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Abstract

A number of studies have been conducted recently to investigate the influence of randomly oriented fibers on the geotechnical
behavior of grained soils. However, very few studies have been carried out on fiber-reinforced clayey soils. Therefore, this
experimental work has been performed to investigate the influence of randomly oriented fiber inclusion on the geotechnical
behavior of clayey soils. This research evaluates the use of waste fiber materials such as scrap tire rubber, polyethylene, and
polypropylene fiber for the modification of clayey soils. This investigation focuses on the strength and dynamic behavior of the
reinforced soils with randomly included waste fiber materials. The unreinforced and reinforced samples were subjected to
unconfined compression, shear box, and resonant frequency tests to determine their strength and dynamic properties. These waste
fibers improve the strength properties and dynamic behavior of clayey soils. The scrap tire rubber, polyethylene, and polypropylene

fibers can be successfully used as reinforcement materials for the modification of clayey soils.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The concept of soil reinforcement with natural
fiber materials originated in ancient times. Randomly
distributed fiber-reinforced soils have recently attracted
increasing attention in geotechnical engineering (Yetimo-
glu and Salbas, 2003). The concept and principle of soil
reinforcement was first developed by Vidal (1969). He
demonstrated that the introduction of reinforcement
elements in a soil mass increases the shear resistance of
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the medium. The primary purpose of reinforcing soil mass
is to improve its stability, increase its bearing capacity, and
reduce settlements and lateral deformation (Hausmann,
1990; Prabakar and Sridhar, 2002; Yarbasi et al., 2007).

Several reinforcement methods are available for
stabilizing expansive soils. These methods include
stabilization with chemical additives, rewetting, soil
replacement, compaction control, moisture control,
surcharge loading, and thermal methods (Chen, 1988;
Nelson and Miller, 1992; Steinberg, 1998). All these
methods may have the disadvantages of being ineffec-
tive and expensive. Therefore, new methods are still
being researched to increase the strength properties and
to reduce the swell behaviors of expansive soils
(Puppala and Musenda, 2002). Many investigators
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Fig. 1. Grain-size distributions of clayey soil samples.

have experienced on natural, fabricated, and by-product
materials to use them as stabilizers for the modification
of clayey soils (Aitcin et al., 1984; Sandra and Jeffrey,
1992; Kayabali, 1997; Asavasipit et al., 2001; Prabakar
et al., 2003; Kalkan and Akbulut, 2004; Akbulut et al.,
2004; Cetin et al., 2006; Kalkan, 2006).

Recently, there have been many experimental
researches on the reinforcement of soils with randomly
disturbed natural and synthetic fiber materials (Hoare,
1979; Hoover et al., 1982; Gray and Ohashi, 1983; Setty
and Rao, 1987; Maher, 1988; Gray and Maher, 1989;
Maher and Gray, 1990; Charan, 1995; Ranjan et al.,
1996; Nataraj and McManis, 1997; Atom and Al-Sharif,
1998; Abu-Zreig et al., 2001; Makiuchi and Minegishi,
2001; Kaniraj and Havanagi, 2001; Santoni et al., 2001;
Park and Tan, 2005; Terzano et al., 2005; Cetin et al.,
2006). These previous investigations indicate that
strength properties of fiber-reinforced soils consisting
of randomly distributed fibers are a function of fiber
content and fiber-surface friction along with the soil and
fiber strength characteristics. The use of fibers in
geotechnical design and application is a major focus of
several research studies because fiber materials are cost-
competitive with other materials (Crockford et al., 1993;
Gregory and Chill, 1998; Puppala and Musenda, 1998;
Musenda, 1999). In addition, these fiber materials can be
recycled from plastic waste materials, so the fiber-
stabilization of soils method can potentially reduce.

In this study, scrap tire rubber, polyethylene, and
polypropylene fibers were used to modify the clayey
soils. These fibers were obtained from wastes of tire
rubber, polyethylene, and polypropylene materials. The
clayey soils were investigated in terms of a number of
properties of the clayey soil-waste fiber mixtures such
as unconfined compressive strength (UCS), strength
parameters, and the dynamic behavior.

Table 1
Chemical composition of clayey soils used in the study

Property Clayey soils
Soil A Soil B Soil C
Compound
Al,03, (%) 13.94 13.24 17.82
CaOs, (%) 57.29 4435 51.04
CaO, (%) 11.02 8.26 9.55
Fe,03, (%) 6.21 7.56 8.03
MgO, (%) 3.48 6.15 2.38
SOs, (%) 0.12 0.44 0.15
Si0O,, (%) 41.59 44.69 44.27
LOL, (%) 12.45 13.19 10.10

LOL: loss in ignition.

The main objectives of this research were to
investigate the use of waste fiber materials in geotech-
nical applications and to evaluate the effects of scrap tire
rubber and synthetic fibers on the UCS, strength
parameters, and dynamic behavior of clayey soils. The
data of UCS were obtained from the compression tests,
strength parameters from the shear box tests, and

Table 2
Engineering properties of clayey soils used in the study

Property

Clayey soils
Soil A Soil B Soil C

Density
Density, (Mg/m®) 2.63 2.68 2.60
Grain size
Gravel (>2000 pum), (%) 0 0 0
Sand (75-2000 pm), (%) 2 15 25
Silt (2-75 pm), (%) 73 65 59
Clay (<2 pm), (%) 25 20 16
Atterberg limits
Liquid limit, (%) 65 62 65
Plastic limit, (%) 35 35 42
Plasticity index, (%) 30 27 23
Clay activity
Activity 1.25 1.22 1.15
Compaction parameters
Optimum moisture content, (%) 26 25 26
Maximum dry unit weight, (Mg/m®)  1.36 1.37 1.38

Soil classification

Unified Soil Classification (USCS) CH CH CH
Mineralogy

Clay minerals

Montmorillonite X X X
Nontronite X - -
Halloysite X X X
Palygorskite X - -
Hydrobiotite X X X
Non-clay minerals
Quartz X X X
Anortite - - X
Calcite X X X
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dynamic parameters from the resonant frequency tests
under laboratory conditions.

2. Materials
2.1. Clayey soils

Three clayey soils were supplied from the clay deposits of
Oltu Oligocene sedimentary basin, Erzurum, Northeast
Turkey. They consist of montmorillonite, nontronite, halloy-
site, palygorskite, and hydrobiotite. These clayey soils are over
consolidated and have clayey-rock characteristics in natural
conditions. They are defined as high plasticity soil (CH)
according to the Unified Soil Classification System (Akbulut,
1999; Kalkan, 2003). The grain-size distribution, chemical
analysis, and index properties are given in Fig. 1, Tables 1, and
2, respectively.

2.2. Scrap tire rubber fibers

The scrap tire rubber fibers were supplied by local
recapping truck tires producer in Erzurum, Northeast Turkey.
When the tread on truck tires down, it is more economical to
stave off the old tread and replace it than to purchase brand

Table 3
Properties of reinforcement materials used in the study (Celik, 1996;
Park et al., 1997; Hernandez-Olivares et al., 2002; Sacan, 2002)

Property and Reinforcement materials
component Tire Synthetic fibers
rubber Polyethylene Polypropylene
fiber
Property
Density (Mg/m®) 1.153— 0.92-0.96 0.90
1.198
Elastic 1.97—- 3000-4500
modulus, (MPa) 22.96 (wet, 23 °C)
Tensile 28,1 200-400 (wet, 23 °C) 500-900
strength, (MPa) (wet, 23 °C)

Extent at failure, 44-55 20-40 (23 °C)

(%)

Softening 175 - -

temperature, (°C)

Melting - 167

temperature, (°C)
Component

Sryrene— 62

butadiene-

copolymer, (%)

Carbon block, 31 - -

(%)

Extender oil, (%) 1.9 - -

Zinc oxide, (%) 1.9

Stearic acid, (%) 1.2 - -

Sulphur, (%) 1.1

Accelerator, (%) 0.7 - -

15-30 (23 °C)

115-138
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Fig. 2. The effect of scrap tire rubber fiber on UCS of the samples for
Soil A.

new tires. The tire is shaved off into 150 mm and smaller strips
using a sharp rotating disc. These strips are then ground into
scrap rubber (Pierce and Blackwell, 2003). The rubber fibers
used in this study have three different lengths ranging from 2
to 5 mm, from 5 to 10 mm, and from 10 to 15 mm (Table 3).

2.3. Polyethylene fibers

The polyethylene fibers were obtained from polyethylene
waste materials. The waste woven polyethylene fibers were
dismantled as long fibers and then they were cut into required
lengths. Their thickness was 0.25 mm and their width was
2.5 mm. Polyethylene fiber lengths were considered as 5, 10,
15, 30, 40, and 60 mm (Table 3).

2.4. Polypropylene fibers

The polypropylene fibers were produced from long fibers
of polypropylene waste materials by cutting into required
lengths. The polypropylene fibers were 1 mm in diameter. Six
different fiber lengths were considered as reinforcement fiber
material. Fiber lengths were selected as 5, 10, 15, 30, 40, and
60 mm (Table 3).

3. Testing programme
3.1. Preparation of clayey soil—fiber mixtures

The clayey soils were dried in an oven at approxi-
mately 105 °C and then ground before using in the
mixtures. First, the required amounts of clayey soils and
waste reinforcement fibers were blended together under
dry conditions. The contents of scrap tire rubber fiber
were chosen as 1, 2, 3, 4, and 5% by total weight of
reinforced samples. The contents of synthetic polyethyl-
ene and the polyethylene fibers were 0.1, 0.2, 0.3, 0.4, and
0.5% by the total weight of reinforced samples. As the
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Fig. 3. The effect of scrap tire rubber fiber on UCS of the samples for
Soil B.

fibers tended to lump together, considerable care and time
were spent to get a homogeneous distribution of the fibers
in the mixtures. Then the clayey soil—fiber mixtures were
mixed with the required amount of water according to the
optimum moisture content.

3.2. Preparation of reinforced soil samples

The unconfined compression, the shear box, and the
resonant frequency tests were carried out on the
cylindrical unreinforced and reinforced samples com-
pacted at optimum water contents. The compaction
processes were performed by Standard Proctor test
(ASTM D 698). To ensure uniform compaction, the
entire required quantity of the moist clayey soil—fiber
mixture was placed inside the mould-collars assembly
and compacted in three steps alternately from the two
ends till the samples reached the dimensions of the
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Fig. 4. The effect of scrap tire rubber fiber on UCS of the samples for
Soil C.
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Fig. 5. The effect of polyethylene fiber on UCS of the samples for
Soil A.

mould. After compactions of the natural clayey soils and
the clayey soil-fiber mixtures, cylindrical samplers
were pressed into the compacted samples within the
mould to obtain samples with appropriate length-to-
diameter ratios for unconfined compressive, shear box,
and the resonant frequency tests. Then the cylindrical
unreinforced and reinforced samples taken into the
cylindrical samplers were extruded from the cylindrical
samplers using a hydraulic jack. The unreinforced and
reinforced samples of unconfined compression tests
had three different dimensions: 35 mm in diameter by
70 mm in length, 50 mm in diameter by 100 mm in
length, and 80 mm in diameter by 160 mm in length.
In the tests, at least three samples were tried for each
combination of variables. After each sample was extracted
from the cylindrical samplers, it was wrapped in plastic to
prevent from water loss. The unreinforced and reinforced
samples with 60-mm diameter and 35-mm length were
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Fig. 6. The effect of polyethylene fiber on UCS of the samples for
Soil B.
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Fig. 7. The effect of polyethylene fiber on UCS of the samples for
Soil C.

used for the shear box tests. For the resonant frequency
tests, the unreinforced and reinforced samples with a
length/diameter ratio 3 were prepared (L: 14.25 mm and
D: 4.75 mm).

3.3. Unconfined compression tests

The UCS values of unreinforced and reinforced
samples were determined from the unconfined com-
pressive tests in accordance with ASTM D 2166. This
test is widely used as a quick and economical method of
obtaining the approximate compressive strength of the
cohesive soils. In this study, three cylindrical samples
were prepared and tested for each combination of
clayey soil-waste fiber mixtures. The unconfined com-
pressive tests were performed at a deformation rate of
0.16 mm/min.
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Fig. 8. The effect of polypropylene fiber on UCS of the samples for
Soil A.
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Fig. 9. The effect of polypropylene fiber on UCS of the samples for
Soil B.

3.4. Shear box tests

In order to determine the shear strength parameters
of unreinforced and reinforced samples, a series of
shear box tests was carried out in accordance with
ASTM D 3080. All samples were initially compacted in
a Standard Proctor mould by Standard Proctor tests
(ASTM D 698) and then extruded using a cutting ring
before shear box tests. For these tests, samples were
placed in the standard shear box apparatus with 60 mm
in diameter and 35 mm in length. To obtain the shear
strength parameters such as cohesion and internal
friction angle, the values of shear stress versus the
value of normal stress were plotted to construct a best fit
straight line through the plotted points. The cohesion
values were obtained from the intercept with the
ordinate axis and the slops of the internal fraction
angles from the slope.
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Fig. 10. The eftect of polypropylene fiber on UCS of the samples for
Soil C.
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Fig. 11. The effect of fiber lengths and sample dimensions on UCS of
Soil A for the scrap tire rubber fiber.

3.5. Resonant frequency tests

The resonant frequency tests were carried out with an
E-meter instrument produced by James Instruments Inc.
A supported sample is forced to vibrate by an electro-
mechanical driving unit. The sample response is
monitored by a lightweight pickup unit on the sample.
The driving frequency is varied until the measured
sample response reaches the maximum amplitude. The
value of the frequency causing maximum response is the
resonant frequency of the sample. These tests were
carried out on unreinforced and reinforced samples with
47.5-mm diameter and 14.25-mm length in accordance
with ASTM C 215.

4. Results and discussion
4.1. Effects of scrap tire rubber fibers on the UCS

The effects of scrap tire rubber fibers on UCS values
of clayey soils are given in Figs. 2—4 for soils A, B, and
C, respectively. Both the lengths and contents of the
scrap tire rubber fibers played an important role in the
development of UCS. Figs. 2—4 indicate that the UCS
values of clayey soil—fiber mixtures have a tendency to
increase first, after a peak value, the UCS values of these
mixtures decrease. It was found that the UCS values of
unreinforced samples increased due to the rise of 2% tire
rubber fiber content with 10-mm length from 94 to
185 kPa, from 94 to 176 kPa, and from 89 to 163 kPa for
the clayey soils A, B, and C, respectively. The
maximum UCS value of soil A being 185 kPa is 1.97
times higher than that of unreinforced sample. These
findings indicated that the optimum tire rubber fiber
content based on UCS values depends on fiber
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Fig. 12. The effect of fiber lengths and sample dimensions on UCS of
Soil A for the polyethylene fiber.

dimensions. According to the test results, the optimum
tire rubber fiber length is 10 mm and optimum tire
rubber fiber content is 2%.

4.2. Effects of synthetic fibers on the UCS

The effects of polyethylene fibers on the UCS of
clayey soils are given in Figs. 5-7. The effects of
polypropylene fibers on the UCS of clayey soils are
presented in Figs. 8—10. The polyethylene and poly-
propylene fibers increased the UCS values of the
reinforced samples. Both the length and content of the
polyethylene and polypropylene fibers improve the
UCS values of the reinforced samples. The maximum
UCS values of reinforced samples were obtained at
0.2% polyethylene fibers of 15-mm length and at 0.2%
polypropylene fibers of 10-mm length. As compared to
the unreinforced samples, the UCS values of the
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Fig. 13. The effect of fiber lengths and sample dimensions on UCS of
Soil A for the polypropylene fiber.
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Fig. 14. Variation of the cohesion with fiber length of tire rubber,
polyethylene, and polypropylene.

reinforced samples at 0.2% content with 15-mm
polyethylene fibers increased from 94 to 152 kPa,
from 94 to 170 kPa, and from 94 to 165 kPa for the
clayey soils A, B, and C, respectively, and those of the
reinforced samples at 0.2% content with 15-mm
polypropylene fibers increased from 94 to 215 kPa,
from 94 to 212 kPa, and from 94 to 196 kPa for the
clayey soils A, B, and C, respectively.

4.3. Effects of fiber lengths and sample dimensions on
the UCS

The samples with different dimensions were sub-
jected to the unconfined compressive tests. These
samples were prepared by adding 2% rubber fibers
and 0.2% polyethylene and polypropylene fibers to the
clayey soils. To obtain the maximum reinforcements
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Fig. 15. Variation of the internal friction angle with fiber length of tire
rubber, polyethylene, and polypropylene.
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Fig. 16. The effect of scrap tire rubber fibers on the damping ratio.

from reinforced samples, it was necessary to increase
sample dimensions depending on increasing fiber
lengths in the reinforced samples (Figs. 11-13).

The maximum UCS values were obtained for 0.2%
samples reinforced with polypropylene fibers as
236 kPa, which is 2.78 times higher than that of
reinforced samples with 50-mm diameter and 100-mm
length. As seen in Figs. 11—13, the increase in the UCS
values of reinforced samples carried on with increase in
the fiber length up to 10-, 15-, and 30-mm fiber length
for reinforced samples with 35-, 50-, and 80-mm
diameters, respectively. In addition, the UCS value of
each sample dimension decreased at the longer fibers
than these fiber lengths. The decrease in the UCS value
for each sample dimension might be due to the increase
in the amount of fiber particles that are associated with
the top of the cylindrical sampler because of the longer
fibers and the smaller cylindrical sampler. A problem
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Fig. 17. The effect of polyethylene and polypropylene fibers on the
damping ratio.
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arose during pushing the cylindrical sampler into the
compacted reinforced soil samples because the fibers
along the advancing edge of the cylindrical sampler
were dragged through the reinforced samples. There-
fore, the voids and striations arising from fibers occurred
on the sample surface. Because of these voids and
striations, the UCS values of the reinforced samples
may have been decreased.

4.4. Effect of scrap tire rubber and synthetic fibers on
the shear strength parameters

The shear box tests showed that the cohesion and
internal friction angle values increased by the addition
of tire rubber, polyethylene, and polypropylene fibers
(Figs. 14 and 15). The maximum cohesion values of
reinforced samples were observed for 30-mm fibers as
219 kPa, which is 1.2 times more than that of the
unreinforced samples. The increase in the cohesion of
reinforced samples might be due to the increase in the
confining pressure due to the development of tension in
the fiber, and the moisture content in the fiber favors
formation of absorbed water layer on the clay particles,
which enables the reinforced soil to act as a single
coherent matrix of soil-fiber mass (Prabakar and
Sridhar, 2002). As seen in Fig. 15, the variation of
internal friction angle with tire rubber, polyethylene, and
polypropylene fiber contents showed a non-linear
variation. In general, the internal friction angle value
of each reinforced sample increased, and these values
ranged from 17° to 36°. The variation of cohesion and
internal friction angle with tire rubber, polyethylene, and
polypropylene fiber contents was a non-linear variation
because the reinforcement materials exhibited a distri-
bution with horizontal and vertical directions to the
shear surface.
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Fig. 18. The effect of scrap tire rubber fibers on the shear modulus.
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Fig. 19. The effect of polyethylene and polypropylene fibers on the
shear modulus.

4.5. Effect of scrap tire rubber and synthetic fibers on
the dynamic behaviors of soils

The damping ratio values of unreinforced and
reinforced samples were calculated from the resonant
frequency tests. Both the tire rubber and synthetic
(polyethylene and polypropylene) fibers increased the
damping ratio of reinforced samples. The damping ratio
of each reinforced sample increased when compared to
those of unreinforced sample (Figs. 16 and 17). The
damping ratio of reinforced samples with tire rubber
fiber increased with increasing scrap tire rubber fiber
contents up to 2% and then decreased slightly. The
maximum damping ratio was observed for 2% tire
rubber content of 10-mm fibers as 2.05%, which was 1.4
times more than that of unreinforced sample (Fig. 16).
Both the polyethylene and polypropylene fibers in-
creased damping ratio of reinforced samples. The
damping ratio of reinforced samples with polyethylene
and polypropylene fiber increased with the fiber content
up to 0.2% and then decreased slightly. The maximum
damping ratio values of reinforced samples with
polyethylene and polypropylene fibers were obtained
for 0.2% fiber content of 10-mm fibers as 2.43% and
2.25%, which were 1.6 and 1.5 times higher than that of
the unreinforced sample.

The shear modulus values of unreinforced and
reinforced samples were also calculated from the
resonant frequency tests. The shear modulus of the
reinforced samples increased due to the adding waste
fibers (Figs. 18 and 19). It was observed that by
increasing the tire rubber fiber content, the shear
modulus value of reinforced sample increased up to
2% 10-mm fibers and then decreased slightly. The shear
modulus of the polyethylene and polypropylene
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reinforced samples had a maximum at 0.2%. The
maximum shear modulus values of reinforced samples
with tire rubber, polyethylene and polypropylene fibers
were obtained in 2% fiber content of 10-mm fiber, in
0.2% fiber content of 15-mm fiber, and in 0.2% fiber
content of 15-mm fiber as 1243, 1334, and 1251 MPa,
which are 1.6, 1.7 and 1.6 times higher than that of
unreinforced samples for reinforced samples with tire
rubber, polyethylene, and polypropylene fibers,
respectively.

The design of geotechnical engineering problems that
involve dynamic loading of soils and soil-structure
interaction systems requires the determination of two
important parameters, the damping and the shear
modulus of the soils. Dynamic analyses to evaluate the
response of earth structures to dynamic stress applica-
tions produced by earthquakes or machine vibrations are
conducted to assess and mitigate the risk of possible
earthquake hazards in geotechnical practice (Lo Presti et
al., 1997; Amini, 1999; Assimaki et al., 2000; Sitharam et
al., 2004). The resonant frequency tests in this paper
indicate that the use of randomly distributed waste fibers
at optimum fiber levels improves the damping and the
shear modulus of clayey soils. The modification of clayey
soils by the scrap tire rubber and synthetic fibers can be a
viable and innovative method to raise the response of
carth structures to dynamic stress applications. These
observations can be useful for soil scientists in order to
mitigate possible earthquake hazards in the geotechnical
applications.

5. Conclusions

= Both lengths and contents of the rubber fibers played
an important role in the development of the UCS of
the reinforced samples. In general, the UCS values
increased with increasing tire rubber fiber contents
up to 2% and then decreased. Both the length and the
content of synthetic fibers improved the UCS values.
The polyethylene and polypropylene fibers increased
the UCS values for all contents with a maximum
at 0.2%.
= For maximum improvement of the UCS values, the
fiber length has to be increased with the sample
dimension. The UCS values of all samples signifi-
cantly increased with fiber contents at optimum
fiber length.
In general, tire rubber and synthetic fibers increased
the cohesion values. The maximum cohesion values
were observed for 10-mm long fibers. The internal
friction angle value of each reinforced sample
increased in a non-linear way.

= The tire rubber, polyethylene, and polypropylene
fibers increased damping ratio and shear modulus.
The maximum values were observed for 2% tire
rubber fibers of 10-mm length and 0.2% polyethyl-
ene and polypropylene fibers of 15 mm.

The UCS values of all reinforced samples obtained
from the tests may have been underestimated. The
real improvement in the UCS may be higher.

The waste fibers such as scrap tire rubber, polyeth-
ylene, and polypropylene fibers can be used to
improve the strength and dynamic behavior of clayey
soils in geotechnical applications. In addition, these
reinforcement fibers are waste materials, so the soil
stabilization with waste fiber can potentially reduce
stabilization costs.
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