Geotech. ]. 2008, 45, 1457-1466.
https://d0i:10.1139/t08-070.

Zhang, T.; Cai Gand Duan, W. Strength and microstructure characteristics of the recycled rubber tire-sand mixtures as light-
weight backfill. Environ. Sci. Pollut. Res. 2018, 25, 3872-3883. https://doi.org/10.1007/s11356-017-0742-3.

Madhusudhan, B.R.; Boominathan, A.; Banerjee, S. Factors affecting strength and stiffness of dry sand-rubber tire shred mix-
tures. Geotech. Geol. Eng. 2019, 37, 2763-2780. https://d0i:10.1007/s10706-018-00792-y.

Cabalar, AF. Direct shear tests on waste tires-sand mixtures. Geotech. Geol. Eng. 2011, 29, 411-418.
https://doi.org/10.1007/s10706-010-9386-5.

Marto, A.; Latifi, N.; Moradi, R.; Oghabi, M.; Zolfeghari, S.Y. Shear properties of sand-tire chips mixtures. Electron. . Geotech.
Eng. 2013, 18, 325-334.

Ghazavi, M.; Ghaffari, J.; Farshadfar, A. Experimental determination of waste tire chip-sand-geogrid interface parameters
using large direct shear tests. In Proceedings of the 5th Symposium on Advances in Science and Technology, 702-995 Mashhad,
Iran, 12-14 May, 2011.



Appl. Sci. 2021, 11, 11395 22 of 22

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

Tiwari, S.K.; Sharma, J.P.; Yadav, J.S. Geotechnical Properties of Dune sand-Waste Tires Composite. Mater. Today Proc. 2017, 4,
9851-9855. https://d0i:10.1016/j.matpr.2017.06.280.

Anbazhagan, P.; Manohar, D.R.; Rohit, D. Influence of size of granulated rubber and tyre chips on the shear strength charac-
teristics of sand—rubber mix. Geomech. Geoengin. 2017, 12, 266-278. http://dx.doi.org/10.1080/17486025.2016.1222454.

Negadi, K.; Arab, A. A Direct Shear Investigation on the Determination of the Shearing Resistance of Reinforced Soil with
Waste Rubber. In Conference of the Arabian Journal of Geosciences; Springer Nature Switzerland AG 2019: Cham, Switzerland,
2018; pp. 295-299. https://doi.org/10.1007/978-3-030-01665-4_68.

Balaban, E.; Smejda, A.; Onur, M.I. Influence of tire crumbs on mechanical properties of sand-fine soil mixtures. Geomech.
Geoengin. 2019, 1-16. https://doi.org/10.1080/17486025.2019.1688870.

Enquan, Z.; Qiong, W. Experimental investigation on shear strength and liquefaction potential of rubber-sand mixtures. Adv.
Civ. Eng. 2019, 2019. https://doi.org/10.1155/2019/5934961.

Aksoy, H.S.; Taher, N.; Awlla, H.A. Shear strength parameters of sand-tire chips mixtures. Giimiishane Universitesi Fen Bilimleri
Enstitiisii Dergisi 2021, 11, 713-720. https://doi.org/10.17714/gumusfenbil.865490.

Rouhanifar, S.; Afrazi, M.; Fakhimi, A.; Yazdani, M. Strength and deformation behaviour of sand-rubber mixture. Int. J. Ge-
otech. Eng. 2021, 15, 1078-1092. https://doi.org/10.1080/19386362.2020.1812193.

Moo-Young, H.; Ochola, C.; Zeroka, D.; Sellassie, K.; Sabnis, G.; Glass, C.; Thornton, O. Guidance Document for Scrap Tire Utili-
zation in Embankments; Penndot Research, Harrisburg, PA, USA, 2001.

Chittella, H.; Yoon, L.W.; Ramarad, S.; Lai, Z.W. Rubber waste management: A review on methods, mechanism, and prospects.
Polym. Degrad. Stab. 2021,194, 109761. https://doi.org/10.1016/j.polymdegradstab.2021.109761.

Ealding, W. Final Report on Leachable Metals in Scrap Tires; Virginia Department of Transportation: Richmond, VA, USA. 1992.
Edil, T.B.; Bosscher, P.]. Development of engineering criteria for shredded waste tires in highway applications. In Final Report
GT-92-9; Wisconsin Department of Transportation, Madison, WI, USA, 1992.

Westerberg, B.; Macsik, J. Geotechnical and environmental properties of tyre shreds in civil engineering applications. Proceed-
ings 2021, 129-139.

Humphrey, D.N. Investigation of Exothermic Reaction in Tire Shred Fill Located on SR 100 in Ilwaco;, DN Humphrey: Washington,
DC, USA, 1996.

Yoon, S.; Prezzi, M.; Siddiki, N.Z.; Kim, B. Construction of a test embankment using a sand-tire shred mixture as fill material.
Waste Manag. 2006, 26, 1033-1044.

Crane, G.; Elefritz, R.A; Kay, E.L.; Laman, J.R. Scrap tire disposal procedures. Rubber Chem. Technol. 1978, 51, 577-599.

Simm, J.D.; Wallis, M. Sustainable Re-Use of Tyres in Port, Coastal and River Engineering: Guidance for Planning, Implementation and
Maintenance; 2008. HR Wallingford, Wallingford, United Kingdom

Collins, K.J.; Jensen, A.C.; Mallinson, ]J.J.; Roenelle, V.; Smith, LP. Environmental impact assessment of a scrap tyre artificial
reef. ICES J. Mar. Sci. 2002, 59, S243-5249.

NF, P. 94-054 Sols reconnaissance et essais détermination de la masse volumique des particules solides des sols—Méthode du
pycnometre a eau. In Editions AFNOR Boutique, Saint-Denis, France; 1991.

NF, P. 94-512-3 Reconnaissance et essais géotechniques. Essai de sol au laboratoire. Partie 3: Détermination de la masse volu-
mique des grains Méthode du pycnomeétre. In Editions AFNOR Boutique, Saint-Denis, France; 2005.

NF, P. 94-056 Sols: Reconnaissances et essais, Analyse granulométrique, Méthode de tamisage a sec apres lavage. In Editions
AFNOR Boutique, Saint-Denis, France; 1996.

NF, P. 94-050 Sols Reconnaissance et essais détermination de la teneur en eau pondérale des sols-Méthode par étuvage. In
Editions AFNOR boutique, Saint-Denis, France; 1991.

NF, P. 94-059 Sols Reconnaissance et essais détermination des masses volumiques minimale et maximale des sols non cohé-
rents. In Editions AFNOR Boutique, Saint-Denis, France; 2000.

NF, P. 94-071-1 Sols: Reconnaissance et essais-essai de cisaillement rectiligne a la boite-Partie 1: Cisaillement direct. In Editions
AFNOR Boutique, Saint-Denis, France; 1994.



