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Abstract

During history, soil was always considered as the cheapest materials, but natural soil exist in site that may not be suitable for
construction, and weakness is one of the main faults of soil mechanical characteristics against tension. With purpose of increasing
strength and stability of soil particles, nowadays, soils reinforcement method is studying by several researchers. The main
purpose of this research is study of effect of using polyvinyl alcohol (PVA) fiber on Babolsar sand behavior. Twelve consolidated
drained triaxial (CD) test were conducted on samples with four confining pressures 50, 100, 300, and 500 kPa and three fiber
contents (0, 0.5, and 1%). The experimental results indicate that fiber reinforcement improves the mechanical properties of sand.
Adding PVA fiber to sand increases maximum shear strength, axial strain at failure point and decrease of strength loss after peak
strength. Failure strain and strength increases by increasing confining pressure.
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Introduction

The main weakness of soil as the main material used in soil
structures is low tensile strength of these materials (Tavakoli
and Kutanaei 2015; Choobbasti and Kutanaei 2017a;
Kutanaei and Choobbasti 2017). When soil and reinforcement
element are mixed, the produced composite materials has
proper compressive and tensile strength in which reinforce-
ment elements with tensile strength are inserted in to soil
structure as a reinforce element (Rezaei et al. 2015;
Choobbasti and Kutanaei 2017b; Anvari et al. 2017). Soil
reinforcement is one of the branches of geotechnical that em-
ploys proper materials for reinforcing soil by using scientific
principles and new method and improves engineering charac-
teristics and mechanical properties such as strength, stiffness
or elastic modulus, ductility, and bearing capacity (Pakar and
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Bayat 2011; Bayat et al. 2014, 2015, 2016; Pakar et al. 2014;
Bayat and Bayat 2014; Bayat and Pakar 2012, 2013a, b;
Kutanaei and Choobbasti 2016a; Mashhadban et al. 2016a).

The time for the first efforts to reinforce the soil is unknown
(Bayat and Abdollahzade 2011; Edalati et al. 2016; Sarokolayi
et al. 2015, 2016; Kutanaei and Choobbasti 2016b). More
than 3000 years ago, Babylonian used reinforced earth for
building ziggurats that in ancient Babylonian architecture
was told tall tower (Choobbasti et al. 2015; Kutanaei and
Choobbasti 2015a). About 2500 years, men putting branches
of trees over swampy lands and soft lands were very common
for establishment of road (Tavakoli et al. 2014a; Choobbasti
et al. 2014; Kutanaei and Choobbasti 2015b; Mashhadban
et al. 2016b). For the first time, statement or comment of soil
reinforcement with fibers in geotechnical projects, by using
plant roots was proposed as reinforcement element the effect
of plant roots on increase of soil strength and as a result sta-
bility of natural house tops was reported.

The behavior of fiber-reinforced soil has been studied by
many researchers (Kutanaei et al. 2012; Kutanaei and
Choobbasti 2013; Janalizadeh et al. 2013; Tavakoli et al.
2014b). These studies show that addition of fibers to the sand
increases the maximum shear strength and leads to a more
ductile behavior. Diambra et al. (2007) explored the effect of
confining pressure, fiber content and length on the mechanical
behavior of fiber reinforcement soil. They concluded that the
strain at failure increases with an increase in confining
pressure, fiber content, and length and to a more ductile
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Fig. 1 Particle size distribution

behavior. Yilmaz (2009) conducted several laboratory split
tensile and unconfined compression tests on sand—clay mix-
tures reinforced with polypropylene fibers. They found that
the ratio of unconfined compression and split tensile strength
of sand—clay mixtures significantly improved by fiber rein-
forcement. Liu et al. (2011) investigated the static liquefaction
resistance of saturated sand reinforced with polypropylene
fibers in undrained ring shear tests. The results showed that
the fibers inclusion fiber significantly reduces the potential for
the occurrence of liquefaction. Maher and Ho (1993) carried
out static and dynamic triaxial compression and extension
tests on fiber-reinforced cemented soil. Their results showed
an increase in the shear strength and energy absorption due to
addition of fibers.

In this study, the effect of reinforcement by new synthetic
fibers (PVA) with random distribution on triaxial shear behavior
Babolsar sand was investigated by triaxial compression tests.

Experimental program

Babolsar sand were taken from the Caspian Sea located in
north of Iran in Babolsar city. The grain size of Babolsar sand
was presented in Fig. 1. This kind of sand, based on unified
soil classification system, is classified as poorly graded sand

(SP). All physical characteristics of Babolsar sand was pre-
sented in Table 1. PVA fibers shown in Fig. 2 were used to
reinforce sand. PVA fibers with length of 12 mm, diameter of
0.1 mm were used. The properties of the PVA fibers are pre-
sented in Table 2.

To prepare PVA fiber-reinforced sand samples, the required
amount of sand was first mixed with 5% water after which
PVA fibers were added. Mixing was done using an electric
mixer. The samples with a diameter of 52 mm and a height of
104 mm were prepared in five compressed layers for triaxial
compression tests. The samples were hit to the desired height
using a metal hammer for each layer, in order to achieve a
relative density of 80%.

The specimens were saturated under back pressure of up to
350 kN/m, ensuring B values of at least 0.95 for all samples.
The axial load were applied at a sufficiently low strain speed
(rate) (0.02% per min) to ensure full drainage within the spec-
imens. Drainage was also monitored by measuring the excess
pore pressure at the opposite end of the specimen to the drain-
age. In this study, samples were tested in four confining pres-
sures 50, 100, 300, and 500 kPa. Triaxial experimental setup is
shown in Fig. 3.

Result and discussion
Deviatoric stress-axial strain behavior

Deviatoric stress-axial strain curves of unreinforced sand and
fiber-reinforced sand with different percentages of fiber and
confining pressures are shown in Fig. 4. The figure shows that
the deviatoric stress increases with increasing fiber content. It
can be seen at early stage of loading, that deviatoric stress is
increased by applying deviatoric load. During shear loading,
in fiber-reinforced sand samples, the shear stress at the sand
particles is transferred to the reinforced elements through the
particle interlocking (between fibers and sand particles). The
reinforced elements that cross the shear zone undergo either
breakage or pullout failure. Hence, tensile strength of fiber can
be mobilized and the shear strength of sample increases.

Table 1  Index properties of sand

Parameter Description Value Standard
method

€max Maximum void ratio 0.8 ASTM D 4254

Cmin Minimum void ratio 0.526 ASTM D 4253

Gy Specific gravity 2.78 ASTM D854

C,,=Dgy/Dyo Coefficient of uniformity 2.128 -

C.= [Dgo /(Dgo % Dmﬂ Coefficient of gradation 1.322 —

Ds, Mean grain size of the sand (mm) 0.22 -
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Fig. 2 PVA fibers

Moreover, it can be seen that the fiber inclusion causes a
decrease in the deviatoric stress loss after the maximum shear
strength. This behavior is more distinct as the percentage of
reinforced elements increases. In other word, fiber-reinforced
sand specimens behave more ductile than unreinforced sand
specimens. This can be justified by two reasons. The first
reason is that fiber elements have more flexibility than sand
particles which can affect the ductility of the specimens. The
second reason is that fiber elements prevent shear plane de-
velopment in the specimens that is the main reason of
deviatoric stress loss after maximum shear stress in non-
reinforced sand specimens. According to the diagrams pre-
sented in Fig. 4, it can be clearly observed that the effect of
confining pressure on deviatoric stress-axial strain curves is
similar to the effect of fiber content. In other words, the ten-
dency of samples to show clear maximum in the deviatoric
stress-axial strain curves and the reduction in the post-peak
loss strength behavior, restricted by increasing fiber content
and confining pressure.

Volumetric strain-axial strain behavior

Volumetric strain-axial strain curves of unreinforced sand and
fiber-reinforced sand (1% fiber) with different percentages of

Table 2 Properties of PVA fiber

Properties Value

Specific gravity 13

Cut length (mm) 12

Diameter (mm) 0.1

Tensile strength (MPa) 1078

Young modulus (MPa) 25,000

Melting point 225 °C

Water absorption < 1% by weight

Fig. 3 Triaxial equipment

fiber and confining pressures are shown in Fig. 5. According
to this figure, it is observed that the volumetric strain of unre-
inforced sand and fiber-reinforced sand decreases slightly dur-
ing the initial deviatoric loading. As deviatoric loading con-
tinues, the volumetric response is reversed and reinforced and
unreinforced samples show an increase in volumetric strain.
Moreover, under higher confining pressures, the reinforced
and unreinforced samples exhibit less dilation. In addition,
adding of PVA fiber elements resulted in less volumetric ex-
pansion of specimens. This may be attributed to the fact that
the confinement enhancement introduced by discrete fiber
elements.

Brittle index

Figure 6 shows the ductility of Babolsar sand mixed with
different percentages of PVA fiber in terms of relationship
between the brittle index and corresponding fiber content
and varying confining pressures. Brittle index is defined as
follows:

IB = Jmax 4
qres

where IB is the brittleness index and ¢,.x and ¢, are the
maximum deviatoric stresses and residual deviatoric stresses,
respectively. As the brittleness index decreases, the failure
behavior becomes more ductile. It can be seen that with in-
crease of fiber content and confining pressure, the brittleness
index increases. This result shows that the ductility of rein-
forced sand samples strongly depends on fiber content. Higher
ductility and lower loss in post peak deviatoric stress of PVA
fiber-reinforced sand specimens are the advantages of this
reinforcing material in comparison with the non-reinforced
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Fig. 4 Deviatoric stress—strain of a sand, b sand + 0.5% fiber, ¢ sand +
1% fiber

sand samples. However the effect of PVA fiber content on the
brittle index of samples decreases with increasing confining
pressure. Brittle index of samples is almost same under con-
fining pressure 500 kPa.
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Fig. 5 Volumetric strain—axial strain of a sand and b sand + 1% fiber

Axial strain

Figure 7 shows the variation of the axial strain at maximum
deviatoric stress with fiber content which were measured at
isotropic confining pressures, 50, 100, 300, and 500 kPa. As it
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Fig. 6 Variation of brittleness index for sand and reinforced sand (1%
fiber) specimens with different confining pressure
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Fig. 7 Variation of axial strain at maximum deviatoric stress with fiber
content and different confining pressures

is clear, it can be seen that the addition of PVA fiber strongly
affects the behavior of sand and increases the axial strain at
failure. This result is in good agreement with obtained results
by other researchers which explored the behavior of sand re-
inforced by other types of fiber. Moreover, the axial strain the
failure for tests performed under confining pressure of
500 kPa is greater than similar ones conducted under other
confining pressures. Therefore, it can be concluded that the
ductility of samples increases with increasing of confining
pressure and fiber content. Increase in confining stress is
achieved by increasing the overburden stress (increasing the
depth). In particular, when applying reinforced soils at a shal-
low depth, the degree of brittle failure may be more pro-
nounced due to a low confining stress. At shallow depth
(low confining stress), the axial strain at the failure stress
can be controlled by the inclusion of randomly distributed
fibers.
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Fig. 8 Failure strength envelops and residual strength envelops

Failure and residual strength envelops

The effect of adding of PVA fiber on the failure strength en-
velops and residual strength envelops shown in Fig. 8 as a
function of the confining pressure, for various fiber content.
It can be seen that the failure strength envelops and residual
strength envelops move upward with an increase in percent-
age of fiber. This result can be justified according to this point
that maximum deviatoric strength and residual strength in-
creases with increase in percentage of fiber. Figure 8 also
reveals that the difference between the failure strength en-
velops and residual strength envelops decreases with increas-
ing PVA fiber content, which reveals more ductile response as
percentage of PVA fiber increases.

Conclusion

This research investigated the combined impacts of confining
pressure and PVA fiber content on the triaxial shear behavior
of Babolsar sand. The results of this study can be summarized
as follows:

1- Increasing PVA fiber content and confining pressure
causes maximum shear strength of sand increase.

2-  Athigher confining pressure and fiber content, there is no
significant strength loss at large strain; therefore, it can be
concluded that the ductility of samples increases with
increasing of confining pressure and fiber content.

3- Increasing confining pressure and PVA fiber content in-
creases axial strain at failure and reduces the brittleness
index.

4- Failure and residual strength envelops moves upward
with an increase in percentage of fiber. Moreover, the
difference between the failure and residual strength en-
velops decreases with increasing PVA fiber content

5- Adding fibers and increasing confining pressure resulted
in a decrease in dilatancy of Babolsar sand.

6- Comparison results reveal that adding fibers and increas-
ing confining pressure have same effect on triaxial shear
response of sandy soil.
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