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Abstract

Fly ash and coir fiber are solid waste materials commonly used to mitigate the swelling and shrinkage of expansive soil
subgrades. While prior research has primarily explored their individual effects, the combined influence of these materials
remains underexplored. Through compaction and unconfined compressive strength tests, this study investigated the cou-
pled effects of fly ash and coir fiber content, along with curing time, on the mechanical properties of expansive soil,
addressing this critical research gap. The results demonstrate that the addition of fly ash and coir fibers significantly
enhances the unconfined compressive strength of expansive soil, with peak strength achieved at fly ash and coir fiber
contents of 20 and 0.5%, respectively. Furthermore, the unconfined compressive strength increases notably with longer
curing times. Building on the findings from element tests, physical model tests (static and dynamic loading tests) were
further conducted to study the mechanical response of improved expansive soil subgrades under geosynthetic reinforce-
ment conditions, such as geogrids and geocells. The optimal embedment depth of the geosynthetics is approximately 0.33
times the width of the foundation. Compared to unreinforced subgrades, the settlement of reinforced subgrades is sig-
nificantly reduced. Including geosynthetics demonstrates notable diffusion and attenuation effects on vertical stress and
peak acceleration, respectively. Furthermore, the stress distribution angle of geocell-reinforced subgrades is higher than
that of geogrid-reinforced subgrades, indicating a more pronounced effect on subgrade reinforcement.

Keywords Coir fiber - Expansive soil - Fly ash - Geosynthetics - Physical model tests

1 Introduction

Expansive soils are widely recognized as a global
geotechnical challenge, characterized by significant vol-
ume changes with variations in moisture content. Their
swelling and shrinkage properties can cause severe damage
to engineering infrastructures, particularly in railway and
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highway subgrades [1-3]. Therefore, developing cost-ef-
fective and reliable improvement methods to enhance the
bearing capacity of expansive soils, as well as their ability
to accommodate complex loads, is critically important.
Over the past few decades, many studies have focused
on controlling the swelling and shrinkage behavior of
expansive soils to enhance their strength [4, 5]. Various
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improvement approaches, including physical and chemical
methods, are widely used. Physical methods for improving
expansive soils primarily involve techniques that enhance
their density and drainage characteristics, such as com-
paction, drainage, and soil replacement [6—8]. However,
these methods may not always be economically or practi-
cally feasible in engineering applications due to the large
volumes of earth involved. Chemical methods primarily
use various binders, such as lime and cement, to improve
the strength of expansive soils [9, 10]. Nonetheless, this
approach can lead to brittle behavior in the treated soils
[11]. Additionally, these materials are not environmentally
friendly, as the greenhouse gas emissions from cement and
lime production contribute approximately 7-8% of global
emissions [12, 13]. Therefore, it is crucial to reduce the
production of traditional binders and to explore more sus-
tainable materials.

Fly ash, primarily produced from coal-fired power
plants, is a valuable sustainable material. Sivapullaiah et al.
[14] demonstrated that the incorporation of fly ash
increases the plastic limit of expansive soils due to its
pozzolanic reactivity. Cokca [15] further established that
fly ash stabilizes expansive soils by promoting the floccu-
lation of dispersed clay particles through cation exchange
mechanisms. Phani Kumar and Sharma [16] found that
adding fly ash significantly increased the plastic limit and
maximum dry unit weight of expansive soils while reduc-
ing the liquid limit and optimum moisture content. Zha
et al. [17] explored the combined effects of fly ash and lime
treatments, concluding that these additives can effectively
reduce the swell potential and shrinkage of expansive soils.
More recently, Li et al. [18] examined the mechanical
properties, chemical reactions, and microstructural evolu-
tion of construction waste stabilized with alkali-activated
fly ash. Their findings indicated that this approach enhan-
ces the maximum compressive strength and stability of
subgrade fill.

Coir fiber is an economical and effective material for
soil reinforcement. It possesses favorable tensile strength,
stiffness, hydraulic properties, and long-term resistance to
biodegradation [19-22]. Research by Sivakumar Babu and
Vasudevan [23] and Sivakumar Babu et al. [24] indicates
that the shear strength of soil increases with the content of
coir fiber. This enhancement occurs because coir fibers
improve friction and anchoring between soil particles.
Maliakal and Thiyyakkandi [25] investigated the impact of
coir fiber on the shear strength of clay. Their findings
revealed that when the fiber content exceeds 1%, the shear
strength of the soil begins to decline. Anggraini et al. [26]
studied the tensile and compressive strengths of both
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natural and improved soft soils. They found that the
addition of lime and coir fiber significantly enhances these
strengths, particularly when the curing period is extended.
The coir fibers contribute additional tensile and compres-
sive strength to the soil.

Geosynthetics are widely used for subgrade reinforce-
ment, and their properties significantly influence the rein-
forcement effectiveness. Wang et al. [27] found that the
addition of geogrids can enhance the ultimate bearing
capacity of foundations. However, increasing the number
of reinforcement layers has limited effectiveness, because
general failure occurs in soils with a single layer of rein-
forcement, while punching shear failure happens in other
cases. Li et al. [28] demonstrated that the use of geosyn-
thetic reinforcement significantly reduces the maximum
vertical stress on subgrades. It also creates a more homo-
geneous stress distribution, leading to lower settlements
and reduced horizontal deformations. Baadiga et al. [29]
reported that geogrid reinforcement significantly increases
rut depth through interlocking and lateral restraint of
aggregates. Stiff geogrids distribute applied loads over a
wider area at the subgrade level, minimizing rutting depths.
Raja and Shukla [30] found that wraparound geosynthetic
reinforcement can significantly improve foundation bearing
capacity and reduce settlement. This improvement is
attributed to the additional lateral restraint and frictional
resistance provided by geosynthetics, which also enhance
soil compaction.

In summary, incorporating fly ash and coir fiber as
partial replacements in expansive soil improvement can
effectively enhance subgrade strength by mitigating swel-
ling and shrinkage behavior, and promoting the resourceful
utilization of solid waste. Prior studies have primarily
focused on the individual effects of fly ash and coir fiber,
but there is limited research on the combined use of these
two materials in expansive soil subgrades. To address this
research gap, this study investigated the effects of fly ash
and coir fiber on the mechanical properties of expansive
soils through compaction tests and unconfined compression
tests, ultimately determining the optimal ratio of fly ash to
coir fiber. Additionally, the mechanical response of
improved expansive soil subgrades (treated by fly ash and
coir fiber with optimal ratio) was evaluated under various
geosynthetic reinforcement conditions through physical
model tests. The performance of geocell reinforcement was
compared to both unreinforced conditions and geogrid
reinforcement, aiming to assess the effectiveness of the
reinforced subgrades. These findings offer innovative, eco-
friendly solutions for subgrades design, advancing sus-
tainable geotechnical engineering practices.
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2 Test methods

In this study, compaction tests and unconfined compression
tests were conducted to evaluate the effects of fly ash and
coir fiber on the mechanical properties of expansive soils,
as well as to determine the optimal ratios of these mate-
rials. Additionally, the mechanical response of the
improved expansive soil subgrade was assessed under
various geosynthetic reinforcement conditions through
modeling tests. It is important to note that both static and
dynamic loading scenarios are considered in physical
model tests.

2.1 Materials

The expansive soil used in this study was collected from
Wuhan, China, at a sampling depth of 2.0-2.5 m below the
ground surface. The physical properties of the soil samples
were assessed, and specific parameters are presented in
Table 1.

The fly ash utilized in this study is from a power plant in
Wuhan, China. It is light gray in color and classified as
Class C fly ash. The C-class fly ash used contains lime as
alkaline activators, and the main component of lime is
CaO, with a content of 1.92%. These activators are intro-
duced via dry mixing of fly ash into the soil. The modifi-
cation mechanism involves hydration and pozzolanic
reactions, producing cementitious substances with flaky
and cluster structures that adhere to soil particles, fill inter-
particle pores, and enhance soil density and skeleton
strength, thereby improving overall soil mass strength
[15, 17, 31, 32]. The chemical composition is presented in
Table 2, while the particle size distribution can be refer-
enced in Li et al. [33].

The coir fiber used in this study is from coconuts grown
on Hainan Island, China. The physical properties of the
coir fiber are presented in Table 3, while the test materials
are illustrated in Fig. 1.

Figure 2 shows the structural configurations of biaxial
geogrid, triaxial geogrid, and geocell. (a) Biaxial geogrid
features a grid-like structure with equal strength in two

Table 1 Physical properties of expansive soil

Natural moisture content (%) 21.2
Optimum moisture content (%) 19.6
Maximum dry density (g/cm3) 1.71
Liquid limit (%) 51.2
Plastic limit (%) 23.4
Plastic index 27.8
Free swelling ratio (%) 52

perpendicular directions, typically used for soil stabiliza-
tion and load distribution in pavements. (b) Triaxial geo-
grid has a triangular aperture pattern, providing enhanced
load distribution and stability in multiple directions, mak-
ing it suitable for heavy-duty applications. (c) Geocell
consists of interconnected three-dimensional cells that
confine soil, offering superior reinforcement for subgrades
and retaining wall. The biaxial geogrid, triaxial geogrid,
and geocell used in the physical model tests are consistent
with those employed in [28, 33, 34]. The main technical
specifications are presented in Table 4.

To ensure the validity of geogrid scaling in the model
tests, similarity principles based on dimensional analysis
were adopted, following Buckingham’s © theorem [35], to
scale key parameters such as geometric dimensions, stiff-
ness, and tensile strength. A scaling ratio of N = 3 was
applied, with geometric dimensions scaled by N, and both
stiffness and forces (e.g., tensile strength) scaled by N2, in
accordance with established practices for geosynthetic-re-
inforced soil models. Huang et al. [36] utilized a similar
scaling approach (N = 2) for geogrid-reinforced bridge
abutments, scaling stiffness and strength by N to maintain
dynamic similarity in load transfer. Mehrjardi and Khazaei
[37] performed 36 repeated plate load tests with a scaling
ratio of N = 3.5, demonstrating that scaled geogrid
parameters effectively replicated prototype behavior, with
load—settlement responses within 10% of full-scale results.
In this study, geogrid parameters were selected to align
with these scaled values, ensuring consistency with the
referenced studies. Due to experimental constraints, direct
validation tests for scaling effects were not conducted.
Future research will include additional tests to further
validate the scaling effects.

Studies demonstrate that the reinforcement method
adapted in this study is cost-effective due to reduced
material use and enhanced performance. Sharma et al. [38]

Table 2 Chemical properties of fly ash

Content (%)

SiO, 60.64
F6203 6.85
Al,O3 2222
CaO 1.92
MgO 1.16
SO3 0.16
K,O 2.46
Na,O 0.50
TiO, 1.18
Others 0.15
Loss 2.74

@ Springer



Acta Geotechnica

Table 3 Physical properties of coir fiber

Length (mm) 20-25
Diameter (mm) 0.35
Density (g/cm’) 1.74
Tensile strength (MPa) 150
Breaking elongation (%) 25

found that biaxial geogrid reinforcement increased road
surface strength by 40% and reduced costs by 5% through
life-cycle analysis. Mahdi et al. [39] showed that geogrids
extend maintenance cycles, cutting costs by 36.67%.
Poorahong et al. [40] noted that triaxial geogrids improve
bearing capacity by 44% while reducing material costs.
Tafreshi and Dawson [41] demonstrated that geocell rein-
forcement achieves up to 85% better bearing capacity with
one-third the material of planar geotextiles. Lal et al. [42]
confirmed higher bearing capacity ratios (7.92 vs. 5.83)
using cost-effective, locally available materials, supporting
the economic and performance benefits of geocell
reinforcement.

2.2 Equipment

The compaction test uses the DZY-III multifunctional
electric compactor to perform light compaction on the
specimens, achieving an accuracy of better than + 1% of
the reading. This process aims to determine the optimum
water content and maximum dry density of the expansive
soil.

The unconfined compression test employs the WDW-
10E microcomputer-controlled electronic testing machine.
This equipment has a maximum load capacity of 20 kN
(17,644 kPa) and maintains a constant load rate of 1 mm/
min, with the test concluding upon reaching the peak value
of the stress—strain curve.

In the physical model tests, the DNYS-200 is utilized to
simulate traffic loads, the accuracy is better than £ 1% of
the reading. This equipment primarily consists of a loading
system, modeling system, circulation system, and moni-
toring system. It is capable of applying a maximum static
vertical load of 100 kN (4444 kPa) and a maximum vertical
displacement of 150 mm. The model box used for the test
is a rigid box of 1800 mm (length) x 800 mm (width) x

1200 mm (height), which is made of glass. The surfaces of

(a)

Fig. 1 Test materials: a expansive soil; b fly ash; and ¢ coir fiber
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Fig. 2 Illustration of a biaxial geogrid; b triaxial geogrid; and ¢ geocell
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Table 4 Technical specifications of geosynthetics

Biaxial geogrid

Mesh size length x width (mm) 40 x 40
Horizontal ultimate elongation (%) 13.2
Vertical ultimate elongation (%) 15.6
Horizontal ultimate tensile strength (kN/m) 20
Vertical ultimate tensile strength (kN/m) 20
Triaxial geogrid

Horizontal ultimate elongation (%) 11.6
Vertical ultimate elongation (%) 10.6
Horizontal ultimate tensile strength (kN/m) 28.7
Vertical ultimate tensile strength (kN/m) 18.3
Geocell

Height (mm) 50
Thickness (mm) 1
Tensile strength (MPa) 24
Breaking elongation (%) 9.8

Grid size (mm) 400 x 400

the model box are coated with Vaseline to minimize the
influence of friction on the test results.

Nine miniature soil pressure sensors are employed to
measure vertical stress within the subgrade in the physical
model tests. These sensors have a measurement range of
0.01-20 MPa, with an accuracy of 0.5% FS (full scale) and
an effective frequency range of 0—100 Hz. The settlement
of the load plate is monitored using a displacement sensor
integrated into the load system, while three LVDT linear
displacement transducers are utilized to measure the set-
tlement/rise at the top of the subgrade, with an accuracy of
0.01 mm. Additionally, five dynamic accelerometers are
used to monitor the dynamic response of the subgrade soil.
The measurement range of the accelerometers is 0 to 10
mV/(m/s®), with an effective frequency range of 0.2-300
Hz, a sensitivity of 100 mV/(m/sz), and a resolution of 0.1
mg. To ensure the accuracy of the readings, all sensors are
calibrated prior to each series of tests.

In addition, during the loading process, data are tested
using the DH5922D dynamic signal testing and analysis
system, the strain gauge error is &+ (0.5% red £ 3pe), and
the voltage gauge error is no more than 0.2% FS. This
system is comprised of two main components: power
supply and the dynamic data acquisition instrument. The
dynamic data acquisition instrument features a total of 48
independent channels, each with a maximum sampling
frequency of 1000 Hz. There is no limit to the number of
channels, and data are collected at a frequency of 50 Hz
during testing.

2.3 Test program
2.3.1 Compaction test

The expansive soil samples were dried at 105 °C and then
sieved through a 2-mm sieve. An appropriate amount of
dried expansive soil and fly ash is weighed to prepare soil
mixtures with fly ash proportions of 0, 10, 20, 30, and 40%.
The dimensions of the specimens are ®38 mm x H76 mm.
The maximum dry density and optimum water content of
each soil mixture are determined through compaction tests.

2.3.2 Unconfined compression test

The unconfined compression tests were conducted under
varying contents of fly ash (0%, 10%, 20%, 30%, 40%),
coir fiber (0%, 0.25%, 0.5%, 1.0%), and curing time (1 day,
7 days, 14 days, 28 days). The fiber addition process began
with mixing the soil and coir fiber to form homogeneous
mixtures, avoiding the addition of water initially to prevent
fiber clumping and ensure proper dispersion. Water was
then gradually introduced to achieve the target moisture
content, followed by additional mixing to produce uniform
mixtures. All experiments were conducted in triplicate to
ensure the reliability of the results, with a coefficient of
variation less than 5%. All tests were performed at the
optimum moisture content. The cylindrical specimens were
prepared using a single compression molding method,
achieving a density of 95% of the maximum dry density
obtained from the compaction tests. The dimensions of the
specimens are ®38 mm x H76 mm. After demolding, the
specimens were wrapped in cling film, sealed, and cured in
a standard curing room (with a temperature of 23 & 1 °C
and a relative humidity of 98%) until the designated age to
ensure the reliability of the data. Each group of specimens
consisted of three identical samples, and the average values
are used for analysis. The test program for the unconfined
compression tests is summarized in Table 5.

2.3.3 Physical model test

The subgrade soil is a mixture of expansive soil, fly ash,
and coir fiber, using the optimum mixing ratio determined
by compaction test and unconfined compression test. The
subgrade soil is evenly divided into four layers, each with a
thickness of 200 mm, and the degree of compaction is at
95%.

As shown in Fig. 3, the square steel plate has a side
length of 150 x 150 mm and a thickness of 20 mm. The
size of the subgrade model is 1200 x 800 x 800 mm
(Iength x width x height), which is more than five times
the width of the load plate to minimize boundary effects
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Table 5 Test program of the unconfined compression test

Sample  Soil sample Fly ash Coir fiber Curing
code name content (%)  content (%) time (day)
Ul Pure soil 0 0 1,7, 14, 28
U2 Improved 10 0 1,7, 14, 28
U3 soil 20 0

U4 30 0

Us 40 0

U6 Improved 20 0.25 28

U7 soil 0.5

(O} 1.0

[42-44]. The load plate was positioned at the top center of
the subgrade. It was leveled using a leveling tool to prevent
tilting and ensure even load distribution. The bottom of the
load plate is coated with epoxy resin adhesive and rolled in
sand to create a rough surface. The ends are then coated
with Vaseline to reduce lateral friction [41].

To accurately determine the static/dynamic response of
the subgrades under different conditions, multiple earth
pressure boxes and LVDT were laid in the model. Three
LVDTs were set up at 0.5B (B = 150 mm), 1.5, and 2.5B
from the center of the load plate to measure the settlement
displacement/rise position at different locations during
loading [45]. According to Li et al. [46] and Li et al. [33],
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Fig. 3 Configuration of the physical model test
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measurement sensors embedded within the range of 0 to
0.7 m from the top of the subgrade can effectively capture
the static and dynamic responses. Therefore, one earth
pressure box was placed in the middle of each layer,
positioned 1.0 and 2.0B away from the center of the load
plate. In total, three layers were used to measure the
magnitude of vertical stresses at different locations within
each layer of the subgrade soil. The accelerometers are
horizontally arranged on the load plate at positions 1.0 and
2.0B from the center of the load plate. Additionally, they
are vertically positioned below the load plate at depths of
100 and 300 mm to measure the acceleration at different
locations within the subgrade soil layers. The specific
locations of each monitoring sensor in the model are shown
in Fig. 4 Due to the symmetry of the subgrade model, all
sensors in this test were placed on one side of the model.
The model tests were conducted in three phases:

1) Static loading was applied to the subgrade model to
determine the optimum depth for reinforcement
placement. The optimal depth for the biaxial geogrid
was assessed by placing it at various depths (u) from
the top of the subgrade during three static loading
tests.

2) Dynamic loading was performed on an unreinforced
subgrade model to evaluate its dynamic response,
including vertical stress, acceleration, and settlement/
rise.

3) Dynamic loading tests were conducted with the
reinforcement placed at the optimum depth identified
in the static loading phase. This aimed to assess the
effect of the reinforcement on the dynamic response
of the subgrade.

Before each test, a vertical preload of 22 kPa was
applied to the top of the subgrade. This ensured uniform
contact between the load plate and the subgrade surface,
verified the proper functioning of all sensors, and calibrated
the readings to zero.

The test programs of static and dynamic loading are
shown in Table 6 and Table 7, respectively. The processes
of static loading and dynamic loading are as follows:

Static Loading: during the testing process, a hydraulic
jack applies incremental loading through a rigid square
steel plate (side length B = 150 mm). Each loading incre-
ment is 178 kPa and is maintained until the settlement of
the load plate is less than 0.03 mm for six consecutive
minutes, after which the next increment is applied. The test
is stopped when the total settlement reaches 25% of the
load plate width.

Dynamic Loading: a dynamic sinusoidal wave is used to
simulate the dynamic loads transmitted by vehicles. The
loading amplitudes are set at 267, 356, and 444 kPa (cor-
responding to 30, 40, and 50% of the unreinforced
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Fig. 4 a Plan layout and b cross-sectional layout of sensors
subgrade’s ultimate bearing capacity, respectively). The
frequency of the sinusoidal wave is set at 1 Hz, with a total
of 1000 cycles.

3 Test results and analysis

3.1 Compaction tests

Figure 5 shows the relationship between dry density and
moisture content for fly ash-expansive soil mixtures with

Table 6 Static loading test program

Test series Type of reinforcement u/B

1 Unreinforced /

2 Biaxial geogrid reinforced 0.16, 0.33, 0.67
3 Triaxial geogrid reinforced 0.33

4 Geocell reinforced 0.33

Table 7 Dynamic loading test program

Test Type of u/B  Amplitude Frequency
series reinforcement (kPa) (Hz)

1 Unreinforced / 267 1

2 356

3 444

4 Biaxial geogrid 0.33 267

5 Triaxial geogrid 0.33 267

6 Geocell 0.33 267

varying fly ash dosages, as determined from compaction
tests. In Fig. 5, “FA” denotes the fly ash dosage. It can be
seen that the maximum dry density of pure soil (0% FA) is
1.71g/cm?, and the optimum moisture content is 19.57%.
With the increase of fly ash dosage, the maximum dry
density of the mixture increases from 1.71 to 1.74 g/cm®
(20% FA) and then decreases to 1.68 g/cm3 (40% FA). The
optimum water content decreases from 19.57 to 16.03%
(20% FA), and then increases to 18% (40% FA). The
optimum water content of soil mixture is the smallest
(16.03%), and its maximum dry density is the largest (1.74
g/cm’) when the fly ash dosage is 20%. This is because, at
low fly ash content, the mixture has a lower affinity for
water. As the fly ash content increases, the voids in the soil
are filled, resulting in an increase in maximum dry density.
The addition of fly ash alters the void structure of the soil,
requiring less moisture to achieve optimum water content.
However, as the fly ash content continues to increase, the
specific gravity of the mixed soil decreases, causing soil
particles to aggregate into larger clumps, which increases
the voids between the fly ash and the soil, leading to a

178 -
—m— 0% FA
1.76 | ®— 10% FA
A—20% FA
1.74 A v 30% FA
e « . *40% FA
Bt
) A_®-
S0 F & v
‘Z . w 4
B8t . A n
2 [
A 166+ v »
¢ *
1.64 | v
v | | *
162 F ¢ 5
1 1 1 1 L 1 " 1 1 1 n 1 L ]
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Moisture content (%)

Fig. 5 Variation of dry density in expansive soils with different
moisture content and fly ash dosages
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decrease in maximum dry density. Furthermore, the
increase in fine particle materials enlarges the specific
surface area, necessitating more water to lubricate the soil
particles, thereby resulting in an increase in optimum water
content.

Although direct experimental data on the effects of coir
fiber on the optimum moisture content and maximum dry
density were not obtained in this study due to limitations, a
review of existing literature provides insights into typical
trends. The addition of coir fiber generally leads to a
decrease by 2-3% in maximum dry density, attributed to
the lower specific gravity of the fibers compared to soil
particles, which reduces the overall density of the mixture.
Conversely, the optimum moisture content tends to
increase by 5-15% because of the high water absorption
capacity of coir fibers, necessitating more moisture for
effective compaction. These trends align with the expected
behavior of the expansive soil used here. Future studies
will include targeted compaction tests to validate these
observations for the specific soil-fiber combinations used
here [47, 48].

3.2 Unconfined compression tests

Figure 6 presents the unconfined compressive strength
(UCS) of the mixtures at various fly ash dosages over
different curing times. It can be observed that the UCS
value increases with the increase in fly ash dosage
(0-20%). This is due to the fly ash reaction that forms
hydrated calcium silicate (C-S—H). The C-S-H gel binds
the soil particles together, creating a strong fly ash-ex-
pansive soil matrix that enhances the compressive strength
of the improved soil. When the fly ash dosage exceeds
20%, the fly ash particles replace the expansive soil par-
ticles, resulting in a decrease in the UCS value.
Furthermore, the UCS of improved soil remains con-
sistently higher than that of pure soil. Additionally, the
UCS of the improved soil increases with the duration of
curing time. The addition of 20% fly ash raises the UCS
value from 562.7 to 901.6 kPa after 1 day maintenance.
After 28-day maintenance, the UCS value increases to
2067.3 kPa. This increase is attributed to the growth of
hydration gel over time. This process is illustrated in
Egs. (1)-(4).
CaO + H,0 — Ca(OH),

Ca(OH),— Ca*"4-2(OH)~
Ca*"42(0OH)” + Si0, - C-S-H
Ca’"42(0OH)” + ALO; = C-A-H

Figure 7 shows the effect of different coir fiber dosages
on the UCS of the expansive soil mixture with 20% fly ash

@ Springer
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(optimal value) after 28 days of curing. It can be observed
that the UCS value increases with the increase in coir fiber
dosage (0-0.5%) first. This is due to the bonding effect
between the soil particles and the fibers, which enhances
the UCS. However, when the coir fiber dosage exceeds
0.5%, the UCS value decreases. This is because a high
amount of fibers can adhere to each other, reducing the
bonding between soil particles.

In this study, correlation analyses were performed sep-
arately for the effects of fly ash and coir fiber on UCS.
Correlation analysis involves examining two or more
related variables to assess the degree of association
between them. The correlation coefficient (r) indicates the
strength of the linear relationship between two variables:
the closer the absolute value of r is to 1, the stronger the
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Fig. 7 Variation of unconfined compressive strength in fly ash-
expansive soil mixture with different coir fiber dosages
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linear relationship; the closer it is to 0, the weaker the
relationship. The significance coefficient (p-value) is used
to determine whether the correlation between two variables
is statistically significant. When the p-value is less than a
predetermined significance level (such as 0.05 or 0.01), the
correlation is considered statistically significant. The cor-
relation coefficient for fly ash was r = 0.998 with a sig-
nificance value of p = 0.037 (< 0.05), while for coir fiber,
the correlation coefficient was r = 0.999 with a significance
value of p = 0.006. These results indicate that coir fiber has
a more pronounced effect on UCS compared to fly ash.

In summary, the combination of expansive soil with
20% fly ash and 0.5% coir fiber results in the maximum
improvement in UCS, as the interaction between fly ash
and coconut fibers effectively enhances the strength of the
expansive soil.

3.3 Static loading tests
3.3.1 Settlement

Figure 8 shows the loading—settlement curves of expansive
soil mixed with 0.5% of coir fibers and 20% of fly ash
(optimum mixing ratio) under different types of rein-
forcement. To minimize size effects, the settlement (s) is
normalized by the width of the load plate (B).

Figure 8a presents the loading—settlement curves for
biaxial geogrid reinforcement at different normalized
embedded depths (u/B). It can be observed that the per-
formance of the reinforced subgrade is superior to that of
the unreinforced subgrade. The bearing capacity of the
reinforced subgrade initially increases and then decreases
with increase in embedment depth of the biaxial geogrid.

@ Springer

The bearing capacity peaks at 1512.4 kPa with u = 0.33B,
as shown in Fig. 8a, outperforming u/B = 0.16 and 0.67.
This depth optimizes load distribution and soil-geogrid
interaction, while shallower depths lack reinforcement and
deeper ones reduce effectiveness due to deformation
[6, 49, 50]. Thus, u = 0.33B is the optimal initial embed-
ment depth among the three tested values.

Figure 8b shows the loading—settlement curves of sub-
grades at the optimal initial embedment depth (u = 0.33B)
with different reinforced types (geosynthetics). It is evident
that the bearing capacity of all reinforced subgrades is
higher than that of the unreinforced subgrade. The order of
bearing capacity for the reinforced subgrades is as follows:
biaxial geogrid < triaxial geogrid < geocell. When the
settlement ratio (s/B) is 25%, the bearing capacities of the
biaxial geogrid-reinforced subgrade, triaxial geogrid-rein-
forced subgrade, and geocell-reinforced subgrade increase
by 70, 72, and 88%, respectively. Among the different
geosynthetics, geocell performs the best. This is because,
even under small strains, the internal friction resistance of
the geocell is fully activated. The grid walls of the geocell
lock into the coir fiber-reinforced soil, creating a three-
dimensional confinement effect.

It can also be observed that the loading—settlement
curves for both unreinforced and reinforced subgrades
exhibit linear behavior in the early stages of loading. As the
load increases, shear failure occurs in the soil, and the
curves become noticeably steeper, with rapid increases in
settlement. This indicates that for single-layer reinforced
soil subgrades, there is a prolonged range of elastic
deformation, followed by a shorter range of plastic defor-
mation, ultimately leading to sudden failure [27, 51].

3.3.2 Improvement factor

In this study, a dimensionless parameter, improvement
factor (IF), is introduced to quantify the enhancement of
bearing capacity characteristics.
4z

IF = (5)
where: gy and g, are the bearing capacity of unreinforced
and reinforced subgrades for a given settlement (s/
B =2.5%, 5%, 10%, 15%, 20%, 25%), respectively.

Figure 9 shows the variation of IF with u/B for biaxial
geogrid-reinforced subgrades at different settlements. It
can be observed that the IF is greater than 1 in all cases.
The reinforcing effect of the material occurs almost
instantaneously, even at settlement ratios as low as 2.5-5%.
This phenomenon occurs because the presence of geosyn-
thetic prevents lateral expansion of the soil mass, which
increases the soil’s bearing capacity.
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Fig. 10 continued

The IF increases with u/B, reaching its maximum value
at u/B = 0.33 for all s/B cases. This is because the soil
layer above the reinforcement acts as a barrier, preventing
interaction between the reinforcement and the load plate,
and distributes the footing pressure more evenly over the
biaxial geogrid. When u/B is less than 0.33, the rein-
forcement layer is insufficient to generate interfacial fric-
tional resistance, leading to lower bearing capacity values.
After reaching the maximum performance improvement,
the IF decreases with further increases in u/B. This occurs
because the reinforcement is buried too deep, beyond the
effective region, and cannot prevent lateral expansion of
the soil when pressure is applied. Therefore, in this study,
the geosynthetics were set at u/B = 0.33 in all cases.
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Table 8 Nonlinear curve fitting results and settlement stabilization
cycles for various reinforcement types

Unreinforced  Biaxial geogrid  Triaxial geogrid  Geocell
a 2.81 2.90 2.49 249

0.09 0.06 0.07 0.05
R®>  0.9847 0.9502 0.9566 0.9567
C 600 600 400 200

3.3.3 Surface deformation

Figure 10 shows the distribution of surface deformation
along the horizontal profile during loading for both
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unreinforced and reinforced subgrades at different settle-
ment ratios. In this study, negative values of soil surface
deformation indicate uplift of the subgrade, while positive
values indicate settlement. The numerical labels in Fig. 10
represent the surface deformation at typical locations.

Figure 10 reveals that surface deformation for both
unreinforced and reinforced subgrades extends from the
center of the subgrade to 2.5B. The maximum deformation
occurs at a distance of 1.5B from the center of the load
plate, with the incremental value at 1.5B significantly
greater than that at 2.5B. As settlement ratio increases, the
magnitude of surface deformation also increases. This is
due to shear failure of the subgrade, which causes the soil
to be displaced laterally.

Additionally, it can be observed that the inclusion of
geosynthetics significantly reduces the surface deformation
of the subgrade. The geosynthetics enhance the overall
stiffness and strength of the subgrade, transforming the
reinforced area into a semi-rigid foundation and altering
the failure zone of the subgrade, effectively distributing
pressure within the subgrade. Compared to unreinforced
subgrades and geosynthetic-reinforced subgrades, the soil
surface deformation in geocell-reinforced subgrades is
smaller. This is attributed to the confinement effect of the
geocell, which restricts soil particle movement and dis-
tributes the load to deeper soil layers, acting as a rigid
foundation layer and preventing surface uplift.

3.4 Dynamic loading tests
3.4.1 Settlement

This study examines the effect of loading cycle numbers on
the performance of unreinforced and reinforced subgrades.
The maximum number of loading cycles is limited to 1000,
with a sine wave frequency set at 1 Hz to observe general
trends. Figure 11 shows the relationship between the
number of loading cycles and settlement for unreinforced
subgrades under different amplitudes (267 kPa, 356 kPa,
444 kPa). It can be observed that an increase in loading
amplitude directly leads to an increase in settlement of the
unreinforced subgrade. Additionally, during the first 200
loading cycles, both low and high amplitude loading
resulted in significant settlement. This may be attributed to
the rearrangement of soil particles during the cyclic load-
ing—unloading process, leading to soil densification. As the
number of loading cycles increases, the rate of cumulative
settlement gradually slows down, and the slope of settle-
ment becomes approximately horizontal by the end of the
loading cycles (N = 1000). This result indicates that the
soil undergoes strain hardening. Similar results were also
obtained by Raja and Shukla [30].
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Figure 12 shows the variation of settlement with the 2
number of cycles for unreinforced and reinforced sub- @250
. . -
grades under a loading amplitude of 267 kPa. It can be @ 200
observed that the settlement of the load plate increases with g -
the number of loading cycles. The inclusion of geosyn- &

—
(=3
(=]

thetic significantly reduces the settlement of the load plate.
At the end of the loading cycles (N = 1000), the settlement
ratio for the unreinforced subgrade is 5.13%. Under the

50 1

same conditions, the settlement ratios for subgrades rein- 0 | A | | . |
forced with biaxial geogrid, triaxial geogrid, and geocell at 500 501 502 503 504 505
N = 1000 are 4.19, 3.85, and 3.47%, respectively. This Time (s)

represents reductions of 18.34, 25.04, and 32.40% com- ©)

pared to the unreinforced subgrade. This improvement is Fig. 16 Vertical stress time history curve of unreinforced subgrade
attributed to the geosynthetic, which suppress the lateral  under different load amplitudes: a 267 kPa; b 356 kPa; and ¢ 444 Pa
movement of soil particles under increasing loading cycles.
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The geocell provides three-dimensional structural support,
while the geogrid layer interlocks with the membrane,
acting as a rigid layer that reduces settlement under cyclic
loading. Observations indicate that geosynthetic can sig-
nificantly inhibit lateral dispersion of soil particles and
resist applied loads [50-52, 55]. Among the three types of
geosynthetics, geocell reinforcement is the most effective
in limiting settlement of the subgrade under cyclic loading.

Nonlinear curve fitting for Fig. 12 was conducted using
a power function model (allometric model), resulting in an
equation of the form y = ax”, where x represents the
number of cycles and y is the normalized settlement. The
fitting parameters are provided in \* MERGEFORMAT
Table 8. The goodness of fit was evaluated using the
coefficient of determination (Rz), which measures how
well the model explains the variability in the observed data.
R? values range from 0 to 1, with values closer to 1 indi-
cating stronger explanatory power and better fitting per-
formance. As shown in \* MERGEFORMAT Table 8, all
R? values indicate good fitting results.

Figure 12 shows that the slope of the curve gradually
approaches zero, indicating that after a certain number of
cycles, the settlement increment becomes negligible with
further loading. In this study, parameter C is defined as the
number of cycles after which the settlement increment is
less than 4%. According to \¥* MERGEFORMAT Table 8§,
the C value is the smallest for the geocell-reinforced sub-
grade, demonstrating that geocell reinforcement is the most
effective in reducing settlement increments and provides
the most significant reinforcement performance.
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Fig. 17 Peak vertical stress response of unreinforced and reinforced
subgrades at different depths

3.4.2 Acceleration

Figure 13 shows the acceleration magnitudes at different
locations of the subgrade under various loading amplitudes.
The test results reveal that the acceleration data exhibit
significant fluctuations and periodic phenomena at different
load amplitudes. The peak and trough values of accelera-
tion appear in pairs, with the response frequency matching
the load frequency. As the load amplitude increases, the
acceleration magnitude also increases significantly, indi-
cating that load amplitude affects subgrade vibrations.

To study the lateral distribution of acceleration in the
subgrade, acceleration values were monitored and com-
pared at the center of the load plate, 1.0 and 2.0 B, based on
peak dynamic responses, as shown in Fig. 14. It can be
observed that the acceleration gradually decreases in the
horizontal direction as the distance from the center of the
load plate increases. For example, under a load of 444 kPa,
the peak acceleration at the center of the load plate is 5.22
cm/s?. At 1.0 B, the peak acceleration decreases by 68.9%,
and at 2.0B, it decreases by 85.9%. This is because the
vibrations generated in the subgrade soil propagate out-
ward from the center, resulting in reduced acceleration.
Additionally, the initial slope of the acceleration curves in
Fig. 14 becomes steeper with increase in load magnitude,
indicating an increased rate of acceleration decay. This
may be due to soil densification caused by the increased
load, leading to a rapid decrease in acceleration.

Accelerations at various depths of the subgrade were
measured and analyzed based on peak dynamic responses.
The effects of different geosynthetics on the acceleration
response were also investigated. Figure 15 shows the peak
acceleration responses at various depths directly beneath
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Fig. 18 Horizontal distribution of peak vertical stress in unreinforced
and reinforced subgrades
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the load plate under a 267 kPa load. It can be observed that
the peak accelerations for both unreinforced and reinforced
subgrades decrease with increase in depth. As depth
increases, the peak accelerations for the unreinforced,
biaxial geogrid-reinforced, triaxial geogrid-reinforced, and
geogrid-reinforced subgrades decrease by 53.6, 60.2, 62.6,
and 63.2%, respectively.

Compared to the unreinforced subgrade, the peak
accelerations within the reinforced subgrade are all lower,
indicating that the use of geosynthetics can reduce the
dynamic effects of soil under cyclic loading. Further
comparative analysis shows that the peak acceleration of
the geocell-reinforced subgrade is significantly lower than
that of the biaxial and triaxial geogrid-reinforced sub-
grades, demonstrating its superior seismic performance.
This is primarily due to the three-dimensional mechanism
of the geocell: the cell walls prevent the enclosed soil
particles from moving laterally due to applied loads and
lateral displacements, thereby increasing overall shear
strength, redistributing the load within the confined area,
and reducing acceleration.

3.4.3 Vertical stress

Figure 16 shows the variation of vertical stress with time in
unreinforced subgrades under different load magnitudes. In
Fig. 16, the labels S11 to S33 indicate monitoring points,
as shown in Fig. 4b, and not components of the stress
tensor. It can be observed that the vertical stress exhibits a
half-sine wave pattern, with relatively stable peaks between
adjacent waves, and the response frequency matches the
loading frequency. As the load magnitude increases, the
vertical stress at different locations also rises. When the
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Fig. 19 Variation of stress distribution angle with number of cycles in
unreinforced and reinforced subgrades
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load increases from 267 to 444 kPa, the peak vertical stress
in S11 increases by 28 and 44%, respectively. This indi-
cates that the internal pressure of the subgrade is signifi-
cantly influenced by the magnitude of the Iload.
Additionally, it is evident that the peak vertical stress
decreases with increase in depth of the subgrade. When the
load is 267 kPa, the vertical stress at depths of 10, 30, and
50 cm below the center of the load plate decreases from
206 to 19 kPa. This suggests that more vibrational energy is
absorbed in the upper layers near the top of the subgrade.
As the depth increases, the lower layers are gradually
affected by the upper load, leading to a load dispersion
effect.

To better evaluate the impact of geosynthetics on the
vertical stress in the subgrade, vertical stress was measured
at different depths within the subgrade soil, and peak
dynamic responses were recorded. According to Fig. 17, it
can be observed that the vertical stress in the reinforced
subgrade is significantly lower than that in the unreinforced
subgrade, with notable differences in the reduction levels
among different types of reinforced subgrades. For exam-
ple, at a depth of 10 cm, the vertical stresses for biaxial
geogrid, triaxial geogrid, and geocell-reinforced subgrades
are reduced by approximately 22.5, 28.8, and 34%,
respectively, compared to the unreinforced subgrade. This
indicates that geocell effectively distributes the load over a
wider area, outperforming the reinforcement effects of
biaxial and triaxial geogrids. However, due to experimental
constraints, the contours of vertical stress distributions in
soils with different reinforcements cannot be provided,
which is a noted limitation in the study. The conclusion has
been supported with relevant references to substantiate the
findings [29, 56, 57]. This improvement is attributed to the
better lateral confinement of soil particles provided by the
geocell, which enhances the overall stiffness of the sub-
grade. Additionally, it can be seen that vertical stress
gradually decreases with depth in the soil layer. The rate of
reduction in vertical stress is slower than the decrease in
acceleration, with a reduction of about 90% at a depth of
0.5 m. This suggests that the influence range of vertical
stress is approximately 0.7 m, which is consistent with the
findings of Li et al. [46] and Li et al. [33].

In order to investigate the lateral distribution of vertical
stress in the reinforced subgrade, this study monitored and
compared the peak vertical stress at a depth of 10 cm at the
center of the load plate, 1.0, and 2.0B under a load mag-
nitude of 267 kPa, as shown in Fig. 18 It can be observed
that the effect of load on the lateral vertical stress at the
center of the load plate gradually decreases until it reaches
2.0B. Under the same load, the peak vertical stress in the
reinforced subgrade is lower than that in the unreinforced
subgrade, while the peak vertical stress at 1.0B from the
center of the load plate is higher than that in the
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unreinforced subgrade. This indicates that as the applied
load increases, the membrane effect gradually becomes
significant, leading to a more uniform lateral distribution of
vertical stress beneath the load plate. It was also found that
the reinforcing effect of geocell reinforcement effect is
more obvious than the geogrid reinforcement. This is
because the geocell effectively distributes the load over a
wider area, leading to a redistribution of additional stress
and resulting in a more uniform lateral vertical stress in the
geocell-reinforced subgrade. However, due to experimental

constraints, the contours of stress distributions in soils with
geocell reinforcement cannot be provided, which is a noted
limitation in the study. The conclusion has been supported
with relevant references to substantiate the findings
[29, 56, 57].

3.4.4 Stress distribution angle

The ability of the reinforcement to distribute the load over
a wider range can be quantified by the stress distribution
angle o.x. The stress distribution angle refers to the
maximum angle at which stress on the surface of an object
spreads outward from a point, reflecting the spread of load
influence [29, 55]. omax can be obtained from Eq. (6)

D;
(De + 2ztan ozmax)2

(6a)

Ocjmax,N = Op X

D. = 2\/B/n (6b)

where G, is the applied pressure, Gemax,n 18 the maximum
vertical stress, D, is the diameter of the load plate, and z is
the distance from the load plate to the measured position.

Figure 19 shows the variation of o, with the number
of cycles for both unreinforced and reinforced subgrades at
a depth of 5 cm. It is evident that during the initial loading
phase, the o, for both unreinforced and reinforced sub-
grades is slightly higher. As the number of cycles increa-
ses, the stress diffusion angle first decreases and then
increases. With further increases in the number of cycles,
the stress distribution angle tends to stabilize. The initial
decrease in the stress diffusion angle is attributed to the
redistribution of stress caused by the sliding or rotation of
soil particles under cyclic loading. The subsequent increase
in the stress diffusion angle is due to the rearrangement of
soil particles during the cyclic loading and unloading
process, leading to soil densification and an increase in
subgrade stiffness, which results in a reduction of vertical
stress within the subgrade.

Additionally, it can be observed that for the unrein-
forced subgrade, the stress distribution angle is minimized
at N = 143, while for the reinforced subgrade, it is mini-
mized at N =5. This indicates that the inclusion of
geosynthetics restricts the movement of soil particles,
allowing the reinforced subgrade to maintain a more uni-
form distribution of load. The friction between geosyn-
thetics and soil particles may also significantly affect the
stress distribution angle.

Furthermore, it is noted that in all cases, the stress dis-
tribution angle for the reinforced subgrade is higher than
that for the unreinforced subgrade. The subgrade reinforced
with geocell exhibits a higher stress distribution angle
compared to other reinforcement types. This can be
attributed to the lower vertical stress generated in the

@ Springer



Acta Geotechnica

pavement reinforced with geocell under the same load
cycles. At the end of the loading cycles, the stress distri-
bution angles for the biaxial geogrid, triaxial geogrid, and
geocell-reinforced subgrades increase by 1.2, 1.5, and 1.9
times, respectively, compared to the unreinforced sub-
grades. Therefore, the addition of geosynthetic can dis-
tribute the load over a larger area and significantly reduce
the stress levels in the subgrade.

4 Limitation

Regarding the limitations of this study, in addition to those
mentioned in the main text, the test focuses on a single-
layer reinforced model, whereas multilayer reinforcement
is more commonly applied in engineering practice, and the
mutual interactions between materials require further
investigation. Moreover, the internal stability of the phys-
ical model was not analyzed in this study, representing a
limitation due to the focus on bearing capacity [58, 59].
Following the research of Liu et al. [60], future work will
include finite element modeling to evaluate soil-geogrid
interactions, with detailed steps and results to be developed
and reported in later research.

Additionally, this study presents numerous test results,
but the data lack comprehensive quantitative analysis,
including detailed static and dynamic evaluations. This
represents a key limitation of the current work. To address
this, future studies will focus on incorporating advanced
quantitative methods, such as statistical modeling and in-
depth static analysis, to enhance the robustness and inter-
pretability of the findings.

5 Conclusion

This study investigated the use of fly ash and coir fiber as
novel sustainable waste materials to improve expansive
soil subgrades. Through a series of compaction tests and
unconfined compressive strength tests, the optimal pro-
portions of fly ash and coir fiber were determined. Addi-
tionally, physical model tests were conducted to study the
reinforcement effects of different geosynthetics on the
improved expansive soil subgrades. The following con-
clusions were drawn.

(1) The maximum dry density of the fly ash-soil mixture
first increases and then decreases with increase in fly
ash content. The optimum moisture content of the
improved soil is at its minimum when the fly ash
content is 20%, which corresponds to the maximum
dry density. The addition of fly ash enhances the
unconfined compressive strength of the improved
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expansive soil, with the highest strength achieved at
20% fly ash content. Furthermore, the inclusion of
coir fiber significantly increases the unconfined
compressive strength of the composite improved
expansive soil, with the peak strength observed at
0.5% coir fiber content. Test results indicate that the
combination of 20% fly ash and 0.5% coir fiber is the
most effective for treating expansive soils and can be
considered the optimum ratio.

According to the static loading test results, the
bearing capacity of geosynthetic-reinforced sub-
grades can be improved by 70-88% compared to
unreinforced subgrades. The optimal embedment
depth for geosynthetics is approximately 0.33 times
the foundation width. The improvement factor (IF)
of the reinforced subgrade increases with the
increase in subgrade settlement. For any given
foundation settlement, the IF values for the rein-
forced subgrades are ranked in descending order as
follows: biaxial geogrid reinforcement, triaxial
geogrid reinforcement, and geocell reinforcement.
In the dynamic loading tests, the rate of change in
cumulative settlement gradually decreases with the
increase in the number of cycles, eventually reaching
a relatively stable state. The settlement of the load
plate increases with the amplitude of the cyclic load.
The peak and trough values of acceleration occur in
pairs, with a response frequency that matches the
loading frequency. Both the settlement and vibration
(acceleration) of the reinforced subgrade are lower
than those of the unreinforced subgrade. The effect
of geocell reinforcement is more pronounced than
that of geogrid reinforcement.

As the load magnitude increases, the vertical stress
within the subgrade also increases. The vertical
stress gradually decreases with depth in the soil
layer, with the rate of decrease in the vertical
direction being slightly slower than that in the
acceleration direction. The effect of the applied load
on the horizontal vertical stress diminishes until
reaching a distance of 2.0B from the center of the
load plate. With an increase in the number of cycles,
the stress distribution angle of the subgrade first
decreases and then increases, ultimately stabilizing.
The vertical stress in the reinforced subgrade is
significantly lower than that in the unreinforced
subgrade, while the stress distribution angle in the
reinforced subgrade is higher than that in the
unreinforced subgrade. Compared to geogrid rein-
forcement, the stress distribution angle in the geo-
cell-reinforced subgrade is even higher.
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Appendix 1. Scanning electron microscope
(SEM) results

The SEM results are given in Fig. 20, revealing detailed
microstructural changes in the soil samples. Figure 20
(a) displays many pores and cracks in the soil sample. As
shown in Fig. 20 (b) and (c), the addition of fly ash mainly
undergoes a hydration reaction with volcanic ash, creating
gelatinous substances with flake and cluster structures.
These products stick to the soil particle surfaces and fill the
spaces between particles, thus improving soil compaction,
strengthening the soil framework, and ultimately boosting
overall soil strength. Sudhakaran et al. [61] observed that
untreated soil samples contained a large number of pores,
while treated soil samples formed cementitious compounds
during curing, making the microstructure more compact;
Anggraini et al. [62] observed that the surface of coconut
fiber treated with lime became rougher, which was more
conducive to bonding.

As shown in Fig. 20c, the addition of coir fiber results in
the partial removal of the outer layer on the fiber surface,
revealing clear and orderly pits, while the rough surface of
the coconut shell fibers exhibits the growth of gelatinous
substances, indicating a positive effect from their incor-
poration. Coir fibers serve two primary functions: firstly,
they guide the distribution of hydration products within the
soil matrix, creating an optimal environment for these
materials to develop, with the resulting adhesive com-
pounds binding the soil and fibers to reinforce the soil
structure effectively; secondly, the rough texture of the
coconut shells enhances friction with soil components
under mechanical stress, acting as a structural constraint to
resist deformation of the soil mass [63, 64]
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