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Abstract Soft soils are well known for their low
strength and high compressibility. Several tech-
niques, including reinforcement, are commonly used
to increase the strength and decrease the deformation
of this kind of soil. This paper presents the results of
an investigation into the effects of fiber on the
consolidation and shear strength behavior of a clay
soil reinforced with nylon fibers. A series of one
dimensional consolidation and triaxial tests were
conducted on samples of unreinforced and reinforced
clay with different percentages of randomly distrib-
uted nylon fibers. The results show that the precon-
solidation pressure decreases and the coefficient of
swelling and compression generally increase with
increasing the fiber content. Furthermore, the addition
of the fiber leads to a significant increase in shear
strength and friction angle of the natural soil.
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1 Introduction

It is generally accepted that there is a distinction
between oriented and aligned and randomly distrib-
uted reinforcing elements in reinforced soils. In the
former case, the inclusions are placed in the soil at
strategic locations, whereas in the latter, reinforce-
ment elements, usually fibers, are mixed with the soil
and may be placed within the problematic shear zone.
In comparison with oriented or systematically rein-
forced soils, fiber reinforced soils with random
distribution of fibers exhibit some advantages. One
of the main advantages of using randomly distributed
fibers is the maintenance of strength isotropy and the
absence of potential planes of weakness that can
develop in soils with oriented reinforcement (Gray
and Maher 1982; Maher 1988). Although the concept
of randomly reinforced soil is relatively new in
geotechnical engineering but the reinforcement of
clay soils with natural fibers has been practiced from
the time of Pharaohs. Recently soil reinforcement
with short, discrete, randomly oriented fibers is
getting more attention from many researchers around
the world. Many investigators have used fiber to
improve various properties of sandy soil (e.g., Gray
and Ohashi 1983; Maher and Gray 1990; Al-Rafeai
1991; Consoli et al. 2009; Yetimoglu and Salbas
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2003 and Ahmad et al. 2010). These investigations
have indicated that the strength of reinforced soil
increases with increase in fiber content, aspect ratio
and friction between soil and fiber.

Although the majority of the published literature on
randomly oriented fiber focus on reinforcement of
cohesionless or granular soils, results from a limited
number of studies have indicated that cohesive soils
can also be reinforced and such reinforced soils can be
beneficial in practice (e.g., Andersland and Khattak
1979; Freitag 1986; Maher and Ho 1994; Consoli et al.
2002; Mesbah et al. 2004; Kumar et al. 2006; Tang
et al. 2007 and Attom et al. 2009). It is resulted from
the above studies that addition of fibers can affect the
behavior of the reinforced soil in different ways. The
size and quantity of fibers are very important factors
governing the mechanical behavior of randomly
reinforced soil. However, it should be noted that
natural fibers are biodegradable and may not last for
many years. Nylon fibers are not affected by the
presence of salts in soils, biological degradation and
ultraviolet degradation. Kumar and Tabor (2003)
indicated that the tensile strength of nylon fiber is
greater than many of the other materials such as paper
and rubber from used tires. Andersland and Khattak
(1979) conducted triaxial tests on kaolinite clay
reinforced with paper pulp (cellulose) fibers. The
samples were consolidated from a slurry mix and
tested under two different cell pressures. On the basis
of the tests results it was concluded that the addition of
fibers increased both the stiffness and undrained
strength of clay. Andersland and Khattak (1979) used
the results of triaxaial tests on mixture of kaolinite/
fiber to calculate the safety factor of an excavated
slope in consolidated fibrous paper mill sludge with
properties very similar to the fiber/kaolinite mixture
and achieved very good agreement with field data.

Many widespread benefits and applications could
arise if suitable reinforcements and construction
technique can be adapted to use cohesive fill partic-
ularly in areas where cohesionless fill is in short
supply. Numerous testing programs have been con-
ducted to determine the effects of discrete fibers on the
behavior of soils, usually focusing only on the short-
term behavior and total strength of mixture of soil and
fiber. Therefore, there is limited data for the long-term
effects of fiber reinforcement within a clay soil fabric
and there is a need for a data base in order to better
understand and evaluate the potential improvements in
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the mechanical behavior of cohesive soils when
reinforced with randomly distributed fibers.

The focus of the present study is on the effects of
fibers on improving the mechanical behavior of
cohesive soils. Cohesive soil reinforced with nylon
fibers as the primary reinforcement could be benefi-
cial engineering material as it is possible to use nylon
fibers as an alternative low cost material for soil
reinforcement. In order to better understand the
effects of using nylon fibers as soil reinforcement
an experimental program was undertaken to investi-
gate the effect of nylon fibers on improving the
mechanical behavior of a cohesive soil. The main
objective of this study is to investigate the contribu-
tion of nylon fibers to the consolidation and shear
strength behavior of a clay soil. The results of this
study can be used for design of suitable mixtures of
reinforced soil, for analysis of short- and long-term
stability of such reinforced soils and for field
applications concerning soils that have properties
similar to fiber-clay mixture.

2 Experimental Study
2.1 Soil Properties

The soil used in the testing program was a fine
grained soil comprising 10% sand, 56% silt and 34%
clay. Laboratory tests to determine specific gravity,
liquid limit (LL), plastic limit (PL), shrinkage limit
(SL), grain size distribution and Standard Proctor
compaction were determined according to the ASTM
standards. Table 1 summarizes the various index and
engineering properties of the soil. The soil can be
classified as clay with low plasticity (CL) according
to the Unified Classification System (USCS).

2.2 Fiber Properties

Nylon fibers were used as the reinforcement in this
work. Nylon fibers have resistance against corrosion
or deterioration in the soil. Plastic fibers with
different lengths were obtained by threading long
filaments of a plastic sheet. The fibers were threaded
into pieces and starched to specified length and width.
The dimensions of fiber that was used were 4.0 mm
length, 2.0 mm width and 0.4 mm thickness. Fibers
with the small length (4.0 mm) are usually termed
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Table 1 Physical and mechanical properties of soil

Soil properties Values
Specific gravity 2.72
Consistency limit

Liquid limit (LL) 47%
Plastic limit (PL) 20%
Plastic index (PI) 27%
Shrinkage limit (SL) 12%
USCS classification CL
Compaction study

Optimum water content 17%
Maximum dry density 1.7 Mg/m®
Grain size analysis

Sand 10%
Silt 56%
Clay 34%

short fiber (Gray and Al-Rafeai 1986). The short
fibers are usually used for soils with small dimen-
sions. Andersland and Khattak (1979) used fibers
with length of 1.6 mm for reinforcing clay soil in CU
triaxial tests. The fiber strength characteristics were
determined through tensile strength tests. The phys-
ical and mechanical properties of the fiber used in this
work are shown in Table 2.

2.3 Sample Preparation

Saturated samples were prepared for the conventional
consolidation and triaxial compression tests. In order
to prepare the samples, the slurry technique was
considered as used by other researchers such as Marto
(1996) and Andersland and Khattak (1979). When
saturated samples are tested in triaxial apparatus by

Table 2 Physical and mechanical properties of fiber

Fiber properties Values
Fiber type Single fiber
Specific gravity 0.88

Water absorption Nil

Length 4.0 mm
Width 2.0 mm
Thickness 0.4 mm
Aspect ratio 2.0

Tensile strength 41 MPa
Modulus of elasticity 445.7 MPa

applying back pressure, the procedure may take a long
time for clay soils particularly if the dimensions of the
sample are large. This could make triaxial testing of
soils time demanding and costly. As a result, some
researchers such as Marto (1996) and Andersland and
Khattak (1979) have suggested and used the slurry
technique for preparation of soil samples. This
technique of sample preparation provides reasonably
homogenous and reproducible samples with near
saturation conditions. Unreinforced samples and
fiber-reinforced samples with different percentages
of fiber content (10, 20 or 30%) were mixed with
distilled water to a water content above the liquid limit
(LL) to form a slurry. The exact amount of water was
weighed and slowly added to the mixture of soil and
fiber. The resultant slurry was mixed by hand steer for
about 1 h until a smooth liquid resulted. The percent-
age of fiber was measured after 15 min of mixing by
taking a sample. This was regularly done to ensure an
even distribution of fiber at the time of sampling. A
number of cylindrical tubes with 150 mm diameter
and 300 mm height (referred to as consolidation
tubes) were filled with slurry for consolidation. The
slurry was then consolidated by loading, using a
hydraulic jack, to the maximum consolidation pres-
sure of 80 kPa, while drainage was allowed from the
top and bottom of the tube. Consolidation was
generally completed within about 7 days. After con-
solidation the samples were extruded into 38 mm
diameter thin walled stainless steel tube and also the
conventional consolidation mould. They were waxed
at both ends to retain the initial water content. The
samples were then stored in a controlled temperature
of 20°C =+ 1 before being used for testing.

2.4 Experimental Testing

One dimensional consolidation (oedometer) and
consolidated undrained (CU) triaxial tests were
conducted on the samples prepared. The consolida-
tion characteristics of the unreinforced soil and fiber-
reinforced soils with difference fiber contents were
studied through a series of standard oedometer tests
under zero lateral strain conditions.

In order to study the effect of fiber on shear
strength of clay, a number of consolidated undrained
(CU) triaxial tests were performed on the unrein-
forced samples and samples reinforced with different
percentages of fiber inclusions. Each sample was
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isotropically consolidated to an effective confining
pressure ranging from 200 to 400 kPa. During the
consolidation test, the plot of the sample volume
change against time was plotted. The consolidation
stage was considered to be completed when there was
no further volume change occurring. In this work the
time for consolidation was about 20 to 24 hours. The
triaxial tests were performed with initial pore
pressure equal to zero under constant cell pressures
of 200, 300 and 400 kPa at a constant rate of axial
strain. An axial rate of 7 mm/h was selected giving a
strain rate of 0.15% per minute as suggested by
Bishop and Henkel (1969) and Smith and Smith
(1990). The slow rate was chosen to ensure the
equilibrium of pore water pressure throughout the
sample during the test. The undrained triaxial test
also allowed the pore pressure response of the soil
samples to be studied. Verification tests were per-
formed by repeating the tests in order to examine the
repeatability of the experiments.

3 Results

The results of the one dimensional consolidation tests
are shown as v-In p’ plots in Fig. 1 where v is specific

1.9
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Fig. 1 Consolidation curves for Unreinforced soil and soil
with 10, 20 and 30% fiber

volume (v=1+¢) and p’ is the applied pressure.
The intersection of the two linear segments of the
curve is used to determine the preconsolidation
pressure (pi) as defined by Cui and Delage (1996)
and the results are shown in Table 3. The slopes C; in
the elastic zone (zone before preconsolidation
pressure) and C, in the elastoplastic zone (zone after
preconsolidation pressure) were determined and the
values are shown in Table 3. A total of 12 consol-
idated undrained (CU) triaxial shear tests with
constant cell pressure were conducted on samples
of unreinforced soil and soil reinforced with 10, 20
and 30% fiber. The tests were conducted at three
different cell pressures of 200, 300 and 400 kPa.
Figures 2, 3 and 4 show the variations of the deviator
stress g;—03 and pore water pressure u,, with axial
strain ¢; at different cell pressures for the unrein-
forced and reinforced samples.

The results of the tests on the unreinforced soil and
soils reinforced with different percentages of fiber
under cell pressure of 200 kPa are shown in Fig. 2.
The deviator stress increased until 15% axial strain
for the unreinforced soil but for the reinforced
samples the tests continued up to axial strain more
than 20% (Fig. 2a). It is resulted by comparing the
strengths at 15% axial strain for the unreinforced and
reinforced samples that nearly 35, 67 and 72%
increase in strength was attained by reinforcing the
soil with 10, 20 and 30% fiber respectively. It is
obvious from this figure that the strength curves due
to 20 and 30% fiber are close to each other and the
increase in strength for the soil with 30% fiber is only
about 5% in comparison with the soil with 20% fiber.
These results show that at a given confining pressure,
increasing the amount of fiber increases the strength
of the soil. Figure 2b shows the variation of pore
water pressure against axial strain. It is shown that the
pore water pressure increased by reinforcing the soil.
The increase in the pore water pressure at 15% axial
strain was nearly 55% by reinforcing the sample with

Table 3 Consolidation and

shear strength parameters of Condition of soil fl&Pa) Ce Gs ¢ ¢ )

the un-reinforced and fiber

reinforced soils Unreinforced soil 17 0.08 0.009 17 27
Soil 4+ 10% fiber 14 0.140 0.018 18 36
Soil + 20% fiber 11.5 0.135 0.013 21 40
Soil + 30% fiber 10.1 0.20 0.025 23 44
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Fig. 2 a Deviator stress versus axial strain, b Pore pressure
versus axial strain under cell pressure of 200 kPa for
unreinforced soil and soil reinforced with 10, 20 and 30% fiber

10% fiber. It is resulted that the fiber increases the
porosity of the soil and the water can be collected in
the pores. It can be seen that by increasing the axial
strain the variation of pore water pressure becomes
relatively small and at around 20% axial strain the
pore water pressure remains almost constant. Fig-
ure 3 shows the results of shear tests on the
unreinforced and reinforced samples under -cell
pressure of 300 kPa. The tests were continued up to
about 20% axial strain. The deviator stress increased
with increasing the fiber content. The increase of
strength at 20% axial strain is about 21, 49.5 and
58.6% by reinforcing the samples with 10, 20 and
30% fiber respectively. The variation of pore water
pressure with axial strain for the unreinforced sample
and the samples with different percentages of fiber is
shown in Fig. 3b. The amount of increase in pore
water pressure is more compared with the sample
tested under confining pressure of 200 kPa. Figure 4
shows the results of shear tests at confining pressure
of 400 kPa. The tests were continued up to axial
strain of 20%. The samples under this confining
pressure showed more variations of strength and pore
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Fig. 3 a Deviator stress versus axial strain, b Pore pressure
versus axial strain under cell pressure of 300 kPa for
unreinforced soil and soil reinforced with 10, 20 and 30% fiber

water pressure than the confining pressures 200 and
300 kPa. The increase in pore water pressure is 54,
65.8 and 92% by reinforcing the sample with 10, 20
and 30% of fiber respectively. It can be concluded
that by increasing cell pressure the stress—strain and
pore water pressure slowly evolved and the initial
slope of the curves became steeper at higher cell
pressures.

4 Discussion

The consolidation properties of clay-fiber mixtures
were investigated through one dimensional consoli-
dation tests. The mixture of soil and fiber can be
considered as a composite because of the small length
of fiber and large percentage of fiber (10, 20 and 30%)
that was used in preparing the samples. Based on the
results of the oedometer tests on the samples of
unreinforced and reinforced clay it is concluded that
the preconsolidation pressure decreases and the values
of C. and C, generally increase with increasing the
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Fig. 4 a Deviator stress versus axial strain, b Pore pressure
versus axial strain under cell pressure of 400 kPa for
unreinforced soil and soil reinforced with 10, 20 and 30% fiber

fiber content of the soil as shown in Table 3. For the
soils with 10 and 20% fiber the values of C, are nearly
the same and C; slightly decreases from 10 to 20%.
This may be due to less uniform distribution of fibers in
the sample with 20% fiber. By adding fiber to the soil
(or increasing the fiber content) some soil particles are
replaced with fibers and they occupy the pores between
the soil particles which results in increase in void ratio
of the soil mass. As a result, the soil becomes more
compressible. Therefore both the clay and fiber in the
mixture control the porosity. A soil that is more
compressible has a lower preconsolidation pressure
than a less compressible soil. Also, since the fibers are
more compressible than the soil particles the com-
pressibility of the soil and values of C, and C; increase
with increasing the fiber content (except for 20% the
values of C. is nearly the same). During one-dimen-
sional consolidation, the stiffness of the soil decreases
with increasing the fiber content. This is in contrast
with the observed increase in stiffness during triaxial
shearing where the stiffness and strength increase by
increasing the fiber content. The main reason could be
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that some fibers work in tension during shearing
whereas there is no tension during consolidation.
These results are supported by the finding of Fukue
etal. (1986) who studied the consolidation behavior of
sand-bentonite-clay mixtures and showed that as the
clay content increases the compression index and
therefore compressibility of sample increases In
practical field applications, the clay soil can be treated
with a suitable agent such as lime before adding the
fiber. Adding lime reduces plasticity of clay which
allows the fibers to be more easily mixed into the soil.

The results of the triaxial tests on the reinforced
and unreinforced samples show that the increase of
strength continued up to and beyond 20% axial strain.
The stress—strain curves did not indicate a clear peak
of shear stress until the end of the test. The maximum
deviator stress increased as the confining pressure
increased. The tests were usually terminated at about
20% axial strain and at this stage the samples were
bulging appreciably. The failure stress in the exper-
iments was taken corresponding to axial strain of
20% (Head 1986; Bowles 1987). The pore water
pressure increased steadily during shearing and also
with increasing the confining pressure. Typical devi-
ator stress-axial strain and pore-water pressure-axial
strain curves (for cell pressures of 200, 300 and
400 kPa) for the unreinforced samples and samples
reinforced with different fiber contents are shown in
Figs. 2, 3 and 4. It can be observed from these figures
that the initial slopes of stress—strain curves of the
reinforced soils are steeper in comparison with the
unreinforced soil. The stiffness of the soil is increased
by increasing the amount of fiber and confining
pressure. The results show that the stress—strain
behavior was markedly affected by the fiber inclu-
sions and the effect increased by increasing fiber
content. It can be concluded that the fibers have a
significant influence on the mechanical behavior of
the soil and the strength and stiffness of the soil
increases with increasing the fiber content. The
results indicate that there is a direct relationship
between the strength and the amount of fiber in soil
mass, at least in the range of the experimental work
carried out in this study. These results are consistent
with those reported by Ranjan et al. (1996) who
indicated that the amount of increase in strength
induced by reinforcement with short fibers depends
on many factor such as fiber content and confining
pressure. The pore water pressure also increased with
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increasing the fiber content during undrained shear-
ing. The pore water pressures generated within the
soil during the CU tests, are related to the tendency of
the soil to contract or dilate during shearing. The
excess pore pressures are higher for the reinforced
soils than the unreinforced soil (Figs. 2b—4b) partic-
ularly at cell pressures of 300 and 400 kPa. This
higher pore water pressure generated can be related to
the effect of fibers on the soil during deformation. Li
(2005) explained this increase in pore water pressure
on the fibers distributing stresses within soil mass and
therefore increasing the tendency for contractive
deformations within the mixture of soil fabric. The
tendency to contract or dilate is indicated by the slope
of the plot of excess pore water pressure in the post
peak portion of the curve, whereby a positive slope
indicates contractive behavior and a negative slope
indicates dilatancy behavior. The values of the excess
pore pressure in this work are generally positive and
this indicates the tendency towards contractive
behavior. Therefore, since positive pore pressure is
associated to the tendency for volumetric contraction
it may be concluded that fibers restrain the dilatancy
of the mixture of soil and fiber as discussed by
researchers such as Peters et al. (2010). This also
provides an evidence that the deformation behavior
of a soil might indicates how the fabric affects the
soil behavior. The results of variation of pore water

¢ =27

100 200 300 400 500 600
o (kPa)

(b)
¢ =440

7 (kPa)
2
Q

[
e
(=)

100

100 200 300 400 S00 600 700
o (kPa)

Fig. 5 Mohr circles of effective stresses for (a) unreinforced
soil (b) soil einforced with 30% fiber

pressure in this test program are in agreement with
the findings of Ahmad et al. 2010 and Li (2005).

The Mohr circles of failure at different confining
pressures together with the failure envelopes for the
unreinforced soil and the soil reinforced with 30%
fiber are shown in Fig. 5 in term of effective stresses.
The failure envelopes pass through the origin, indi-
cating zero apparent cohesion, ¢ = ¢/ = 0. For the
unreinforced soil, the values of friction angles in terms
of total and effective stresses (¢ and ¢') are 17 and 27°
respectively (Table 3). For the reinforced soil with 10,
20 and 30% fibers the friction angles are 18, 21 and 23°
in terms of total stresses and 36, 40 and 44° in terms of
effective stresses. By adding 10-30% fiber to clay, the
voids created by fiber are occupied by clay particles
and thus the friction angle of the mixture is enhanced.
This may be attributed to the contribution of both clay
and fiber in clay-fiber composite with increasing the
percentage of fiber from 10 to 30% in the mixture. At
this stage the resistance of clay is attributed to the
friction mobilized between clay-fiber, fiber—fiber and
clay—clay. This phenomenon causes the friction angle
to increase.

This increase in the pore water pressure decreases
the effective stress within the soil mass. Typical
stress paths in the space of deviator stress, g(o; — 03)

ag1+203
3

and mean net stress, p’ ( — uW) or deviator stress

and mean stress, p(%z”‘) are shown in Fig. 6. The

horizontal distance between the effective stress and
total stress represents the value of pore water pressure
at the desired stress point. The total stress paths (TSP)
are straight lines with gradient of 3 vertical to 1
horizontal. Positive pore pressure was produced
which caused the effective stress path (ESP) to rise
to the left along a curved path. In general, the shape
of the stress paths for unreinforced and reinforced

600

—+— Soil +10% fiber
500 4

400 1
300 1

200 1 \‘

100 ]

q (kPa)

0 100 200 300 400 500 600
p'; p(kPa)

Fig. 6 Stress paths for soilwith10% fiber
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samples indicates an increase in pore pressure with
deformation (or a tendency towards a contractive
volumetric deformation). At critical state, the paths
reached the peak value where the samples continued
plastic deformation with no change in applied stress
or pore pressure. The results of (effective) stress
paths show that the critical state line for a given fiber
content appears to be a straight line (in the p’:q space)
given by the following equation:

q = Mp' (1)

where M is the slope of critical state line.

Figure 7 shows typical effective stress paths and
critical state lines for natural soil and soil with 30%
fiber. The envelop for reinforced soil is located above
the one for the unreinforced soil. This increase in
strength is due to a combination of an increase in the
peak deviator stress, as well as the decrease in effective
stress (due to increase in pore pressure) caused by the
fibers, resulting in a greater shift (to the left) in p’
value. The results also show that as the effective
confining pressure increases, the effect of the fibers on
the soil strength increases. It is resulted by comparing
the effective stress paths of the unreinforced soil and
the soil with 30% fiber that the pore water pressure
increases and effective stress decreases with increas-
ing the amount of fiber especially at high confining
pressures. It is concluded from the results that the
value of M is dependent on the percentage of fiber. The
values of M for natural soil and soil with 30% fiber are
0.98 and 1.70 respectively. Therefore, the greater the
fiber content, the higher is the value of M. The
relationship between M and ¢’ (effective friction
angle) in compression test is gives as:

600 1
500 1
1 —+— Unreinforced soil

400 ] —— Soil +30% fiber

300 1

q (kPa)

200 ]

100 ]

[ . B e
0 100 200 300 400 500
p'; p(kPa)

Fig. 7 Typical effective stress paths for Unreinforced soil and
soil with 30% fiber
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By considering the value of M in the above equation
the values of ¢’ can be obtained. The values of ¢’
were calculated for natural soil and soil with 30%
fiber as 25 and 41.5° that are nearly the same as the
results in Table 3.

The fiber surface is bonded to many clay particles
and this contributes to the bond strength and
frictional resistance between the fiber and soil
mixture. The distributed discrete fibers act as a
spatial three-dimensional network to interlock soil
grains, cause grains to form a unitary coherent matrix
and restrict the displacement. In the clay soil the
fibers are strongly bonded to the soil particles. This
bonding provides resistance against sliding and hence
the fibers can bear tensile stresses.

It is generally known that inclusion of fibers with
tensile capacity into soils increases the strength of
soils. The tensile strength of a fiber is limited to the
adhesion/friction developed along the length of fiber
and is a function of the length of fiber. The fibers that
were used in this study had a short length and they were
like strips with smaller width and thickness compared
to length. According to the literature, researcher have
often used relatively long fibers with small percent-
ages (such as 0.5, 1, 2 and 5%) for reinforcing soils and
the outcome has generally been an increase in strength.
It can be said the addition of fibers to clay in the present
work leads to a composite soil. The strength of
composite soil is usually increased by adding a large
percent of reinforcing material as shown by many
researchers such as Leelanitkul (1989); Tan et al.
(1994); Kumar and Wood (1999) and Wood and
Kumar (2000). It is believed that no significant tensile
strength could be developed in these fibers. It can be
concluded that the interaction of these fibers with soil
is not through additional tensile strength that can be
developed along the length of long fiber, but through
the addition of a stronger substance to the soil. This is
evident from the test results as a larger amount of fiber
(30%) was required to be used in a soil to make a
composite with nearly equal volumes of soil and fiber.
This composite nature can lead to a modest change in
the properties of the soil. As it was indicated the
addition of fibers increases the void ratio of composite
but with increasing the void ratio the shear strength
increases. These findings are consistent with results
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that were presented by Vallejo and Mawby (2000).
They indicated that for the mixture of granular
material and clay the peak of shear strength increases
with increasing the porosity. Therefore, in this com-
posite the clay and fiber in the mixtures both control
not only the porosity but the shear behavior as well.

In order to evaluate the effects of fibers on the
strength of soil during undraind shearing, a strength
ratio parameter, Ry is introduced (similar to the
parameter defined by Haeri et al. (2000) and Zhang
et al. (2006) for granular soils reinforced with non-
random reinforcing elements) as:

(01— 03),.f

Ry = m (4)

where (o, — 03),/_ is deviator stress of reinforced soil
at failure and (g, — 03)f is deviator stress of natural
unreinforced soil at failure. Using this definition the
strength ratios for different confining pressures and
different fiber contents are calculated as shown in
Fig. 8. The results indicate that the strength ratio
decreases with increasing the confining pressure for
the clay with 10% fiber content but the rate of
variation decreases by increasing the fiber content
such that for the soil reinforced with 30% fiber, the
variation of the strength ratio is almost negligible. It
is concluded that in general, the value R, decreases
with increasing cell pressure. Up on application of the
confining pressure the fibers tend to go temporarily
into compression. This compressional prestress has to
be overcome by sufficient shear distribution and
accompanying tensile elongation in the fibers before
any shear strength increase would occur.

1.8
< 1.6
)
= 1 - I
g ] . -
= 1.4
o ]
= 1
= ]
A 1.2
2 o Soil+10% fiber
—=— S0il+20% fiber
—— S0il+30% fiber
1 ————r

150 200 250 300 350 400 450
Confining pressure, o, (kPa)

Fig. 8 Variation of strength ratio (Ry) versus confining
pressure (g3) for soil with 10, 20 and 30% fiber

The results of this study indicated that the addition
of nylon fiber to clay soil can improve its mechanical
behavior. The fiber may be used in practice to stabilize
the subgrades of roads and highways, to increase the
stability of highway embankments In practice, mixing
of clay soil with fiber in the field could be a problem
because of high plasticity of clay soil. It is possible to
reduce plasticity of clay by mixing it with lime which
will allow the fibers to be more easily mixed into the
soil. In this process the decrease in plasticity from the
cation exchange of the calcium from lime with the clay
minerals allows the fiber to be adequately mixed with
clay soil. There is still contention about whether this
stabilization technique is applicable to the field
implementation. Freed (1990) and Grogan and John-
son (1994) showed that fibers can be successfully
mixed with high-plasticity soil stabilized with lime
and the mixing could be easy and the uniformity is
possible. Since nylon fibers are not affected by the
presence of salts in soil and are not biodegradable it
can be resulted that no pollution is caused by this
technique of soil reinforcement.

5 Conclusion

The effects of fiber reinforcement on clayey soil were
studied by using results obtained from a series of one
dimensional consolidation and CU triaxial tests. The
following conclusions can be drawn from the results
of this study.

The inclusion of fiber with small length and high
percentage to clay soil resulted a composite material
and the behavior this composite is dependent on both
the soil and the fiber.

The inclusion of fibers has a significant effect on the
consolidation characteristics of randomly reinforced
clay soil. During consolidation, the mechanical prop-
erties of reinforced soil change with increasing the
fiber content.

Reinforcement using fibers was found to restrain
the volumetric dilation of soil and this leads to an
increase of the excess pore water pressure in undrained
conditions.

Failure envelopes determined from CU triaxial
tests indicate an increase in the effective shear
strength of the soil with presence of fibers.

The stiffness and shear strength of soil increase
with increasing the fiber content. The friction angles
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in term of total stresses and effective stresses (¢ and
¢") also increase with fiber content. For an increase in
fiber content, the increase in ¢’ is greater than the
increase in ¢. The slope of critical state line M is
dependent of fiber content of reinforced soil.

References

Ahmad F, Bateni F, Azmi M (2010) Performance evaluation of
silty sand reinforced with fibers. Geotext Geomembr
28:93-99

Al-Rafeai TO (1991) Behavior of granular soils reinforced with
discrete randomly oriented inclusions. Geotext Geomembr
10:319-333

Andersland OB, Khattak AS (1979) Shear strength of kaolinite/
fiber soil mixtures. In: Proceedings of international con-
ference on soil reinforcement, vol 1. Paris, France,
pp 11-16

Attom MF, Al-Akhras N M, Malkawi AIH (2009) Effect of
fibers on the mechanical properties of clayey soil. In:
Proceedings of the institute of civil engineers, geotech-
nical engineering, vol 162(GES), pp 277-282

Bishop AW, Henkel DJ (1969) The measurement of soil
properties in the triaxial test. William Clowes and Sons
limited, London

Bowles JE (1987) Foundation analysis and design. McGraw
Hill International Book Company, New York

Consoli NC, Montardo JP, Prietto PDM, Pasa GS (2002)
Engineering behavior of a sand reinforced with plastic
waste. J Geotech Geoenviron Eng ASCE 128(6):462—472

Consoli NC, Vendruscolo MA, Fonini A, Dalla Rosa F (2009)
Fiber reinforcement effects on sand considering a wide
cementation range. Geotext Geomembr 27:196-203

Cui YJ, Delage P (1996) Yielding and plastic behavior of an
unsaturated compacted silt. Géotechnique 46(2):291-331

Freed WW (1990) Innovative method of stabilizing clay uti-
lized on centre development project. Texas Contractor,
pp 12-14

Freitag DR (1986) Soil randomly reinforced with fibers.
J Geotech Eng ASCE 112(8):823-826

Fukue M, Okusa S, Nakamura, T (1986) Consolidation of sand-
clay mixtures. Consolidation of soils: testing and evolu-
tion ASTM STP892, pp 627-641

Gray DH, Al-Rafeai T (1986) Behavior of fabric versus fiber
reinforced sand. J Geotech Eng ASCE 112(8):804-820

Gray DH, Maher MH (1982) Admixture stabilization of sand
with discrete randomly distributed fibers. In: Proceeding
of the XIIth international conference on soil mechanics
and foundation engineering. Riode Janeiro, Brazil vol 1,
pp 1363-1366

Gray DH, Ohashi H (1983) Mechanics of fiber reinforcement in
sand. J Geotecl Eng ASCE 109(3):335-353

Grogan WP, Johnson WG (1994) Stabilization of high plas-
ticity clay and silty sand by inclusion of discrete fibrillated
polypropylene fibers for use in pavement subgrades. Rep.
No. CPAR-GL-94-2, US Army Corpse of Engineers,
Waterways Experiment Station

@ Springer

Haeri SM, Noorzad RN, Oskoorouchi AM (2000) Effect of
geotextile reinforcement on the mechanical behavior of
sand. Geotext Geomembr 18:385-402

Head KH (1986) Manual of soil laboratory testing. Pentech
Press, London

Kumar S, Tabor E (2003) Strength characteristics of silty clay
reinforced with randomly oriented nylon fiber. Electronic
J Geotech Eng 8

Kumar GV, Wood DM (1999) Fall cone and compression tests
on clay-gravel. Géotechnique 49(6):727-739

Kumar A, Walia BS, Bajaj A (2006) Compressive strength of
fiber reinforced highly compressible clay. J Constr Build
Mater 20:1063-1068

Leelanitkul S (1989) Improving properties of active clay by
sand admixtures. In: Proceedings of foundation engi-
neering: current principles and practices conference,
ASCE. New York, USA, pp 381-391

Li C (2005) Mechanical response of Fiber-Reinforced soil.
PhD Dissertation, The University of Texas at Austin, USA

Maher MH (1988) Static and dynamic response of sands
reinforced with discrete randomly distributed fibers. PhD
thesis, University of Michigan, USA

Maher MH, Gray DH (1990) Static response of sand reinforced
with randomly distributed fibers. J Geotech Eng ASCE
116(11):1661-1677

Maher MH, Ho YC (1994) Mechanical properties of kaolinite/fiber
soil composition. J Geotech Eng ASCE 120(8):1381-1393

Marto A (1996) Volumetric compression of a silt under periodic
loading. PhD thesis, University of Bradford, Bradford, UK

Mesbah A, Morel JC, Walker P, Ghavami Kh (2004) Devel-
opment of a direct tensile test for compacted earth blocks
reinforced with natural fibers. J Mater Civil Eng ASCE
16:95-98

Peters JF, Ernest S, Bovney IV (2010) Percolation threshold of
sand-clay binary mixtures. J Geotech Geoenviron Eng
ASCE 136(2):310-318

Ranjan G, Vasan RM, Charan HD (1996) Probalilistic analysis
of randomly distributed fiber-reinforced soil. J Geotech
Eng. ASCE 122(6):419-428

Smith GN, Smith IGN (1990) Elements of soil mechanics.
Blackwell Science Inc., Oxford

Tan TS, GohTC Karunaratne GP, Lee SL (1994) Shear strength
of very soft clay-sand mixtures. Geotech Testing J
17(1):27-34

Tang C, Shi B, Gao W, Chen F, Cai, Y (2007) Strength and
mechanical behavior of short polypropylene-fiber rein-
forced and cement stabilized clayey soil. Geotext Geo-
membr 25:194-202

Vallejo LE, Mawby R (2000) Porosity influence on the shear
strength of granular material-clay mixtures. Eng Geol
58:125-136

Wood DM, Kumar GV (2000) Experimental observations of
behaviour of heterogeneous soils. Mech Cohes Frict Mater
5:373-398

Yetimoglu T, Salbas O (2003) A study on shear strength of
sands reinforced with randomly distributed fiber. Geotext
Geomembr 21:103-110

Zhang MX, Javadi AA, Min V (2006) Triaxial tests of sand
reinforced with 3D inclusions. Geotext Geomembr
24:201-209



	Mechanical Behavior of a Clay Soil Reinforced with Nylon Fibers
	Abstract
	Introduction
	Experimental Study
	Soil Properties
	Fiber Properties
	Sample Preparation
	Experimental Testing

	Results
	Discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


