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Abstract Nowadays, in most of the advanced and developing
countries, waste tires have caused serious environmental prob-
lems such as fire and environmental contamination. For
reusing them in an appropriate and beneficial way, waste tires
have been utilized as a lightweight fill material in geotechnical
engineering applications such as highway embankments. In
this study, Babolsar fine-grained sand and granulated rubber
with sizes in the ranges of 1 to 4, 1 to 9, and 4 to 9 mm were
used. A series of model footing tests on reinforced sand with
different sizes of granulated rubber were carried out.
According to the results, 4- to 9-mm granulated rubber had
the highest effect on enhancement of bearing capacity and
reduction of fine-grained sand settlement. The results showed
that sand-granulated rubber mixtures with granulated rubber
in the range of 4 to 9 mm and content of 10% by weight of
mixture can increase the bearing capacity of sand up to 50%.
In addition, for this mixture, a series of laboratory tests were
conducted to determine the optimum width and depth of the
reinforcement layer consisting of sand-granulated rubber mix-
ture. The results indicate that the optimum width and the most
effective depth of this mixture are 5B and 1B, respectively
(where B is the footing width).
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Introduction

With the development of societies and the use of various vehi-
cles, many waste tires enter the environment, causing serious
problems such as fire and environmental contamination. The
unique properties of waste tires such as high flexibility besides
their low weight have prompted interest in applying these mate-
rials as soil reinforcement. For this reason, in recent years, many
searches have been done on characteristics of mixtures consisting
of soil and various sizes of rubber.

Ahmed (1993) indicated that shear strength of sand-tire
chip mixture is considerably dependent on confining pressure
and tire chip content. Ahmed found that the optimum percent-
age of tire chips to sand is approximately 35% by weight.
Consoli et al. (2002) indicated that fiber inclusion causes an
increase in friction angle of sand, whereas it does not have any
effect on cohesive intercept. Zornberg et al. (2004) found that
the highest shear strength of sand-tire chip mixtures occurs
under low confining pressure, with tire chip content of about
35% by weight of mixture. Similarly, Rao and Dutta (2006)
reached the same conclusion. Hatef and Rahimi (2006) stud-
ied the effect of tire chip content and chip aspect ratio on
bearing capacity of sand by laboratory model tests. In this
research, increase in bearing capacity of sand was observed
by adding tire chips. Ghazavi and Sakhi (2009) investigated
the influence of dimensions of rectangular tire chips on the
shear resistance of sand-tire chip mixtures. They found that
with increasing tire chip contents, the shear strength of sand—
tire chip mixtures increases. Neaz Sheikh et al. (2012) con-
ducted triaxial tests on sand-tire chip mixtures. Unlike other
similar studies, shear strength of mixtures decreased with the
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increase in the amount of tire chips. They observed that a
larger portion of plastic strain develops after the first cycle
of unloading and that settlement decreases considerably.

Bosscher et.al (1997) assessed the performance of tire
chips as lightweight fill material in highway construction.
This study specifies the supportive statement of using tire
chips as beneficial fill materials in highway application
Tavakoli Mehrjardi et al. (2015). Tafreshi et al. (2012) studied
on buried pipes placed in rubber—soil backfill and estimated
the combination of geocell reinforcement and rubber—soil
mixture as a reinforcement. They reported that rubber inclu-
sion makes sand more compressible and causes improvement
in bearing capacity and settlement of sand. Also, Tafreshi et al.
(2014) utilized a combination of granulated rubber and geocell
layers in sandy soil of pavement foundation and estimated its
effects against repeated loading. They showed that in opti-
mized cases, settlement is approximately decreased by 60—
70% compared with untreated soil.

Ahmed (1993) found that the content of tire chips consid-
erably affects the compressibility of mixtures. Also, the effect
of the compaction method on compressibility of mixtures is
insignificant. Edil and Bosscher (1994), Bosscher et al.
(1997), and Humphrey et al. (1993) reported high initial plas-
tic strain of sand-tire chip mixtures under loading due to con-
siderable voids of mixtures. For the majority of tests conduct-
ed by Foose et al. (1996), a peak shear stress was not ob-
served. Instead, the shear stress continued to increase through-
out the test. They reported the shear stress at a horizontal
displacement of 2.5 c¢cm as the shear strength for specimens
with no peak shear stress. Masad et al. (1996) said, however,
that peak shear strength of pure sand occurs at strain of 2—4%
and peak shear strength of sand-tire chip mixtures occurs at
10-22% strain. Youwai and Bergado (2003) indicated that
when the content of tire chips is less than 30 wt.% of the
sand-tire chip mixture, the maximum strength can be deter-
mined easily. They also showed that axial strain of sand-tire
chip mixtures increases with increasing tire chip content.

A significant consideration of waste tires in geotechnical pro-
jects is that such material must be assessed environmentally.

100.00%

Humphrey et al. (1994) studied the water quality effects of tire
chip fills placed above the groundwater table and found that most
of the inorganic substances that can potentially leach from tires
were present at low levels in groundwater. Similarly,
O Shaughnessy and Garga (2000b) and Bosscher et al. (1997)
came to the same conclusion. Moo-Young et al. (2003) carried
out continuous flow column test on tire shreds which indicated
progress in water quality by passing time. However, it is con-
cluded that using rubber—soil embankment below the water table
decreases quality of water. Brophy and Graney (2004) placed
two downgradient wells and two tire fill sampling ports in con-
struction of a highway exit ramp. Results showed an increase in
public concern of using water for human consumption by the
increase in iron and manganese content in downgradient
groundwater.

Since there are limited literatures in the subject of how
granulated rubber inclusion affects shear strength parameters
and compressibility of sand and as shear strength and com-
pressibility parameters are important factors which affect the
bearing capacity of sand, model footing test was applied in
this research.

In this study, load-settlement behaviors of sand-tire mix-
tures with different sizes and contents of granulated rubber
were investigated. Bearing capacity values of sand reinforced
with different contents and sizes of granulated rubber were
determined, and the most effective case was selected. Then,
effects of granulated rubber on the settlement of footing rest-
ing on sand-granulated rubber mixture were investigated. At
last, the optimum width and the most effective depth of the
sand reinforced with granulated rubber could be achieved.

Test materials
Soil
All Babolsar sand used in this study was passed through a 1-

in. sieve. The particle size distribution of the sand is shown in
Fig. 1. Coefficient of uniformity (C,,), coefficient of curvature

Fig. 1 Grain size distribution
curve for Babolsar sand 90.00%
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Table 1  Engineering properties of sand used in the study
Dy D3y Dsy Dg C. C, Maximum Minimum
(mm) (mm) (mm) (mm) unit weight  unit weight
(g/em’) (glem’)
02 025 027 023 1.07 145 1.74 1.48

(C,), effective size (D), mean size (Ds(), and other engineer-
ing properties of the sand are listed in Table 1. The sand is
classified as SP by the Unified Soil Classification System
(USCS).

Rubber

Based on the terminology part of ASTMD6270-08, rubbers
that have been transformed by means of mechanical reduction
size process are named granulated rubbers, and they are non-
spherical particles with size of below 45 pm to 12 mm. As
shown in Figs. 2, 3, and 4, granulated rubbers with sizes in the
ranges of 1 to 4, 1 to 9, and 4 to 9 mm were used in this study.
The average unit weight and specific gravity values for gran-
ulated rubbers are 12.05 kN/m® and 1.32, respectively.
Figure 5 shows the particle size distribution of granulated
rubbers.

In this research, 1-4-mm granulated rubber was used as a
smaller size of particles and 4-9-mm granulated rubber was
utilized as a greater size of particles. Also, 1-9-mm granulated
rubber was used in order to find out whether or not this aver-
age size of well-distributed granulated rubber particles (filling
voids of sand particles better in compact statues) causes more
development in bearing capacity of footing than that with
greater size of granulated rubber (4-9 mm).

Unit weight of sand-granulated rubber mixtures

In this research, maximum and minimum unit weights of the
sand—granulated rubber mixture are determined according to

R s
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Fig. 2 View of granulated rubber with sizes in the range of 1 to 4 mm
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Fig. 3 View of granulated rubber with sizes in the range of 1 to 9 mm

ASTM D4253 and ASTM D4254, respectively. In order to
obtain the maximum unit weight of the sand—granulated rub-
ber mixture, a series of vibratory table tests were performed. In
accordance with ASTM D4253, the mold assembly and spec-
imen were vibrated for 10 min at frequency of 50 Hz.

For achieving minimum unit weight of mixture, mixtures
were placed as loosely as possible in the cylindrical metal
mold by pouring it from the funnel in a steady stream, holding
the funnel upright and vertically or nearly vertically. The fun-
nel was moved in a spiral path from the outside to the center of
the mold in order to make layers with the same thickness.
Finally, maximum and minimum unit weight values of mix-
tures were calculated using mass and volume achieved from
data tests. Data including the maximum and minimum unit
weight of various mixtures are given in Table 2.

Testing program

All data from model footing tests is tabulated in
Tables 3, 4 and 5. Also, the variation of stress against
settlement for all tests is presented in Figs. 6, 7, and 8.
It should be emphasized that mixtures of sand-tire chips
have the same relative density as pure sand (Dr = 55%)
and the reinforced depth and width are 1B and 6B (B is

( i\”:il“.m.m,mi \
A5 ' 6l

Fig. 4 View of granulated rubber with sizes in the range of 4 to 9 mm

@ Springer



707 Page 4 of 12

Arab J Geosci (2016) 9: 707
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the footing width), respectively. Also, it is important to
notice that the percentage of granulated rubber (M%) is
referred to the weight of granulated rubber in compari-
son with the weight of mixture.

Test setup, test procedure

Figure 9 shows the test setup used in the current study. The
system consists of a box, columns, hydraulic jack, dial gauges,
two reference beams, and a reaction beam (IPB24) for provid-
ing the predicted reaction load. The sand—granulated rubber
mixture was poured and compacted in a box with dimensions
of 130 by 130 and 100 cm in height. Sand was poured in the
box step by step in several layers in order to compact sand.
Each layer was tamped by means of a steel plate with a weight
of 10 kg, dropping from a 200-mm height. The upper layer
tamped by steel plate leads the lower layer compacted to
higher values. So, due to the effect of the upper layer on the
further compaction of lower layers, layers were compacted by
the under-compaction method (Ladd 1978) in order to prepare
approximately an equal compaction from top to bottom of the
sample. According to the under-compaction method, the
height of each layer was calculated and lower layers had
higher height than upper layers. In procedure of compaction,
all parts of each layer were compacted by a steel plate except
the region located under the beam. For compacting of this
region, a combination of wooden plate and rubber hammer
was used.

For each test, the reinforced part in the box was separated
by a wooden mold. For instance, in the case in which sand was
reinforced by sand—granulated rubber layer with width of 6B
and depth of 1B, wooden mold had dimensions of 6B by 6B
and 1B in height. First, outside of the steel mold, pure sand
was compacted at 55% relative density and then mixture of
sand and granulated rubber was poured inside of it. In the next
step, after removing the wooden mold from the chamber,
eventually mixture was compressed at the same density.

Box walls were made of plexiglass. So, the inside of the
box was visible during the test. The model footing was made
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out of a steel plate, 2.5 cm in thickness, 10 cm in width, and
10 cm in length. As the aim of this study was just the inves-
tigation of influence of different sizes of granulated rubber on
bearing capacity and settlement of sand, no test was carried
out with the other dimensions of the plate load test and the
effect of scale effect on results of tests was not estimated in
this research. Consequently, however, scale effect is an impor-
tant issue in experimental researches like this, but this study
lacks it. The model footing plate was placed on the surface of
the compacted sand—granulated rubber mixture. Square

Table 2 Minimum and maximum unit weight values of the sand-
granulated rubber mixtures

Type of granulated ~ Granulated rubber Maximum  Minimum
rubber content(% by weight) unit weight unit weight
(gem?)  (glem)
Size of granulated 3 1.63 1.39
rubber 1 to 4 mm 4 1.59 135
5 1.55 1.32
7 1.52 1.3
10 1.53 1.28
15 1.4 1.24
20 1.38 1.21
Size of granulated 5 1.57 1.33
rubber 1 to 9 mm ¢ 1.56 132
1.54 1.31
1.53 1.3
10 1.52 1.29
15 1.43 1.25
20 1.4 1.23
Size of granulated 5 1.62 1.35
rubber 4 to 9 mm 9 157 133
10 1.56 1.31
11 1.51 1.3
12 1.52 1.29
15 1.47 1.27
20 1.43 1.24
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Table 3  Data results for whole range of rubber contents and sizes at B = 6B, D = 1B

B=6B,D=1B  Granulated rubber 0%  2.50% 4% 5% 6% 1% 8% 9%  10% 1% 12%  15%
BCR 1-4 mm 1 1.05 106 105 - .02 - - 098 - - -

Eeqm/Eeq 1-4 mm 1 0.91 095 091 - 083 - - 083 - - -

BCR 1-9 mm 1 - - 126 129 131 129 - 125 - - 1.18
Eeqm/Eeq 1-9 mm 1 - - L1315 117 116 - .14 - - 0.98
BCR 4-9 mm 1 - - 135 - - - 152 155 152 15 1.33
Eeqn/Ecq 4-9 mm 1 - - L5 - - - 126 127 126 125 LI12

Hollow Structural Sections (HSS) were used in this study as
reference beams. Three dial gauges were mounted on refer-
ence beams to measure the settlement of footing. In this re-
search, a 50-t hydraulic jack was used. Load was applied with
a constant strain rate of 1.0 mm/min. After exerting the load,
the settlement increment was recorded at time intervals of 0,
0.5, 1, 2, 4, 8, and 15 min, until the variation of the load
stopped. Then, the average displacement from three dial
gauge readings and the average load at each settlement incre-
ment were recorded until plate settlement reached 10% of the
plate diameter. It is important to notify that the depth of the
mentioned box and the distance between footing and the wall
ofthe box are greater than four times the footing width. So, the
boundary effects on the test results were considered insignif-
icant (according to Boussinesq’s stress distribution theory).

Regarding the maximum and minimum unit weight values
of the sand—granulated rubber mixture and relative density of
55%, a natural state dry unit weight of the mixture in each test
was obtained. Then, the mixture weight was calculated by
using volume and the natural state dry unit weight of the
mixture.

Eventually, the granulated rubber content for each mixture
was determined by considering the weights of the sand and
granulated rubber. The calculated amounts of sand and gran-
ulated rubber for each mixture were poured in a container, and
water was added to the mixture considering sand optimum
water content (14%). Water was added to mixtures in order
to form homogenous mixtures and facilitate the procedure of
compaction. In order to determine sand’s optimum water

Table 4 Effect of the reinforced depth on the bearing capacity of
footing

Reinforced depth BCR
- 1
0.5B 1.41
4-9 mm, 10% , B = 6B 1B 1.55
1.25B 1.52
1.5B 1.21

content based on ASTM D698, a proctor standard test was
conducted. Test results are presented in Fig. 10, optimum wa-
ter content (Wop) = 14%). Also, in this study, in the process of
mixing sand with granulated rubber, for high percentage of
granulated rubber, more than 20% (by weight of mixture)
segregation was observed. Consequently, it was not feasible
to reach a well-combined mixture. For this reason, the highest
content of using granulated rubber was 20%.

Test results and interpretations

Bearing capacity and settlement of sand—granulated
rubber mixtures

By applying load on the model footing, load-settlement
curves of sand reinforced with granulated rubber were
obtained. In this research, no peak load on load-
settlement curves was observed. In accordance with the
lack of peak shear strength in stress-settlement curves
such as in Figs. 6, 7, and 8 and also relying on the
matter expressed by das Braja (1974) that local shear
failure occurs in medium density (36 to 65%) of sand
and based on slight bulging of soil around the footing
which was observed in this study, it can be deducted
that type of shear failure in this study alludes to local
shear failure.

Table 5  Effect of the reinforced width on the bearing capacity of
footing

Reinforced width BCR
- 1

1B 0.71

4-9 mm, 10%,D = 1B 2B 1.06

3B 1.18

4B 1.42

5B 1.53

6B 1.55
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Fig. 6 Stress-settlement curves 700

for 1-4 mm granulated rubber
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In this study, because there is no maximum point in
stress-settlement curves, the tangent intersection method
(Trautmann and Kulhawy 1994) was used for the deter-
mination of ultimate bearing capacity. Figure 11 demon-
strates the tangent intersection method for the determi-
nation of ultimate bearing capacity of mixture contain-
ing sand and 4- to 9-mm granulated rubber with content
of 5% by weight of mixture. Also, the reinforced depth
and width are 1B and 6B (B is the footing width),
respectively. Displacement is normalized as S/B where
S is the settlement of the footing.

In this study, for various granulated rubber contents, mobi-
lization was occurred approximately at more than 5% granu-
lated rubber by weight of mixture. So the initial of the first part
(until 5%) of load-settlement curves is approximately the
same, but after that, they begin to take distance from each
other until reaching a steady magnitude. By considering this
point, if the tangent method is used for the first part of the
curves, differences between tangent of curves cannot be spec-
ified; consequently, regression was utilized in order to reach
more real and logical results.

The percentages of granulated rubber with sizes in the
range of 1 to 4 mm to sand were 3, 4, 5, 6, 7, and 10% by

Fig. 7 Stress-Settlement curves 900
for 1-9 mm granulated rubber 800
700
600
500

400

Stress (kPa)

300
200
100

o
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Granulated rubber (1-4 mm)
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weight of mixture. Figure 12 shows the bearing capacity ratio
(BCR) of sand reinforced with 1- to 4-mm granulated rubber.
It is worth mentioning that BCR is defined as the ultimate
bearing capacity of a square footing resting on reinforced sand
to the ultimate bearing capacity of the same footing resting on
pure sand. In these tests, the reinforced depth and width of
sand-granulated rubber mixtures are 10 cm (1B) and 60 cm
(6B), respectively. In Figs. 12, 13, and 14, M is the granulated
rubber to sand ratio by weight (granulated rubber content). As
seen in Fig. 12, for granulated rubber with sizes in the range of
1 to 4 mm, the optimum percentage of granulated rubber to
sand is 4% by weight of mixture. However, adding more
granulated rubber leads to a decrease in the bearing capacity
of sand. Except for the mixture with 4% granulated rubber by
weight of mixture which causes very small increment in bear-
ing capacity of fine-grained sand, these results are in good
agreement with results reported by Neaz Sheikh et al. (2012)
The contents of 1- to 9-mm granulated rubber in order to study
the effect of these granulated rubbers on the bearing capacity
of the sand were 5, 6, 7, 8, 10, and 15% by weight of mixture.
Figure 13 demonstrates the effect of 1- to 9-mm granulated
rubber on the bearing capacity ratio of sand. As shown in
Fig. 13, adding granulated rubber more than 7% by weight

Granulated rubber (1-9 mm)
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Fig. 8 Stress-Settlement curves 1000
for 4-9 mm granulated rubber 900
800
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Stress(kPa)
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leads to a reduction in the bearing capacity of the reinforced
sand. Hence, the optimum granulated rubber content with
sizes in the range of 1 to 9 mm is 7% increases the bearing
capacity up to 30%. Figure 14 shows the effect of 4- to 9-mm
granulated rubber on the bearing capacity ratio of sand. The
contents of 4- to 9-mm granulated rubber were 5, 9, 10, 11, 12,
and 15% by weight of mixture. Based on Table 3, load-
settlement curves of the model footing tests indicate that a
10-cm layer of the reinforced sand (with 4- to 9-mm granulat-
ed rubber) can increase bearing capacity and decrease settle-
ment more than the other cases. As shown in Fig. 14, the
optimum 4- to 9-mm granulated rubber content is 10% by
weight of mixture which increases the bearing capacity up to
50%. However, adding more granulated rubber leads to a de-
crease in the bearing capacity of sand. Therefore, the optimum
granulated rubber content increases with the size of granulated
rubber. According to the results of tests, it can be concluded
that adding 1- to 9- and 4- to 9-mm granulated rubber up to an
optimum granulated rubber content can increase shear
strength parameters of mixtures. Beyond optimum value,
shear strength parameters decrease gradually.

Granulated rubber (4-9 mm)

-y
o—9—0=0- 9=0-0-0-0 = = = = = |
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In practice, most foundations are flexible. The settlement of
a footing resting on the surface of an elastic half-space can be
computed from the theory of elasticity:

gB(1-4*)
E

S = I (1)

where S is the settlement of the footing (m), ¢ is the intensity
of contact pressure (kN/m?), B is the width of the footing (m),
(1 1s the Poisson’s ratio of soil, / is the influence factor, and £ is
the modulus of elasticity (kN/m?). Equation (1) can be rewrit-
ten as
E 1

© B <7 @

Stress-settlement curves in Figs. 6, 7, and 8 are approxi-
mately close to each other. For this reason, comparison of
settlement variations in sand reinforced by various contents
of granulated rubber will be difficult. Consequently, the pa-
rameter of £ is determined in order to make the comparison of
settlements easy in all cases of this research.

Fig. 9 Test setup
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Fig. 10 Determination of optimum water content of sand

Eq and Eqy, are the values of the settlement changes ver-
sus stress for pure sand and sand-granulated rubber mixture,
respectively. Eq and E.q, are calculated from the linear por-
tion of load-settlement relationships of model footing tests.
Figure 15 shows the method of determining E¢qp, for sand—
granulated rubber mixture containing 4- to 9-mm granulated
rubber with content of 5% by weight of mixture. Figures 16,
17, and 18 illustrate the variation of the Eoqm/Ecq ratio against
granulated rubber content (M %).

Figure 16 indicates the variation of E.qy/E.q against 1-to 4-
mm granulated rubber content. As seen in the figure, value of
Ecqm/Ecq decreases with increasing granulated rubber content,
and at M = 4%, the least settlement of mixtures occurs. Also,
the ratio of sand—granulated rubber settlement to pure sand
settlement can be obtained by the Ecqm/Eeq value. So, 1- to
4-mm granulated rubber increases settlement of the footing.

Figure 17 shows the variation of Eeqm/Eeq against 1- to 9-
mm granulated rubber content. The value of E.qn/Eqq in-
creases about 16.6% in the optimum granulated rubber con-
tent. In this case, the initial modulus for sand—granulated rub-
ber mixture at M = 15% is less than the initial modulus for
pure sand.

As shown in Fig. 18, Ecqn/Eq increases with increasing
granulated rubber content up to M = 10%. However, the

900 ~
800 -
700 -

X
600 -

400 -

stress(kPa)

0 4 : .
0 5 10 15 20 25 30
S/B (%)

Fig. 11 Determination of the ultimate bearing capacity by tangent

intersection method
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Fig. 12 Effect of granulated rubber with sizes in the range of 1 to 4 mm
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Eeqm/Eeq value reduces with further increase of granulated
rubber. It should be noted that in mixtures with granulated
rubber in the ranges of 1 to 9 and 4 to 9 mm, the least settle-
ment occurred at the optimum granulated rubber contents. By
considering Table 6, it is observed that for each 1- to 9- and 4-
to 9-mm average size of granulated rubber, the value of Ecqp/
E.q was approximately half of the BCR value in the optimum
percentages.

As it is observed in both Tafreshi et al. (2012) and Tavakoli
Mehrjardi et al. (2015), however, using soil-granulated rubber
mixture filled the whole of the trench which has negative
influences on soil properties such as settlement and bearing
capacity, and applying soil-rubber mixture as a reinforcement
layer can progress the corresponding properties of soil that is
in good agreement with the results of this study.

Optimum reinforced depth

According to performed tests, sand—granulated rubber mixture
containing granulated rubber with sizes in the range of 4 to
9 mm and content of 10% by weight of mixture has the most
effect on the increase in the bearing capacity and settlement
reduction. Therefore, in order to obtain the most effective
reinforced depth, model footing tests with different reinforced

1.4 -
13 -
1.2 -

1.1

BCR

14

09 -

0.8 T T 1
0 5 10 15 20

M%
Fig. 13 Effect of granulated rubber with sizes in the range of 1 to 9 mm
on BCR
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Fig. 14 Effect of granulated rubber with sizes in the range of 4 to 9 mm
on BCR

depths (D) of 0.5B, 1B, 1.25B, and 1.5B were done on this
mixture. Figure 19 shows that bearing capacity increases with
increasing reinforced depths up to 1B = 10 cm. However,
greater reinforced depths lead to a decrease in the bearing
capacity. It is noteworthy to mention that the reinforced width
has been 6B = 60 c¢m in tests.

In this study, several direct shear tests on the mixture
of granulated rubber (1-6 mm)-sand with 0, 5, 10, and
20 of granulated rubber at a relative density of 50%
were conducted in order to determine what amount of
shear strength parameters like Q and C increases or
decreases. Conclusions indicated, however, that there
was not any considerable change in cohesion of sand
by inclusion of granulated rubber; friction angle of sand
increased from 35° to 39° at 5% content of granulated
rubber. Also, beyond that percentage, friction angle val-
ue begun to decrease. Figures 20 and 21 are prepared to
show results of direct shear tests. However, an increase
in internal friction angle of sand which is occurred by
adding granulated rubber causes increase in bearing ca-
pacity of sand; Fig. 19 indicates that bearing capacity of
sand decreases from the reinforced depth of 1B to 1.5B.

Adding granulated rubber to sand causes increase in
shear strength value and compressibility. These two
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Fig. 16 E../E.q versus granulated rubber content (size of granulated
rubber 1 to 4 mm)

parameters control bearing capacity of treated sand,
simultaneously. By an increase in depth of reinforce-
ment, compressibility becomes more and more. So,
with an increment in reinforcement depth, compress-
ibility decreases the influence of shear strength im-
provement. This adverse effect can be seen in findings
of Tafreshi et al. (2012), and Tavakoli Mehrjardi et al.
(2015) search which layer of sand—shredded rubber
(5% by weight) mixture has effective impact on im-
provement of bearing capacity and settlement of sand,
unlike the use of sand—shredded rubber mixture in the
whole backfill. In general, it can be concluded that
after 1B depth of reinforcement, compressibility factor
dominated on shear strength progress of sand and,
consequently, decrease in improvement of bearing ca-
pacity of sand occurred.

Optimum reinforced width

In order to determine the optimum reinforced width, model
footing tests with different reinforced widths (W) of 1B,
2B, 3B, 4B, 5B, and 6B were performed on the sand—gran-
ulated rubber mixture containing granulated rubber with
sizes in the range of 4 to 9 mm and content of 10% by
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0.95 T T T T T T ]
4 6 8 10 12 14 16

M(%)

Fig. 17 Ecqu/Ecq versus granulated rubber content (size of granulated
rubber 1 to 9 mm)
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Fig. 18 E.qu/Ecq versus granulated rubber content (size of granulated
rubber 4 to 9 mm)
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Fig. 19 Variation of BCR versus reinforced depth

weight of mixture. It should be noted that the reinforced
depth in these tests was 1B = 10 cm. As observed in
Fig. 22, the bearing capacity of sand with reinforced width
of 1B = 10 cm is less than the bearing capacity of unrein-
forced sand. Gray and Ohashi (1983) expressed that shear
strain of soil causes mobilizing tensile resistance in the
reinforcement. This tensile force is divided into two com-
ponents, normal and tangential to the shear plane. The nor-
mal component by effecting on confining pressure in-
creases the shear resistance indirectly, and the tangential
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Fig. 20 Variation of peak shear stress against granulated rubber content
at different normal stresses (Dr = 50%)

@ Springer

90 -
20 Dr =50%
Normal stress = 54.5 Kpa
70
® 60 -
£
w S0 - ——0%
2
£ a0 —-— 5%
&
g 30 10%
<=
Y 20 —— 20%
10
0 T T T

0 20 40 60 80 100 120
Normal stress (kPa)

Fig. 21 shear stress envelopes for specimens with different granulated
rubber contents (Dr = 50 %)
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Fig. 22 Variation of BCR versus reinforced width

component resists shear directly. By considering planes
of failure suggested by Terzaghi, the reinforced sand with
width and depth of 1B = 10 cm did not intersect planes of
failure under the footing. Consequently, the tensile force
was not mobilized in granulated rubber and mixture of
sand and granulated rubber did not increase bearing capac-
ity of sand. Also, according to the studies of Ahmed
(1993), Edil and Bosscher (1994), Bosscher et al. (1997),
Humphrey et al. (1993), Tafreshi et al. (2012), and
Tavakoli Mehrjardi et al. (2015), adding granulated rubber
increases sand compressibility. So, it can be concluded that
the bearing capacity of reinforced sand in this case is less
than that for unreinforced sand.

As shown in Fig. 22, the bearing capacity ratio increases
with increasing W/B from 2 to 5 and then becomes nearly
constant. So, the optimum reinforced width is 5B = 50 cm.

Conclusion

In order to compare easily the results from the model footing
test, three summary test matrixes in the form of a table are
prepared as below.
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The experimental results obtained in this study led to the
following conclusions:

1. The results of model footing tests on unreinforced
and reinforced sands indicate that granulated rubber
can increase the bearing capacity of sand. By con-
sidering the effect of granulated rubber on settle-
ment, except in the case of using 1-4-mm granulat-
ed rubber, the other sizes of granulated rubber de-
crease the settlement of footing, by 17 and 27%
compared with untreated sand in cases of using 1—
9- and 4-9-mm granulated rubber, respectively.
Although the effect of mixtures of sand and 1- to
4-mm granulated rubber on the bearing capacity is
not considerable, mixtures of sand and 1- to 9- and
4- to 9-mm granulated rubber can increase the bear-
ing capacity up to 30 and 50%, respectively.
Mixture of sand and granulated rubber containing
granulated rubber with sizes in the range of 4 to
9 mm and content of 10 wt.% of sand has the most
effect on the increase in the bearing capacity.

2. With increasing value of granulated rubber up to a certain
value, the bearing capacity of soil-granulated rubber mix-
tures increases and then the bearing capacity decreases.
This certain value is called the optimum percentage of
granulated rubber. The optimum percentages of 1- to 4-,
1- to 9-, and 4- to 9-mm granulated rubber are 4, 7, and
10% by weight of mixture, respectively. Therefore, the
optimum percentage increases with increasing the size
of granulated rubber.

3. The bearing capacity of sand treated by sand—granulated
rubber mixture containing granulated rubber with sizes in
the range of 4 to 9 mm and content of 10% by weight of
mixture increases with increase in the reinforced depths
up to 1B = 10 cm. However, greater reinforced depths can
decrease the bearing capacity. Hence, the most effective
reinforced depth is 1B = 10 cm.

4. According to the results of tests, the optimum reinforced
width for sand—granulated rubber mixture having granu-
lated rubber with sizes in the range of 4 to 9 mm and
content of 10 wt% of sand is 5B = 50 cm. The reinforced
width of 1B = 10 cm increases not only the bearing ca-
pacity but also the bearing capacity in this case which is
even less than the bearing capacity of unreinforced sand,
approximately 30% less in comparison with the value of
unreinforced sand. The bearing capacity increases with
increasing the reinforced width up to 5B = 50 cm and then
becomes approximately constant.

5. Granulated rubber with sizes in the range of 1 to 4 mm
increase settlement of footing, while 1- to 9- and 4- to 9-
mm granulated rubber decrease it. The optimum granulat-
ed rubber contents can reduce the settlement of footing
more than other granulated rubber percentages.
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