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Abstract

Weak lateritic subgrades are more often than not encountered during road construction in Ghana. This makes it nec-
essary to find economically efficient ways to improve the engineering properties of these marginal lateritic soils. The
objective of this study is to investigate the effects of coconut fiber (30 mm, 60 mm and 90 mm fiber lengths) and palm
fiber on some geotechnical characteristics of a weak lateritic subgrade. The lateritic soil was collected from the KNUST
campus and blended with various percentages of the fibers varying between 0.1 and 1.0% by weight of dry soil. The
mixed materials were then subjected to various laboratory tests including compaction, unconfined compression test and
4-day-soaked California bearing ratio test. From the results, it was observed that increasing the fiber content decreased
the maximum dry density and increased the optimum moisture content. The inclusion of the fiber increased the soaked
CBR from 7 to a maximum of 18, 22, and 25 at 30 mm, 60 mm and 90 mm fiber lengths, respectively. The unconfined
compressive strength also increased from 140 to a maximum of 353 kPa, 398 kPa and 447 kPa, respectively, for 30 mm,
60 mm and 90 mm fiber lengths. Similarly, palm fiber inclusion recorded maximum soaked CBR value of 14% and UCS
value of 352 kPa. These peak values were obtained at optimum fiber contents of 0.2%.
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1 Introduction

Low volume roads play a major role in the socioeco-
nomic development of rural communities. However, they
carry low volumes of traffic and are normally designed
and built to lower standards than other categories of
roads. In Ghana, less than ten percent of engineered
rural roads are surface dressed. The bulk majority are
unsurfaced and simply referred to as ‘gravel roads’
These gravel roads consist of subgrade with up to about
150 mm subbase layer thickness. Lateritic soils are the
most abundant naturally occurring materials used for
the construction of both the subgrade and subbase

layers. However, most of these lateritic soils usually have
high fines content [15], thus making them unsuitable for
road construction. When such materials are encountered
along a road alignment during construction and are not
well treated, they develop into ‘soft spot’section leading
to premature failure of the road before their designed
life. In this study, soft spots are areas of the gravel road
surface (or the subgrade) which are made weak as a
result of low material strength which poses problems of
shear failure and excessive rutting. However, the conven-
tional approach employed by the Feeder Roads Depart-
ment in Ghana is to cut the weak section and replace it
with competent compacted soil. The other way is to use
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the concept of any appropriate soil improvement tech-
nology in improving these critical sections.

Since 1969, Vidal [37] proposed the use of metal strips
as reinforcements in reinforced earth system which
increased the shearing resistance of the soil matrix. Since
then, the use of geomaterials to modify the behavior of
soil has increased in executing geotechnical structures
such as embankments, pavements, retaining walls, etc.
Many researchers over the past years have used syn-
thetic fibers as well as natural fibers in reinforcing soil.
Muthu et al. [28] researched on the application of coco-
nut coir fiber for improving subgrade strength charac-
teristics of clayey sand. The result of the study showed
designed pavement thickness reduction of 55% for soil
reinforced with 1.2% fiber content compared to unre-
inforced soil. Mali and Singh [23], studied the strength
behavior of reinforcing soft silty or clayey soils with
randomly distributed natural and synthetic fibers. The
study concluded that the fibers mobilized tensile resist-
ance when loaded which imparted higher strength to
the soil. Singh and Mittal [33] conducted a study on the
use of coconut fiber to improve local subgrade soil for
road construction and concluded that the composite
effect of the natural fiber changes the soil from brit-
tle to ductile behavior. Again, Chaple and Dhatrak [7]
studied the performance of clayey soil when reinforced
with coir fiber and concluded that the provision of coir
reinforced layer reduces settlement and improves the
bearing capacity ratio in a range of 1.5 to 2.66. Babu and
Vasudevan [5] reported on the response behavior of coir
fiber-reinforced soil in terms of strength and stiffness.
The study concluded that the stiffness of the soil was
increased with fiber inclusion and the pullout resistance
of synthetic fibers is less compared to that of natural fib-
ers. Among other researches are Charan et al. [8], Kumar
et al.[18], Zornberg [38], Cyrus and Babu [9], Kumar et al.
[19], Marandi et al. [24], Ramesh et al. [31] and Pradhan
et al. [30], Abhijith [1] and Stuti et al. [35].

In Ghana, coconut plantations occur along the coast
mostly in the Greater Accra, Central and Western regions.
Oil palm plantations are also predominantly found in
the forest zones in the Eastern, Ashanti and Brong-Ahafo
regions. Palm fibers are obtained as a by-product of palm
oil production, while the coconut fibers are obtained from
the coconut husk after processing for coconut oil or for
human consumption of the edible part. Ghavami et al.
[14] and Mattone [25] have reported on the major signifi-
cance of using natural fibers in reinforcing soils as being
easily available, good workability and their environmental
friendliness. This laboratory study seeks to investigate the
feasibility of reinforcing a lateritic subgrade material with
randomly distributed natural fiber derived from coconut
and palm for rural road construction.
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2 Materials and methods
2.1 Lateritic soil

Bulk sample of the lateritic soil was obtained from KNUST
campus at geographical coordinates 6.67209 N and
1.56575 W. A trial pit of approximate size 1.5 m by 1.2 m
was sunk manually and lateritic soil between the depths of
0.5 m to 2.0 m collected. The bulk sample was air-dried for
three days and index property tests conducted in accord-
ance with the methodologies outlined in BS 1377: Part 2:
1990 [6]. The cone penetrometer was used in the deter-
mination of the liquid limit test, while the particle size
distribution analysis on the solid particles was conducted
using wet sieving. The hydrometer test was performed on
the fines portion of the soil sample using sodium hexam-
etaphosphate as deflocculating agent. The specific gravity
of the solid soil particles was determined on the air-dried
samples using the gas jar method following the proce-
dures as stipulated in BS 1377:Part 2:1990.

The lateritic soil was then subjected to the modified
AASHTO compaction, unconfined compression test (UCS)
and 4-day-soaked California bearing ratio (CBR) tests in
accordance with ASTM D 1557-91 [2]. Soil sample was
taken to the Ghana Geological Survey for chemical analysis
determination using the X-ray fluorescence spectrometer.

The summary of results on the index properties of the
lateritic soil is detailed in Table 1. The study sample used
in this research had liquid limit of 51%, a plasticity index
of 27% with a fines content of 55.04% (i.e., the percent-
age passing sieve size 75 um). The particle size distribution
characteristic of the soil is shown in Fig. 1 and superim-
posed on the grading envelope specified by the Ministry
of Transport [27] for base and subbase pavement layers.

From the laboratory results, the lateritic soil classifies
as A-7-6 according to the AASHTO classification system
which puts it as fair to poor material for subgrade of roads.
Samples with such properties are typical of lateritic soils
encountered on many road projects in Ghana, hence the
need to improve them through reinforcement method.

Table 2 details the summary of the chemical composi-
tion of the study soil. It is found that the lateritic soil has
oxides being silica, alumina and iron oxides as the domi-
nant oxides contributing to 68.32%. The aluminum and
iron oxides (i.e., the sesquioxide) constitute 32% of the
chemical composition. The silica-sesquioxide ratio was
evaluated to be 1.14. This shows that the study soil is true
laterite because silica—sesquioxide ratio less than 1.33 is an
indicative of true laterites (Lyon Associates Inc, 1971 [22]).
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Table 1 Summary of index properties test

Geotechnical characteristics Laboratory value
Natural moisture content (%) 20.8
Specific gravity 2.639
Grading
Gravel (%) 12
Sand (%) 42
Silt (%) 23
Clay (%) 23
Atterberg limits
Liquid limit (%) 51
Plastic limit (%) 24
Plasticity index (%) 27
Linear shrinkage (%) 13
Compaction
Maximum dry density (Mg/m?) 1.928
Optimum moisture cont. (%) 13.9
CBR—4-day soaked (%) 7
CBR swell (%) 0.62
Classification
AASHTO A-7-6
Uscs CH
100

LEGEND

80
60

40 4

Percentage Passing (%)

20 A

1E-3 0.01 0.1 1 10 100
Sieve Sizes (mm)

Fig. 1 Grading characteristics of study soil

2.2 Natural fibers

The processed coconut fiber (Fig. 2) was obtained from
a commercial firm. The coconut fibers were de-stranded
and cut into lengths of 30 mm, 60 mm and 90 mm. The
palm fiber as shown in Fig. 3 was obtained from an oil
mill. For the palm fibers, no cutting was done because
the fiber was of uniform length ranging between 30 to
35 mm. However, the palm fibers were washed with tap

Table 2 Chemical composition

of the soil

Major oxides Concentra-

tion (wt%)

SiO,
Al, O,
Fe,04
Na,O
MgO
K,0
Ca0
P,0Os
MnO
Tio,
SO,
Total

36.32

25.56
6.44
0.91
0.96
0.98
0.1
0.11
0.03
0.83
0.09

7233

Fig.2 Coconut fiber

V

Fig.3 Palm fiber

SN Applied Sciences

A SPRINGERNATURE journal



Research Article SN Applied Sciences

(2021) 3:642

| https://doi.org/10.1007/s42452-021-04634-0

water and rinsed thoroughly to remove the palm oil.
Diameter of the fibers was determined using a pair of
calipers upon averaging three sets of readings. The spe-
cific gravity of the fibers was determined using kerosene
by the pycnometer method. Water absorption test was
conducted on the two fibers at their natural moisture
contents.

The surface characteristics of the ‘as-received’ fibers
and fibers embedded in soil for 14 days, 30 days and
60 days were observed using the Scanning Electron
Microscopy (SEM) SU8000 Hitachi microscope at differ-
ent magnifications and 2 kV accelerating voltage. The
chemical composition of the fibers, namely cellulose,
hemicellulose and lignin content, was determined on
both the coconut fiber and the palm fiber.

2.3 Soil-fiber specimen

Table 3 is a summary of test program followed in this
investigation. The lateritic soil sample and the fiber were
thoroughly mixed by hand to obtain uniform soil-fiber
mixes. The fibers were added in percentages of 0.1%,
0.2%, 0.3%, 0.4%, 0.6%, 0.8% and 1.0% by weight of the
dry soil.

2.3.1 Compaction test

For the compaction test, 7000 g of the riffled air-dried
lateritic soil was weighed. Then 0.1% of 30 mm coco-
nut fiber was calculated by weight of the dry soil and
weighed. The soil and fiber were thoroughly mixed by
hand adding water of 3% to attain uniform mix. The
mixture was compacted using the BS 1377: Part 4:1990
(equivalent ASTM D 1557-91) specification. The com-
pacted sample was reused by compacting the same
sample each time but increasing the water content by
about 3%.

This is repeated for the different fiber contents of
0.1%, 0.2%, 0.3%, 0.4%, 0.6%, 0.8% and 1.0% for palm
fiber and coconut fiber of 60 mm and 90 mm lengths.
The optimum moisture content (OMC) and maximum dry
density (MDD) were evaluated for each fiber type, fiber

Table 3 Summary of testing program

Test type Control  Coconut fiber length Palm fiber
30mm  60mm 90 mm

Compaction  +/ vV vV vV vV

ucs Vv v v v v

CBR v Vv v v v
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length and fiber content. The results have been summa-
rized and discussed.

2.3.2 Unconfined compression strength test

In the unconfined compression strength (UCS) test,
specimens were prepared at optimum moisture content
(OMC) and maximum dry densities (MDD) obtained from
the compaction test. The UCS samples were prepared at
OMC and MDD as studies have shown that maximum soil
strength is attained at this region of the compaction curve.
Faure and Da Mata [12] conducted a study on the strength
of soils along the complete compaction curve and the
results showed that the maximum UCS values were
attained when samples were prepared and tested at the
OMC and MDD. With regard to triaxial tests, the samples
recorded the maximum cohesion at the OMC. Also, study
by Hua Li [17] on fine grained soils and their engineering
behaviors showed similar trend with soils attaining maxi-
mum strength when compacted at OMC and MDD.

First, 3000 g of the riffled air-dried lateritic soil was
weighed. Then, 0.1% of 30 mm coconut fiber length was
calculated by weight of the dry soil. Then, the amount
of water equivalent to the OMC making allowance for
the existing water content of the soil was added to the
soil-fiber and thoroughly mixed until a uniform mix was
attained. The uniform mix was compacted in a split mold of
100 mm in diameter and 200 mm in height. The inside wall
of each mold was lubricated with oil before compaction to
facilitate the extrusion of the compacted specimens from
the mold. The compacted sample was extruded using the
sample extruder. The UCS test on the prepared specimen
was conducted in accordance with ASTM D 2166-98a [4]
at a constant strain rate of 0.33 mm/min. The results have
been summarized and discussed.

The test procedure was repeated for soil-fiber mixes
having fiber contents of 0.1%, 0.2%, 0.3%, 0.4%, 0.6%, 0.8%
and 1.0% for coconut fiber lengths of 60 mm and 90 mm
and palm fiber.

2.3.3 California bearing ratio test

For the California bearing ratio (CBR) test, 7000 g of air-
dried lateritic soil passing through 20 mm sieve size was
first weighed. This was followed by weighing 0.1% of the
30 mm coconut fiber by weight of the dry lateritic soil. The
weighed soil and fiber were added and mixed with water
to achieve the OMC until a uniform mix was attained. The
uniform soil-fiber mix was divided into approximately five
equal portions. Each portion was compacted in accord-
ance with BS 1377: Part 4:1990 using the CBR mold. The
prepared specimen was soaked for four days before test-
ing in accordance with ASTM D 1883-99 [3].
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The test procedure was repeated for the different fiber
contents of 0.1%, 0.2%, 0.3%, 0.4%, 0.6%, 0.8% and 1.0%
for palm fiber and coconut fiber lengths of 60 mm and
90 mm lengths. The soaked CBR values of the different
fiber types, fiber lengths and fiber content have been sum-
marized and discussed.

Table 4 Physical properties and chemical composition of fiber

Fiber characteristics Coconut fiber Palm fiber
Physical properties
Color Light brown Brown
Water absorption (%) 181 138
Fiber diameter (mm) 0.5 0.5
Specific gravity 1.342 1.102
Chemical composition
Cellulose (%) 303 28.8
Hemi-cellulose (%) 171 223
Lignin (%) 413 30.1

NCAT 2.0kV 15.4mm x50 LM(UL)

NCAT 2.0kV 15.4mm x100 LM(UL)

(©

1.00mm

I
500um

3 Results and discussions
3.1 Physical and chemical properties of fibers

The physical properties and the chemical composition of
the fiber types are detailed in Table 4. The results showed
the two fiber types had high lignin content, which is a
complex hydrocarbon polymer. This makes the fibers
exhibit good properties when used as soil reinforcement.
Enokela and Alada [11] have reported that natural fibers
having high lignin content and low cellulose content are
strong, resilient and highly durable. Again, it has also
been reported that the rate of fiber deterioration is very
slow when the lignin content is high [34].

The surface morphology of the fibers obtained from
the analysis of the SEM images at different fiber condi-
tioning (thus ‘as received, 14-day soaked, 30-day soaked
and 60-day soaked) is shown in Figs. 4 and 5 for coconut
and palm fiber, respectively.

(b)

NCAT 2.0kV 15.4mm x200 LM(UL)

(d)

Fig.4 SEM image of coconut fiber at different conditions. a As received b 14-day soaked ¢ 30-day soaked d 60-day soaked
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(d)

Fig.5 SEM image of palm fiber at different conditions. a As received b 14-day soaked ¢ 30-day soaked d 60-day soaked

Comparing the SEM images of both coconut and palm
fibers, those embedded in soil show that the structure
of the fibers appear to reflect a flocculated structure [26].
However, the intensity of the flocculation appears to be
slightly intense with increase in number of days for fiber
embedment. The general effect of the flocculated struc-
ture of the fiber is an improved fiber interface and hence
increases the interfacial shear resistance.

3.2 Effect of fiber content, fiber length and fiber
type on compaction

Figure 6 is a typical compaction characteristic curve of
90 mm coconut fiber-reinforced soil which shows the
effect of fiber inclusion at varying fiber content on the
compaction parameters.

The variations of optimum moisture content (OMC) and
maximum dry density (MDD) with varying fiber contents
and fiber lengths are shown in Figs. 7 and 8, respectively. It
is found that the addition of fiber irrespective of the fiber
type and fiber length leads to an increase in the OMC.
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1.95 4
3 90mm Fiber Length
] —=—0.0%
1.90 ] ——0.1%
1 ——02%
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180 o 1.0%

1.75 3

Dry Density (Mg/cc)

1.70 3

1.65

1.60 3 . ’ r
4 8 12 16 20 24

Moisture Content (%)

Fig.6 Compaction characteristics of 90 mm coconut fiber-rein-
forced soil
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1 —=— 30mm Coconut Fiber Length
1 —e—60mm Coconut Fiber Length
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Palm Fiber
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Fig. 7 Variation of OMC with fiber contents and fiber lengths

—&— 30mm Coconut Fiber Length
—&— 60mm Coconut Fiber Length
—d&— 90mm Coconut Fiber Length
Palm Fiber

1.94
{

Maximum Dry Density (Mg/m®)
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Fiber Content (%)

Fig.8 Variation of MDD with fiber contents and fiber lengths

However, the OMC increased with increasing fiber content.
Up until fiber content of 0.8%, the rate of increase in OMC
with fiber content was almost the same for palm fiber, at
30 mm and 60 mm coconut fiber lengths. The OMC was
slightly higher for the 90 mm coconut fiber length. Beyond
the 0.8% fiber content, the rate of increase in OMC was
drastic particularly at 90 mm fiber length. The increases in
OMC are due to the high water absorption properties of
the fibers which were determined to be 181% for coconut
fiber and 138% for palm fiber.

On the other hand, as the fiber content increases the
maximum dry density decreases for the different fiber
lengths and fiber types. From Fig. 8, the decrease in
MDD generally shows a linear trend for all the coconut
fiber lengths. These reductions in MDDs were due to the

addition of fibers of light weight (specific gravity of 1.342
and 1.102 for coconut fiber and palm fiber, respectively)
compared to the lateritic soil (having specific gravity of
2.639). From the plots, the rate of change in both the OMCs
and MDDs was not uniform with increase in fiber content
for all cases of fiber length and fiber type.

Similar results of MDD and OMC were reported by
Marandi et al. [24] on the use of palm fibers randomly dis-
tributed in reinforcing silty sand soils, Santhi and Sayida
[32] on the behavior of black cotton soil when reinforced
with sisal fiber and Lekha et al. [20] on lateritic soil stabi-
lized with arecanut coir.

From Fig. 6, the general shape of the compaction curves
for fiber contents of 0.1% to 0.4% is that the MDD and OMC
are approached more gradually from the dry side of the
OMC than the wet side. However, at higher fiber content of
0.6% to 1.0%, the shapes of the compaction curves show
that the OMC and MDD are approached faster from the dry
side of the OMC. From the compaction curves, it is clear
that at higher fiber contents the reinforcing fibers impede
the compaction process resulting in a lighter material.
Also, at higher fiber content, the soil fiber composites form
a flocculated structure which results in the reinforced soil
having higher moisture content, void ratio and reduces
compressibility resulting in the shapes of these compac-
tion curves for 0.6% to 1.0% fiber contents.

3.3 Effect of fiber on strength characteristics
3.3.1 California bearing ratio (CBR)

Typical load—penetration relationships for 4-day-soaked
CBR with varying fiber content of 90 mm coconut fiber

90mm Coconut Fiber Length Soaked Condition
—=—0.0%
—eo—0.1%
—a—0.2%
—v—0.3%
—e—0.4%
——0.6%
——0.8%
—e—1.0%

Force (kN)

Penetration (mm)

Fig. 9 Load—displacement relationships for 90 mm coconut fiber
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Table 5 Laboratory results of soaked CBR values for randomly rein-
forced soil

Fiber 30 mm 60 mm 90 mm Palm fiber
content Coconut fiber Coconut fiber Coconut fiber

(%) length length length

0 7 7 7 7
0.1 14 18 21 10
0.2 18 22 25 14
0.3 17 21 24 13
0.4 16 19 23 12
0.6 15 16 18 10
0.8 14 14 17 9
1.0 11 11 14 8

Strength Ratio=CBR _ /CBR

—=&— 30mm Coconut FL
—&— 60mm Coconut FL
—a&— 90mm Coconut FL
Palm Fiber

Strength Ratio

o- T T T I T I 1
00 01 02 03 04 05 06 07 08 09 10 11

Fiber Content (%)

Fig. 10 Variation of CBR with fiber content

length reinforced soil are shown in Fig. 9. From the plot,
the force—penetration relationship appears to be linear for
penetration up to about 3 mm. Table 5 is the summary of
the Soaked CBR results.

The relative strength ratio is defined as the CBR of the
reinforced soil to the CBR of the unreinforced soil. Fig-
ure 10 shows the variations of the relative strength ratio of
all the soaked CBR values with fiber contents, fiber lengths
and fiber type for the reinforced soil. From Fig. 9, the maxi-
mum CBR value was attained at optimum fiber content
value of 0.2%. This increase in strength was observed for
all the fiber lengths (thus 30 mm, 60 mm and 90 mm) and
fiber type. It appears the maximum strength ratio with
fiber length was attained at 90 mm fiber length. However,
beyond the 0.2% fiber content, there was a gradual reduc-
tion in the CBR values but they were all higher than the
unreinforced soil with soaked CBR value of 7%. The maxi-
mum strength ratio in soaked CBR values was 3.6 and 2 for
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90 mm coconut fiber length and palm fiber, respectively.
This means that randomly reinforcing the lateritic soil with
0.2% of 90 mm coconut fiber and palm fiber increases the
soaked CBR by 3.6 times and two times, respectively.

The increase in strength is attributed to the interactions
between the fibers and the soil particles through mechani-
cal interlocking of the randomly oriented discrete fibers
and the lateritic soil mass. The interlocking process leads
to the transfer of some amount of stresses imposed on the
soil to the randomly distributed fibers through the mobi-
lization of the tensile strength of the fibers. Based on this,
the fiber-reinforced specimen functions well both as fric-
tional and tension resistance constituent or unit. Lekha
et al. [20] in a study of soil stabilization of lateritic soil by
arecanut fiber also observed similar trend but the length
of fiber used was 28 mm. These trends in the results are
similar to findings reported by Prabakar and Sridhar [29].

In Ghana, CBR is the most widely adopted strength
parameter use for road design. The Department of Feeder
Roads (DFR) [10] specification on Soils and Natural Grav-
els—A Guide for Area Engineers on low volume roads
specifies a minimum CBR value of 15% for subgrade, 30%
for subbase and 60% for base layers. From the test results,
the highest CBR values attained at 0.2% fiber content
satisfy the requirement for a subgrade layer only but not
for subbase and base. To further improve the soil-fiber
composite in order to serve as subbase or base layer, the
soil-fiber composite could be modified with cement or
fly ash.

The results of this study have been compared with
other additives previously used in Ghana to reinforce soil.
Gawu and Gidigasu [13] study the effect of spent carbide
on the geotechnical characteristics of lateritic soils from
Kumasi, Ghana. The results showed that 10% spent carbide
addition was suitable for stabilizing the soil. Lyon Associ-
ates Inc, 1971), stabilized lateritic soils from Ghana using
cement and lime as additives. Soils stabilized with cement
showed greater gains in strength than lime-stabilized soils.
The generally established minimum CBR and UCS values
were attained with 3% to 6% cement. Lime-stabilized grav-
els showed maximum strength gains with 4% to 6% lime.

3.3.2 Unconfined compressive strength (UCS)

Figure 11 shows typical stress—strain curves for speci-
men reinforced with 90 mm coconut fiber length. From
the plot, the peak strength values appear to have been
clearly defined at strains of about 5%. Table 6 is the sum-
mary of the UCS test results. The relative strength ratio of
the UCS is defined as the UCS of the reinforced soil to the
UCS of the unreinforced soil. The relative Unconfined Com-
pressive Strength (UCS) values are plotted against fiber
content in Fig. 12. The plot indicates that the maximum
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90mm Coconut Fiber Length
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Fig. 11 1 Stress—strain relationships for 90 mm coconut fiber-rein-
forced UCS sample

UCS values were attained at 0.2% fiber content for the two
fiber types. The UCS of the fiber-reinforced soil increased
from 140 kPa for the unreinforced soil to a maximum of
352 kPa, 398 kPa and 447 kPa at coconut fiber length of
30 mm, 60 mm and 90 mm, respectively. The maximum
UCS value for palm fiber-reinforced soil was recorded to
be 352 kPa. The increase in strength may be due to the
increase in shear parameters.

At low fiber content, larger spacing is created between
the fibers in the composite mix leading to a less effec-
tive fiber to soil net formation. When the fiber content
was gradually increased, there was a decrease in spacing
between the fibers in the composite mix which made the
fiber-soil system to effectively form a strong fiber-soil net.
Applied external forces were therefore transferred and car-
ried by the fiber-soil net. This phenomenon was observed
to be more effective at 0.2% fiber content. However, with
an increase in the fiber content beyond the 0.2%, a lot of

Table 6 Laboratory results of UCS values of reinforced soil

the fiber filaments gather in clusters within the soil-fiber
mix due to the strong affinity between the fibers which
leads to more fiber to fiber interaction. The result of this is
an increased tendency for the samples to fail by shearing
as the fibers slip over each other creating planes of weak
zones in the reinforced specimen. Two (2) different modes
of sample failures were observed in the laboratory. Rein-
forced UCS samples with fiber contents from 0.1 to 0.3%
failed by bulging in the middle portion of the sample as
shown in Fig. 13. This resulted in the damaged samples
reducing in height but increase in diameter. However, rein-
forced UCS samples with fiber contents from 0.4 to 1.0%
failed by cracking as shown in Fig. 14. The cracks were in
the diagonal direction from the top and bottom of the
sample and gradually extended to the middle portion of
the sample resulting in some of the surface blocks of the
reinforced soil falling off. These cracks join together to
form a predominant shear plane at failure. With increase
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Fig. 12 Variation of relative UCS values with fiber content

Fiber 30 mm Coconut FL 60 mm Coconut FL 90 mm Coconut FL Palm fiber
content
(%) Peak UCS value Stiffness (E) Peak UCSvalue Stiffness (E) Peak UCS value Stiffness (E) Peak UCSvalue  Stiffness (E)
0 140 51 140 51 140 51 140 51
0.1 306 148 332 154 363 163 300 147
0.2 352 173 398 188 447 201 352 170
0.3 334 160 373 171 424 186 342 163
04 299 149 355 163 400 173 334 155
0.6 284 142 338 157 350 160 320 150
0.8 269 140 292 144 323 150 260 139
1.0 258 135 282 138 310 142 250 132
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Fig. 14 Failure by shearing for 0.6% FC

in fiber content, the failure pattern of the reinforced soil
changes from ductile to brittle.

With regard to coconut fiber inclusion, the effect
of the length of fiber is examined in Fig. 15 by plotting
the strength ratio against fiber length for both CBR and
UCS. The plot shows that as the length of fiber increases,
the strength ratio or the gain in strength increases. This
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Fig. 15 Relative CBR and UCS values at 0.2% fiber content

suggests that the length of fiber is a major factor in
improving the strength of the lateritic soil. From the plot,
as the length of fiber increases the rate of increase in the
strength reduces suggesting that there may be a fiber
length beyond which the strength ratio does not increase.

3.3.3 Effect of fiber on stiffness of the reinforced lateritic
soil

Stiffness modulus is used to measure the ability of soil to
resist deformation. From Fig. 11, the stress—strain curves
of the reinforced and unreinforced soil changes nonlin-
early. According to Tang et al. [36], modulus is expressed
as the slope of the linear portion of stress-strain curve.
From Fig. 11, the connecting line segment BA is selected
for each curve and the modulus (E) expressed using the
formula:

=40 _
Ae

Op — O

Ep— €

where 0, and o are the stress of A and B correspond-
ing to the strain €, and &;. Table 6 shows summary of the
stiffness modulus values for the different fiber contents
and fiber type.

Figure 16 shows typical variation of the stiffness modu-
lus values of 90 mm coconut fiber-reinforced soil at various
strain levels. The stiffness modulus at a particular strain
is evaluated by dividing the stress obtained at a particu-
lar strain with the corresponding strain. At low strain, it
is observed that the stiffness is high at the initial stages
and decreases as the strain levels increases. It is worthy
to note that the stiffness of the reinforced soil increased
with the increase in fiber content for both coconut fiber
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Fig. 16 Stiffness versus strain response for 90 mm fiber length

(irrespective of the fiber length) and palm fiber-reinforced
soils up to 0.2% fiber content beyond which there is a
gradual reduction in the stiffness. The stiffness-strain var-
iations with the different fiber types and contents were
roughly parallel to each other as shown in the case of the
study soil reinforced with 90 mm coconut fiber length in
Fig. 16. The general result shows that the stiffness of all the
fiber-reinforced soil were higher than the stiffness of the
unreinforced soil. The result of this study is similar to con-
clusions made by Li et al. [21] and Gullu and Khudir [16].

4 Conclusion

The application of randomly distributed natural fibers as
potential reinforcement for weak lateritic subgrade soil for
low volume roads was investigated. The 4-day-soaked CBR
and UCS of the lateritic soil reinforced with and without
coconut and palm fibers were compared to the Ghana
Department of Feeder Roads specifications for low vol-
ume road. The main findings based on the study results
are summarized as follows:

1. The maximum dry densities (MDD) of the lateritic soil
decreased with increasing fiber content, whereas the
optimum moisture content (OMC) increased with
increasing fiber content.

2. With the increase in fiber content, both CBR and
UCS of the reinforced soils increased first and then
decreased. The peak CBR and peak UCS values were
attained at optimum fiber content of 0.2% for both
coconut fiber and palm fiber. At the optimum fiber
content, the 4-day-soaked CBR of the reinforced soil
was in a range of 18% to 25% at coconut fiber lengths

of 30 mm to 90 mm compared to that of the unrein-
forced soil (having a CBR value of 7%). The UCS values
of the reinforced soil were 2.5, 2.8 and 3.2 times that of
the unreinforced soil (having a UCS value of 140 kPa)
for 30 mm, 60 mm and 90 mm coconut fiber lengths.
With regard to palm fiber, maximum CBR and UCS val-
ues of 14% and 352 kPa were attained at the optimum
fiber content.

3. The coconut fiber-reinforced soil showed maximum
gain in strength compared to that of the palm fiber-
reinforced soil. This improved strength occurred at
the highest fiber length of 90 mm which shows fiber
length is key to strength mobilization in reinforced soil.

In summary, the study has revealed that the applica-
tion of randomly distributed natural fibers in reinforcing
weak lateritic soil has the potential for improving the
geotechnical characteristics of the raw soil significantly.
Based on the CBR as well as economic and environmen-
tal benefits, 0.2% fiber content is recommended as the
optimum to reinforce the weak lateritic soil for subgrade
layer of low-volume roads as it satisfies the minimum
CBR requirement of 15%.
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