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Introduction

Disposal of different waste materials produced from various indus-
tries is a serious problem. The wastes pose environmental pollution
problems for the surrounding disposal area because some of the
wastes are not biodegradable. The utilization of industrial wastes
in road construction has been of great interest in industrialized
and developing countries during recent years. Such utilizations
are commonly based on technical, economical, and ecological con-
siderations. Lack of conventional materials and improvement of the
environment renders it imperative to search for substitutions, in-
cluding that of industrial wastes. Industrial wastes (e.g., fly ash,
slag, and mine tailing) have been blended with lime and cement
to improve the geotechnical properties of roadway subgrade
(Balasubraniam et al. 1999; Kaniraj and Gayathri 2003; Bin-
Shafique et al. 2010; Rahmat and Kinuthia 2011). Another waste
that has potential for alternative materials is rice husk. Rice husk is
abundant in rice-producing countries such as Indonesia, Thailand,
Philippines, and many others (Hwang and Chandra 1997). It is
sometimes burnt for parboiling paddy in rice mills. The partially
burnt rice husk will contribute to environmental pollution. Signifi-
cant efforts has been devoted not only to overcome the pollution

problem but also to increase its added value by using it as substi-
tuting or secondary materials for limited-availability conventional
materials.

During the last few decades, research has been carried out to
investigate the utilization of rice husk ash as a stabilizing material
in soil improvement (Lazaro and Moh 1970). Much research
(e.g., Lazaro and Moh 1970; Rahman 1987; Ali et al. 1992a; Basha
et al. 2005; Hossain 2011) has shown that rice husk ash (RHA) is a
promising secondary material to improve lime or cement-stabilized
soils. Addition of rice husk ash in lime or cement-stabilized soils
enhanced the compressive strength significantly (Balasubramaniam
et al. 1999; Muntohar and Hashim 2002; Muntohar 2002). How-
ever, the stabilized soil exhibited brittle-like behavior (Muntohar
2002; Basha et al. 2005). The brittleness of the stabilized soil may
be suppressed by inclusion of discrete elements such as fibers.
Stabilized and reinforced soils are composite materials that result
from an optimum combination of the properties of each individual
constituent material. A well-known approach in this area is the use
of fibers and cemented materials in composites. Experimental veri-
fication reported by various researchers (e.g., Messas et al. 1998;
Muntohar 2000; Consoli et al. 2002; Ghiassian et al. 2004; Kaniraj
and Gayathri 2003; Cavey et al. 1995) has shown that the fiber-
reinforced soils are potential composite materials, which can be
advantageously employed in improving the structural behavior of
stabilized and natural soils. Other researchers (Consoli et al. 1998;
Kaniraj and Havanagi 2001; Tang et al. 2007) have successfully
used fiber reinforcement in a cement-stabilized soil. Fieldwork
experience suggests that it is easier to control the fiber content in
comparison with its length. Longer fiber will be more difficult to
uniformly distribute in the soil–fiber interface and resulting slip-
page plane in the soil. Thus, it was suggested to limit the fiber
length to be less than 50 mm in length (Al-Refei 1991; Santoni
et al. 2001; Jiang et al. 2010). Previous studies have indicated that
the fiber content is the most controlling strength parameter (Consoli
et al. 2002; Gaspard et al. 2003; Muntohar 2009).
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The use of composite materials from industrial by-products
is beneficial to the environment. Plastic waste materials, such as
polyethylene terephthalate (PET) plastic bottles, polypropylene
(PP) of plastic sacks, and PP of carpet, is plentifully produced every
day. They are commonly discarded in storage or disposal sites.
Nevertheless, little attention has been paid for such materials for
applications in roadway and geotechnical construction. The utiliza-
tion of lime/rice husk ash and plastic waste to stabilize and
reinforce soils needs to be further investigated. The present paper
examines the influence of the plastic-waste fiber to improve the
engineering properties of the lime/rice husk ash-stabilized soils.
The properties being evaluated are compressive and tensile
strength, shear strength, and California bearing ratio (CBR) of
the soil. In addition, environmental effects on the change of soil
strength and the optimum fiber content required to improve the
strength and durability are also reported in this paper.

Experimental Methods

Materials

The soil samples were taken from the area of Sentolo, Yogyakarta,
Indonesia. They were dried and crushed into small pieces in the
laboratory and sieved by passing through a 4.75-mm sieve. Table 1
presents the properties of the soil samples. Based on the index tests,
the soil sample was comprised of 76% fines particles. Thus, the soil
can be classified as fine-grained, which is silt of high plasticity. The
soil has the symbol MH in accordance with ASTM D2487-11
(ASTM 2011a) or grouped as A7-5 in accordance with ASTM
D3282-09 (ASTM 2009a).

A powder-hydrated lime was used as a stabilizing material for
the research reported in this paper. Table 2 presents the oxide
elements of the lime. The lime was comprised of 95% CaO as
the primary chemical constituent. To reduce the carbonation effect
attributable to humidity, the lime was kept in an airtight plastic
container. The other material, RHA, was obtained from the rice-
husk-burning disposal area at Godean, Yogyakarta. For this re-
search, only the grey-colored ashes were collected and sun-dried
to reduce the moisture. To produce acceptable fineness, the ashes
were ground in a Los Angeles abrasion machine. The steel balls
were replaced with 40 steel bars to enhance the ability to grind

the RHA. The steel bars were 10 and 12 mm in diameter with vari-
ous lengths ranging from 200–300 mm. Five kg of the RHA was
placed into the machine and ground for about 3 h. This technique
produced a suitable fineness and proper surface area of 25 mm2=g.
The fineness of the RHA sample was tested by a Blaine fineness
apparatus as recommended in ASTM C204-11 (ASTM 2011d).
The ground RHAwas then transferred into a plastic bag and stored
in an airtight container at room temperature (about 25°C) to prevent
atmospheric humidity absorption. Chemical composition of the
RHA and lime was examined using the X-ray fluorescence method
(Table 2). The RHAwas comprised of 89.08% SiO2, 1.75% Al2O3,
0.78% Fe2O3, and 1.29% CaO. In accordance with the chemical
composition as specified by ASTM C618-12 (ASTM 2012), the
RHA could be classified as Class N pozzolana because the sum of
the SiO2, Al2O3, and Fe2O3 was 91.61%with a SO3 of 0.01% and a
Na2O of 0.85%.

Polyproylene plastic waste was used as the fiber reinforcement.
The plastic bag waste was collected from the local municipal
disposal area in Yogyakarta. The quality of the fibers was examined
by hand-tension. If the fibers were easily fracturing, the plastic
wastes were discarded. Discrete fibers were obtained by cutting the
available plastic bag wastes to a length range from 20–30 mm. The
width of a single fiber was approximately 2–2.5 mm (Fig. 1).
Tensile strength tests were performed on the plastic bag sheet of

Table 1. Properties of the Soil Samples

Parameters Values

Specific gravity, Gs 2.62
Water content at air dry (weight %) 18.3
Consistency limits

Liquid limit, LL (%) 63
Plastic limit, PL (%) 37
Plasticity index, PI (%) 26

Soil fraction
Clay size (%) 16.0
Silt size (%) 60
Sand (%) 24

Proctor standard compaction
Maximum dry density, MDD (kN=m3) 12.1
Optimum moisture content, OMC (%) 37.5
Unconfined compressive strength, qu (kPa) 2.34
Soaked-California bearing ratio, CBR (%) 6.22

Soil classification
Unified soil classification system MH
AASHTO A-7-5

Table 2. Chemical Composition of the Additives

Constituents Lime (%) RHA (%)

SiO2 0.00 89.18
Al2O3 0.13 1.75
Fe2O3 0.08 0.78
CaO 95.03 1.29
MgO 0.25 0.64
Na2O 0.05 0.85
K2O 0.03 1.38
MnO 0.04 0.14
SO3 0.02 0.01
P2O5 0.00 0.60
H2O 0.04 1.33
Loss on ignition 4.33 2.05

Fig. 1. Sample of the fibers used in the research reported in this paper
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100 × 200-mm sizes (Fig. 2). The tensile strength of the plastic
fiber specimens was 63 kN=m on average and the strain at rupture
was 15.3% on average.

Specimen Preparation and Testing Procedures:
Overview

An amount of soil was mixed with lime and rice husk ash to yield
stabilized soil specimens. The ratio of the lime to rice husk ash was
designed as 1∶2 by their weight as provided by previous investiga-
tions (Muntohar 2002, 2009; Ali et al. 1992b; Sharma et al. 2008).
The lime required for stabilization (LRS) was determined in accor-
dance with the method suggested by Eades and Grim (1966). The
LRS was determined at a pH of the soil/lime solution reaching
12.40. In the research reported in this paper, the amount of LRS
was about 12%. To reinforce the stabilized soil, the fiber content
was designed in various contents that are 0.1, 0.2, 0.4, 0.8, and
1.2% of the dry weight of the soil. Table 3 presents the mixture
design and tests. All the specimens were prepared to the maximum
dry density (MDD) and optimum moisture content (OMC), and
tested after a 14-day moist-curing period.

Specimen Preparation and Testing Procedures: Mixing
Procedure

Fiber-reinforced specimens were mixed to the OMC in accordance
with a two-stage procedure. In the first stage, the dry soil and ad-
mixture (lime and RHA) was mixed with approximately 50% of
the total amount of water needed to bring the sample to the desired
moisture content. In the second stage, the reinforcing fibers were
distributed within the hydrated soil samples in three approximately
equal amounts. The soil/admixtures/fiber sample was mixed man-
ually and the remaining water was added. As the fibers tended to
lump together, it required considerable care and time to separate
them to obtain an even distribution of the fibers in the mixture.
All of the mixing was done manually and proper care was taken
to prepare homogeneous mixtures at each stage of mixing. After
mixing and production of the desired specimen sizes, they
were cured and stored at room temperature (about 25°C) to prevent
moisture loss.

Specimen Preparation and Testing Procedures:
Unconfined Compression and Split-Tensile Tests

The unconfined compressive strength (UCS) test apparatus was
employed in the tests. Samples were shaped in a mold with a length
of 100 mm and an inner diameter of 50 mm. The specimens were
prepared at the state of MDD and OMC. To ensure uniform com-
paction, the required quantity of the material was placed inside the
mold in three layers and compacted statically by applying compres-
sive pressure from a hydraulic jack. Two identical specimens were
used to determine the unconfined compressive strength and split-
tensile strength. To control the variation of the test results, espe-
cially for the UCS and split-tensile tests, the difference of the two
values should not be greater than 10%. If the difference of the val-
ues between the specimens was greater than 10%, other specimens
were prepared and tested.

The unconfined compression tests and the split-tensile tests
were carried out in accordance with ASTM D5102-09 (ASTM
2009b) and ASTMC496-11 (ASTM 2011b), respectively. After the
curing period and before testing, the mass and dimension of speci-
men were recorded. The tests were performed on a 50-kN universal
testing machine. A force was applied until the specimens reach a
failure. The loading rate was approximate 1 mm=min. The split
tensile strength was calculated as

T ¼ 2Pmax

π · L · D
ð1Þ

where T = split tensile strength; Pmax = maximum applied load; and
L and D = length and diameter of the specimen, respectively.

Fig. 2. Illustration of the tensile test of a plastic bag sheet

Table 3. Mix Design and Type of Tests Conducted in the Experimental Program

Mixture number Description UCS STS UU CBR DUR

N1 Unstabilized soil, e.g., with neither lime, RHA, nor fiber X X X X X
S1 Soil + 12% lime X X X
S2 Soil + 12% lime + 12% RHA X X X
SR3 Soil + 12% lime + 12% RHA + 0.1% fibers X X X
SR4 Soil + 12% lime + 12% RHA + 0.2% fibers X X X X X
SR5 Soil + 12% lime + 12% RHA + 0.4% fibers X X X
SR6 Soil + 12% lime + 12% RHA + 0.8% fibers X X X X X
SR7 Soil + 12% lime + 12% RHA + 1.2% fibers X X X X X

Note: UCS = unconfined compressive strength test; STS = split-tensile strength test; UU = triaxial unconsolidated-undrained test; CBR = California bearing
ratio test (soaked condition); DUR = wetting/drying durability test; RHA = rice husk ash. An “X” indicates that the test was performed at 14 days; all of the
other tests were performed at 1, 7, 14, 28, and 56 days of curing.
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Specimen Preparation and Testing Procedures:
Unconsolidated/Undrained Triaxial Tests

Three samples were formed at the state of MDD and OMC in a
mold with a length of 76 mm and an inner diameter of 38 mm.
Each mold contained the same volume of mixture such that the
density of all tested samples was approximately the same. The soil
samples were extracted from the molds after compaction. The spec-
imens were placed in the triaxial chamber under unconsolidated/
undrained (UU) conditions. In the research reported in this paper,
the specimens were tested at unsaturated conditions. The testing
procedure of triaxial UU followed that laid out in accordance with
ASTM D2850-11 (ASTM 2011c). The cell pressures were applied
at 98.1, 196.2, and 294.3 kPa. The specimens were sheared at a rate
of 0.8 mm=min.

Specimen Preparation and Testing Procedures:
California Bearing Ratio Test

The California bearing ratio tests were conducted on specimens
prepared in a cylindrical mold of 150 mm-diameter and 175-mm
height. The specimens were prepared by compacting samples in
five layers at its MDD and OMC based on the standard Proctor
compaction. The tests were conducted in accordance with ASTM
D1883-07 (ASTM 2007). The specimens were immersed in water
for 3 days before crushing by applying compressive pressures. This
condition produced a soaked CBR value. During the soaking pro-
cess, vertical deformation was measured to determine the swelling.

Specimen Preparation and Testing Procedures:
Durability Test

Durability test was conducted by repeating wetting and drying of
the specimens in accordance with ASTM D559-03 (ASTM 2003).
The specimens are compacted statically in a mold of 50-mm diam-
eter by 100-mm length to the MDD and OMC values. The spec-
imens were subject to a cycle comprised of 1-day submersion in
water and 1-day air-drying. In the research reported in this paper,
the specimens were subjected to 1–10 cycles of wetting/drying. The
unconfined compressive test was then employed after each cycle
was completed.

Results and Discussion

Unconfined Compressive Strength and Split-Tensile
Strength

Table 4 presents the average unconfined compressive strength and
split tensile strength of the specimens. Lime-stabilized soil in-
creased both the compressive strength (qu) and tensile strength
(Tu). The qu of the lime-stabilized soil was about 4× that of the
unstabilized soil. The qu increases from 23.4 to 98.4 kPa, whereas
the Tu increases 2× from 2.4 to 4.8 kPa. The strength ratio, i.e., of
the unconfined compressive strength to split tensile strength
(Tu=qu), of the lime-stabilized soil is about 0.05, which is smaller
than the unstabilized soil (N1 specimen). Addition of the RHA in
the lime/soil mixture slightly increased the compressive strength
about 14% from 98.4 to 112.9 kPa, whereas the split tensile
strength increased about 106% from 4.8 to 9.9 kPa. The strength
ratio of the RHA-added lime/soil stabilization is about 0.09, which
is slightly smaller than the unstabilized soil (N1 specimen) but
higher than the lime-stabilized soil (S1 specimen), indicating that
RHA did increase the tensile resistance of the lime-stabilized soil.

The test results show that fiber-reinforced lime/RHA/soil mix-
tures enhanced both the unconfined compressive strength and split
tensile strength of the soil. Table 4 indicates that adding fiber to the
stabilized soil slightly increased the strength ratio from about 0.11
to 0.13 by increasing the fiber content from 0.1 to 1.2%. The high-
est strength gain is obtained at 0.8% fiber content, and further
addition of fibers tends to reduce both the unconfined compressive
and tensile strengths, but the strength is still higher than the stabi-
lized (specimen S2) and unstabilized (specimen N1) soils. The
increase in the compressive and tensile strengths of the fiber-
reinforced stabilized soil can be attributed to the increasing total
contact area between the fibers and soil particles. The increase in
fiber content consequently increased the friction between the soil
particles, which contributes to increasing resistance to the forces
applied. This phenomenon was also observed by Cai et al. (2006).

The increase of the both compressive and split-tensile strengths
is beneficial for fiber reinforcement in soil/lime/rice husk mixtures.
Increases in unconfined compressive strength and split tensile
strength specimens were affected by the amount of fibers. Fig. 3

Table 4. Unconfined Compressive Strength, Split Tensile Strength, Secant
Modulus, Shear Strength Parameters (c and ϕ), and Soaked-CBR of the
Specimens

Mixture
number

Shear strength
parameters

CBR
(%)

qu
(kPa)

Tu
(kPa) Tu=qu

E50

(MPa)
ϕ

(degrees)a
c

(kPa)a

N1 23.4 2.4 0.10 0.8 21.3 11 6.2
S1 98.4 4.8 0.05 2.15 22.4 106 18.6
S2 112.9 9.9 0.09 5.08 24.2 317.3 22.54
SR3 152.7 19.0 0.12 5.78 21.9 326.0 29.53
SR4 166.0 18.6 0.11 6.19 22.3 376.5 41.19
SR5 161.3 20.4 0.13 7.05 21.7 501.6 40.93
SR6 190.3 20.8 0.11 7.39 21.1 244.3 53.88
SR7 165.0 18.7 0.11 6.86 21.4 233.2 37.04

Note: qu = unconfined compressive strength; Tu = split tensile strength;
CBR = California bearing ratio; E50 = secant modulus of elasticity; ϕ =
friction angle; and c = intercept cohesion.
aObtained from triaxial UU test.

Fig. 3. Effect of fiber inclusion on the unconfined compressive strength
and split-tensile strength of the stabilized soil
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illustrates that the inclusion of fibers in the stabilized soil contrib-
uted about 35–68% and 88–110% of the increase in the unconfined
compressive and split-tensile strengths, respectively. The results
demonstrate that fibers play a significant role in increasing the ten-
sile strength of stabilized soil when comparing with its compressive
strength. The increase in fiber content causes the interface between
the fiber and soil particles to increase and hence the friction
between the fiber and soil particles increases, which renders it dif-
ficult for soil particles that surround fibers to change in position
from one point to another and thereby improves the bonding force
between soil particles, i.e., cohesion of the soil. Moreover, when
local cracks appear in the soil, fibers across the cracks will take on
the tension in the soil with fiber/soil friction, which effectively im-
pedes further development of cracks and improves the resistance of
soil to the force applied. Tang et al. (2007) noted the ability of the
fibers to prevent further cracks as a bridge effect of fiber inclusion.

Table 5 presents the effect of curing on the qu and Tu of the
selected samples, showing that the strength increased as the curing
period increased. Because of the time-dependent pozzolanic reac-
tions, the stabilization of lime soil is a long-term process (Rao
and Rajasekaran 1996). Thus, the strength of the stabilized soil in-
creases and the curing duration increases. In general, the compres-
sive strength increased with time, as did the tensile strength. For the
unreinforced specimens (S1 and S2), the strength ratio decreased
marginally, about 17–27%, whereas the compressive and tensile
strength increased with the increase in curing time. In contrast with
the fiber-reinforced specimens, the strengths were higher than the
unreinforced specimen. The strength ratio of the fiber-reinforced
specimens increases slightly, from about 0.12 to 0.15, with respect
to the curing time. This finding is probably attributable to the ce-
mentitious product of the lime-RHA binds soil particles together
and imparts a more compact matrix structure, and thus greatly re-
stricts the rearrangement of particles on the interface and increases
the interfacial effective contact area. The hydrated cement-like
products of lime/RHA, which covers around the fiber surface,
might improve the interfacial bond characteristics and increase
the interlock force and friction coefficient between the fiber/soil.
The cement-like product from lime and RHA mixtures was also
shown by James and Rao (1986).

Unconsolidated/Undrained Triaxial Tests: Effect of
Fiber on Shear Strength

The UU triaxial test was conducted to evaluate the total stress shear
strength parameter and failure behavior under different confining
stresses. Normally, in saturated or near-saturated conditions, the
failure envelope is usually in a horizontal straight line. Thus,
the friction angle is almost zero or relatively very small. In this
experiment, the degree of saturation was calculated, ranging from
0.51–0.53. For unsaturated or partially saturated conditions, con-
solidation may occur when a confining pressure is applied and
affects the undrained shear strength. The shear strength parameter
measured from the research described in this paper will definitely
not be the true friction angle and intercept cohesion. Therefore,

it will just be an artifact of testing, and thus the parameter will
only be used for comparison purposes between the unreinforced
and reinforced soil samples. For determination of total stress shear-
strength parameters c and ϕ, the failure deviatoric stress ðσ1 − σ3Þf
was taken as the peak deviator stress for unreinforced specimens
and reinforced specimens. The total stress shear-strength parame-
ters c and ϕ were determined by drawing the p − q plots (Fig. 4).
Table 4 summarizes the values of c and ϕ. The lime-stabilized (S1)
and RHA/mixed lime (S2) soils showed a higher shearing resis-
tance by improving the cohesion intercept, but the effect on the
friction angle was marginal. A similar result was indicated by
Thompson (1965) for lime-stabilized fine-grained soils that yields
a substantial increase in cohesion and minor improvement in the
internal friction angle. A nonmonotonic trend was observed from
Fig. 4 for S2–SR7 specimens. The nonmonotonic trend is prob-
ably attributable to the distribution of fiber in the stabilized soil.
As noted in the paper, it is difficult to mix and prepare a specimen
with a higher fiber content. Hence, for the SR6 and SR7 specimens,
the peak stress differs slightly. The results show that the friction
angle of the soil was not affected by the addition of fiber. Addition
of a large amount of the fiber will cause a slippage and decrease
the friction between soil and fiber. The inclusion of fibers in the
lime/RHA specimen resulted in a slight decrease in the friction
angle from 24° to 21°. The cohesion of fiber-reinforced lime/RHA/
soil mixture tend to increase initially as the fiber increased to 0.4%,
and then decreased with increasing fiber content up to 1.2%. The
maximum cohesion value was observed at a fiber content of 0.4%
(SR5 specimen). The characteristic indicates that the addition of
fiber has a significant influence on the development of cohesion of
the stabilized soil.

Table 5. Values of qu and Tu with Various Curing Times for Selected Samples

Age
(days)

qu (kPa) for specimen Tu (kPa) for specimen qu=Tu for specimen

S1 S2 SR3 SR5 S1 S2 SR3 SR5 S1 S2 SR3 SR5

1 51 53 54 52 3.1 5.7 6.6 6.2 0.06 0.11 0.12 0.12
7 76 65 86 90 3.8 7.0 10.5 11.2 0.05 0.11 0.12 0.12
14 98.4 113 153 161 4.8 9.9 19.0 20.4 0.05 0.09 0.12 0.13
28 108 145 186 218 5.1 11.9 25.7 33.0 0.05 0.08 0.14 0.15
56 112 153 198 228 5.3 12.3 29.5 35.2 0.05 0.08 0.15 0.15

Fig. 4. Failure envelopes (p-q plot) for the UU triaxial test
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A possible explanation for the decrease in friction angle can
be explain that in the UU triaxial test; i.e., because of the small
percentage of plastic fibers and the small size of the reinforcing
fiber. Theoretically, the moisture content at the fiber/soil interface
will be higher because the excess pore water pressure could not
dissipate from the soil during shearing. The moisture therefore po-
tentially softened the soil/fiber interface and decreased the shearing
resistance. As the result, this mechanism will decrease the friction
angle. A similar result was measured by Fabian and Fourie (1986).
The increasing cohesion with fiber content can be attributed to the
cementation effect caused by the lime/RHA reaction with available
moisture. The process will produce an increasing in the bonding
between soil and fibers in addition to the cohesive portion of shear
resistance. Second, during the shearing, the soil particles surround-
ing the fibers cannot easily change their position, thereby improv-
ing the bonding force between soil particles, i.e., cohesion of the
soil. The addition of fiber caused the appearance of friction between
the fiber and soil particles, which enhances the bonding action
between particles and improves cohesion of the soils. Increasing

the cohesion with the addition of fibers was also found by
Cai et al. (2006) for fiber and lime mixed-clayey soils. However,
if the amount of fiber admixed into soil is abundant the fibers will
adhere to each other to form lumps, which leads to an uneven dis-
tribution of fiber in the soil and deficient contact of the fiber with
the soil particles. This consequently reduces the shear strength
parameters, especially the cohesion.

Unconsolidated/Undrained Triaxial Tests: Failure
Behavior

Figs. 5(a–c) show the stress–strain relationship of the treated
and reinforced soil/lime/RHA mixtures for various cell pressures,
i.e., 98.1, 196.2, and 294.3 kPa. In general, the peak stress differ-
ence at failure (Δσf) increases with the increase in applied cell
pressure. The stabilized soil has a higher peak stress than the un-
stabilized soil (N1). Figs. 5(a–c) show that the RHA-stabilized
lime/soil mixture (S2) had a higher peak stress response than
the lime-stabilized soil (S1). Lime/RHA will react and produce

Fig. 5. Stress/strain relationship obtained from the UU triaxial test with various cell pressures: (a) 98.1 kPa; (b) 196.2 kPa; (c) 294.3 kPa
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a cemented material that increases the strength of the mixture.
However, the stabilized soil failed at a relatively smaller strain,
about 3–5%, depending on the cell pressure. Inclusion of the fibers
in the stabilized soil leads to increasing the failure strain up to
10% (SR5 specimen), which depends on the fiber content. This
behavior may be attributable to strong interfacial adherence and
frictional interaction between the fiber and soil particles. Consoli
et al. (2002) noted that the failure of the fiber-reinforced cemented
specimen occurred because of slippage between the soil particles
and fibers.

The stress-strain relationship in Fig. 5 can be used to interpret
whether the failure behavior is brittle or ductile. The failure behav-
ior is expressed as the brittleness index. Consoli et al. (2002) and
Li (2005) proposed the brittleness index (IB) as the ratio of the peak
principal stress to the residual stress that quantifies the differences
in the stress-strain curves of the soil. The brittleness index is given
in Eq. (2):

IB ¼ ðΔσdÞf
ðΔσdÞult

− 1 ð2Þ

where IB = brittleness index; and ðΔσdÞf and ðΔσdÞult = peak de-
viatoric and residual stress, respectively. The value of IB ranges
from 0–1, where 0 represents perfectly ductile behavior.

Fig. 6 illustrates the change of the brittleness index of the treated
and untreated soil with respect to fiber content. The best-fit line and
95% confidence interval band in Fig. 6 shows that the IB value
declines with addition of fiber. The term confidence interval band
refers to the region of uncertainties in the predicted values over a
range of values for the independent variable. Fig. 6 shows that the
stabilized soil with a lime/RHA mixture (specimen S2) exhibits
brittle behavior because the IB value is 1 for all of the applied
cell pressures. Fiber-reinforced stabilized soil is able to reduce the
brittle behavior. Fig. 6 shows that the addition 0.1% fiber in the
stabilized soil reduced the brittleness index from 1 to 0.4 on aver-
age. Addition of fiber up to 0.4% reduced the brittleness index up to
0.08 on average, and increasing the fiber up to 1.2% slightly de-
creased the brittleness index. The relationship in Fig. 6 suggests
that inclusion of 0.1% fiber was enough to decrease the brittleness
behavior of the stabilized soil.

Effect of Fibers on the California Bearing Ratio

The bearing capacity of subgrade candidate is an important factor
for designing road construction. The CBR value is commonly used
to evaluate the quality of road materials. Fig. 7 shows the CBR
value in relation to unstabilized, stabilized, and reinforced speci-
mens. The unstabilized soil had the smallest CBR value at 6.2%,
and the specimens experienced swelling by 1.12% when subjected
to 3 days of water immersion. The CBR value of the unstabilized
soil (N1) was slight greater than the requirement for subgrade as
required in Indonesian standard SNI 03-1732-1989F (National
Standardization Agency of Indonesia 2002). The lime/RHA mix-
ture enhanced the bearing of soil in which the CBR increased
from 6.2 to 22.5%. The Indonesian standard SNI 03-1732-1989F
requires a CBR value of 20 and 50% for subbase and base course,
respectively. Based on SNI 03-1732-1989F, the stabilized and
reinforced soil can be used either as subgrade and subbase mate-
rials in roadway construction. As in the unconfined compressive
strength characteristics, the reason for the CBR improvement was
because of the pozzolanic reaction between the soil and lime/
RHA material. The chemical hydration during the reaction, re-
garded as the primary reaction, formed additional cementitious
material that bound particles together and enhanced the strength
of the soil.

The CBR values increased with an increase in the amount of
fiber up to 0.8%, and thereafter the CBR decreased slightly with
the further addition of fibers (Fig. 7). In general, fiber-reinforced
stabilized soil meets the requirement of SNI 03-1732-1989F as sub-
base materials and base course materials, especially for the SR6
specimen. As discussed in the previous section, the increasing
CBR value was attributable to the fact that fibers contributed sig-
nificantly to enhance the bearing of the stabilized soil. The highest
CBR value is 53.8%, which is obtained at an inclusion of 0.8%
fibers into the stabilized soil, but further additional fiber tends
to decrease the CBR value. This behavior may be attributed to
the compaction resistance of the fibers and the fact that the fibers
had a lower specific gravity than soils. Nataraj and McManis
(1997) noted that the interaction between the soil and the fiber
reinforcement controlled the response of the soil/fiber mixture to
compaction.

Fig. 6. Relationship between the brittleness index and fiber content
Fig. 7. Variation of the soaked CBR of the unstabilized, stabilized, and
reinforced specimens
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Effect of Wetting/Drying on Compressive Strength

Table 6 presents the unconfined compressive strength of the stabi-
lized and reinforced specimens after wetting/drying cycles. The
compressive strength varies with the wetting/drying cycles.
The change of compressive strength after the wetting/drying cycles
can be expressed as the residual strength index, R, which is the ratio
between the compressive strength after the wetting/drying cycles,
quðwet=dryÞ, and prior to the cycle, quð0Þ:

R ¼ quðwet=dryÞ
quð0Þ

ð3Þ

Fig. 8 plots the relationship between the residual strength index
and the number of the wetting/drying cycles for the lime/RHA sta-
bilized soil and fiber-reinforced stabilized soil. Generally, the best-
fit and 95% confidence interval prediction band line show that the
compressive strength decreased up to three cycles, and then a slight
increase of strength was noticed for all specimens subjected to fur-
ther wet/dry cycles. Increasing the wetting/drying cycles indicates
that the age of the specimen increased and the strength of the sta-
bilized specimens would increase as the time increased (Table 5).
The absorbed water during wetting will produce a softer soil mix-
ture but the moisture causes an increase in strength with increasing

length of the curing period. Although the exact reasons for that
slightly enhanced unconfined compressive strength were not inves-
tigated in detail in this paper, this is attributed to the following:
(1) expansion may take place to cause a reduction on particle inter-
locking within the stabilized soil (Oti et al. 2009; Staridavakis
2005) and create a change in the structure of the stabilized soil;
subsequently, the compressive strength decreases because of
wet/dry cycles (Ahmed et al. 2011; Ahmed and Ugai 2011); and
(2) during wet/dry cycles, the stabilized soil can gain extended cur-
ing time; consequently, the durability of stabilized soil improved
(Bin-Shafique et al. 2010). The strength of air-cured cemented soil
can be increased by the number of wettings because the wetting can
supply sufficient water for hydration in soil stabilization mecha-
nisms that cause complete hydration. This is also an important fac-
tor for strength development (Naeini and Ghorbanalizadeh 2010;
Park 2010).

Wetting/drying cycles significantly reduced the compressive
strength of the lime-stabilized soil specimen (S1). The wetting/
drying cycles caused the specimens to fail after three cycles.
The result indicated that lime-stabilized soil was not resistant to
the wetting/drying effect. The RHA/mixed lime/soil mixture (S2)
shows more resistance to wetting/drying than the lime/soil speci-
men (S1). The lime/RHA mixed soil specimen loses its strength
after three cycles of wetting/drying. During the wetting process,
the cementitious materials such as CaO could be leached away
or washed out, and this resulted in a weak cementation process.
Park (2010) found a similar behavior for cement stabilization after
three cycles of wetting/drying. In contrast, wetting will result in a
higher water content as necessary for the pozzolanic reaction.
Under this circumstance, the pozzolanic reaction will produce a
cemented material that will coat the soil particles and increase
the strength with an increase in the age of the mixture. Addition
of 0.1–1.2% fibers in the stabilized soil (specimens SR3–SR7) en-
hanced the strength resistance attributable to wet/dry cycles. As
presented in Table 5, the compressive strength of fiber-reinforced
stabilized soil is generally higher that the stabilized soil specimens
(S2). Fibers contributed significantly to enhance the compressive
strength and improve the durability of stabilized soil. When local
cracks appear in soil because of drying, fibers will act in tension in
the soil with fiber-stabilized soil friction and cohesion, which ef-
fectively impedes further development of cracks and improves the
resistance of the soil to the force applied. General results suggest
that that the strength reduction occurred immediately after wetting.
This characteristic should be considered when stabilized soils are
constructed in the field.

Effect of Fiber on Secant Modulus of Elasticity

The modulus of elasticity is one of the parameters used to charac-
terize stiffness or elasticity of soil. The value is commonly ex-
pressed as the secant modulus, E50. The secant modulus is the
slope of a straight line drawn from the origin to a specified stress
on the stress-strain curve. The value of E50 is expressed as
E50 ¼ q50=ε50, where q50 is half of the peak compressive strength,
and ε50 is the strain, which corresponds with q50. In the research
described in this paper, the secant modulus is determined from the
axial stress and strain of the UCS test. Table 4 presents the secant
modulus of the specimens. The results show that the unstabilized
soil specimen (specimen N1) had the smallest secant modulus
among other mixture specimens. Addition of lime increased the
E50 of the soil from 0.8–2.15 MPa. The mixing of the RHA in
lime/soil mixture increased, and doubled the E50 from 2.15 to
5.08 MPa. Increasing the secant modulus was higher when the
lime/rice husk ash and soil mixtures were added with the fibers.

Table 6. Unconfined Compressive Strength after Wetting/Drying

Number
of cycles

UCS (kPa) for specimens

S1 S2 SR3 SR4 SR5 SR6 SR7

0 98.4 113 152 166 161 190 165
1 50.2 65 137 128 125 143 140
2 28.7 55 123 108 100 138 134
3 11.4 50 101 99 97 124 120
4 Ruin 76 137 149 136 145 152
5 90 170 142 140 153 160
6 88 154 125 126 120 147
7 108 160 141 143 133 167
8 114 170 185 130 140 145
9 138 155 200 175 152 179
10 153 156 225 198 207 220

Fig. 8. Effect of wetting/drying cycles on the compressive strength of
the stabilized and fiber-reinforced stabilized clay
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The largest secant modulus was obtained at 0.8% fiber mixture
(specimen SR6).

Much research has been done to estimate the E50 from the
correlation equation between E50 and unconfined compressive
strength (Kim et al. 2008; Tang et al. 1996; Ahmed et al. 2011).
Tang et al. (1996) reported that E50 was in the range of
40–260× the value of qu, and tends to decrease as the total con-
fining pressure increases. Regarding the previous discussion, the
fiber content has a significant influence on the tensile strength
of the stabilized soil, and the Tu was correlated with qu as the
strength ratio. Therefore, an empirical model of the secant modulus
was developed as a function of the strength ratio (Tu=qu) and fiber
content (f). Fig. 9(a) shows the correlation. According to this cor-
relation, the modulus proportional to a power law of the strength
ratio and fiber content. The power exponent in Fig. 9(a) is the fiber
content. Eq. (4) shows the secant modulus of the fiber-reinforced
lime/RHA/soil mixture. The correlation indicates that the secant
modulus decreases with increasing the strength ratio and fiber con-
tent in the stabilized soil

E50 ¼ aþ b

�
Tu

qu

�
f

ð4Þ

where E50 = secant modulus (MPa); a and b are constants (a ¼ 7.5,
b ¼ −2.2); Tu and qu = split-tensile (kPa) and unconfined com-
pressive (kPa) strengths, respectively; and f = fiber content (%).

The mean stresses have a significant influence on the soil modu-
lus. This is also termed the confinement effect. Fig. 9(b) shows the
secant modulus as a function of different confinement levels and
fiber content. The correlation shows that the secant modulus de-
creases with increasing the confinement pressure and fiber content
in the stabilized soil. This result is in agreement with Tang et al.
(1996). Eq. (5) gives the correlation to estimate E50:

E50 ¼ aþ b

�
pa

σ3

�
expðfÞ ð5Þ

where E50 = secant modulus (MPa); a and b are constants (a ¼ 0.5,
b ¼ −0.33); and pa and σ3 = atmospheric (kPa) and confined (kPa)
pressure, respectively.

For pavement design purposes, the CBR value is commonly cor-
related with the modulus of elasticity of the soil. Fig. 10 shows the
relationship of the CBR and secant modulus of elasticity obtained
from the unconfined compressive strength test. In Fig. 10, the CBR
value is normalized with the fiber content using a power law be-
cause the CBR changed with the addition of fiber content in the
stabilized soil. The correlation can be approached by using a bilin-
ear equation

Es ¼ 1.1435 log½CBRðfÞ� þ 5.2453 for f ≤ 0.4%

Es ¼ 0.0856 log½CBRðfÞ� þ 6.8433 for f > 0.4% ð6Þ
where Es = secant modulus of elasticity (MPa); and CBR = soaked
California bearing ratio (%). There is a linear relationship between
the CBR and modulus of elasticity, although this applies strictly to
the soils examined.

Fig. 9. Relationship of the secant modulus with the following: (a) strength ratio (Tu=qu) and fiber content; (b) stress ratio (pa=σ3) and fiber content

Fig. 10. Correlation between CBR, fiber content, and secant modulus
of elasticity
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Conclusions

A series of tests have been performed to study the effects of ran-
domly distributed plastic-waste fiber reinforcement on the strength
of stabilized soil with lime/RHA mixtures. The effects of fiber in-
clusions in the soil and lime/RHA mixtures on the engineering
properties were examined. It was observed from testing that these
engineering properties of fiber/lime/RHA soil vary and depend on
the fiber content. New empirical equations to estimate the secant
modulus of elasticity have been developed as a function of fiber
content, CBR, unconfined strength, tensile strength, and confining
pressure in the triaxial test. The effect of the plastic waste fiber
on the failure behavior was interpreted by the brittleness index.
Environmental effects were simulated as wet/dry cycles in this
paper. Based on the strength, CBR, shear strength, and failure char-
acteristics, the optimum amount of fiber mixed in soil/lime/RHA
mixtures range from 0.4–0.8%. Thorough this paper, the technique
of a fiber-reinforced lime/RHA soil system is a very effective
method of soil improvement, which improves the compressive
strength, tensile strength, shear strength, and bearing of the soil;
consequently, this improvement enhances the stability and durabil-
ity of infrastructures such as foundations and roadbeds. Further-
more, the following conclusions can be drawn from this paper:
• Lime and rice husk ash mixtures enhanced the compressive

and tensile strength of the soil up to 4× and 5×, respectively.
Inclusion of the plastic waste fibers played a significant role in
increasing the tensile strength and strength ratio of stabilized
soil. The compressive strength increased as the curing age
increased.

• The shear strength of the soil increase by addition of the lime/
rice husk ash mixture. The inclusion of fibers resulted in a
decrease in the friction angle. The cohesion of fiber-reinforced
lime/RHA/soil mixtures increased initially and then decreased
with increasing fiber content, and the maximum value was
observed at a fiber content of 0.4%. Plastic fibers in the soil/
lime/RHA mixtures had a significant influence in development
of the cohesion rather than friction angle of the soil.

• Inclusion of the plastic-waste fiber reduced the brittleness be-
havior of the stabilized soil. Addition of 0.1% fiber was enough
to decrease the brittleness of the stabilized soil. In general, in-
clusion of the plastic-waste fiber increased the secant modulus
E50 of the stabilized soil specimen.

• Regarding the strength behavior, the plastic-waste fiber-
reinforced stabilized soil meet the requirements as subbase and
base course materials in term of its CBR values. The CBR value
of the soil increased up to 3.6× by mixing of lime/RHA. How-
ever, the CBR value increased considerably up to 8.7× by
adding plastic-waste fibers.

• The compressive strength of stabilized and reinforced soil/lime/
RHA/plastic-waste fiber was reduced by three cycles of wetting/
drying, and then a slight increase of strength was noticed when
subjected to further wet/dry cycles. Adding plastic-waste fiber
enhanced the residual strength of the stabilized soil.
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