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The present study examines the strength and permeability behavior of glass fibre-
reinforced fly ash-bentonite (FaB) mixture to assess its potential as an alternate geo-
material. The FaB mixture is produced by adding 20% bentonite with 80% fly ash
and is further reinforced with glass fibre. The unconfined compressive strength
(UCS) tests have been conducted at a strain rate of 0.625 mm/min by varying the
curing period (0 to 60 days), relative moisture content (R.M.C— 80% to 120%) and
fibre content (0% to 1.0%). The effect of fibre content on the coefficient of
permeability (k) and compressibility behavior of the FaB mixture has been
investigated through one-dimensional consolidation tests. The findings indicate that
the UCS of the FaB mix samples improves with an increase in curing period and fibre
content. At 100% R.M.C, the UCS increases from 48 kPa to 228 kPa for the
unreinforced samples as the curing period increases from 0 to 60 days. At 90%
R.M.C, both unreinforced and reinforced FaB mix samples have exhibited the highest
UCS values considering all curing periods. With fibre content increasing from 0% to
1.0%, the UCS rises about 33% to 44% at 100% R.M.C. Fibre reinforcement also
contributes to reduction of k and compressibility. Based on the experimental
findings, a closed-form equation has been developed for the prediction of UCS of
FaB mixture reinforced with and without glass fibre. Results confirm that glass fibre
reinforcement improves the strength, permeability, and compressibility of the FaB
mixture, establishing it as an alternate geo-material.

1. Introduction

Fly ash, a by-product generated from coal
combustion in thermal power plants, needs to be
utilized to reduce its disposal problems. One acre
of land is required to dispose the fly ash generated
for electricity production of one megawatt [1]. In
India, thermal power plants meet approximately
73% of electricity demand; around 300 million tons
of fly ash are generated annually from these plants.
This gigantic volume of ash needs over 40,000
acres of land for disposal as per the Central
Electricity Authority [2], leading to the occupation
of vast areas of land as “Ash ponds”. The current
utilization rate of fly ash in India is approximately
78.14%, according to the CEA [2]. Despite this
significant usage, a substantial quantity of fly ash
remains unutilized every year. Previously
researchers observed that fly/pond ash can be
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utilized in various geotechnical applications [3-12].
Rout and Singh [4] observed that compacted pond
ash-bentonite mixes exhibit higher strength as liner
than sand-bentonite mixes. Nayak et al. [6]
reported about the necessity of high fly ash
utilization for sustainable development. Fly/pond
ash can also be utilised as partial replacement of
river sand and natural aggregates, promoting
resource conservation, environmental
sustainability, and improved public health [8, 11].
Engineering properties of fly/pond ash can be
improved through methods such as densification,
stabilization, and reinforcement [13-24]. Addition
of fibres in pond ash-bentonite and sand-bentonite
mixtures increase their respective UCS about 2 to
3 times [14]. The static and cyclic behavior of pond
ash samples improve significantly due to geogrid
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[15] and geocell [17] reinforcement. Kedar and
Patel [20] demonstrate that stabilized fly ash could
be an effective replacement for granular base layer.
Like fly/pond ash geogrid reinforcement can also
be effective in improving the failure mechanism of
concrete [23, 24]. The pozzolanic characteristics of
fly ash can contribute to strength and durability
improvement when mixed with weak soils [25-27].
Fly ash serves as a viable substitute for
conventional geo-materials in various geotechnical
applications [28], underlining its vast potential for
wider utilization.

Bentonite is a commercially available clay that
has been extensively utilized to reduce the
permeability of backfill materials for retaining
walls [29-30]. Mixing bentonite with fly ash or
pond ash enhances their geotechnical properties [4,
31-32], making bentonite a viable option for the
large-scale utilization of these industrial by-
products. Such mixtures have shown potential as
liner materials due to their low hydraulic
conductivity, high adsorption capacity, and
improved mechanical strength [33, 4, 29, 34-35].
Further improvements in the geotechnical behavior
of the FaB mixture can be achieved by reinforcing
them with various types of fibres. Fibre addition
enhances the mechanical and shear strength
characteristics of ash-bentonite mixture [14].
Several earlier studies have recognized the positive
influence of fibre reinforcement on the engineering
properties of different geo-materials [36-48].
Kumar et al. [36] show that inclusion of fibre in
pond ash and silty sand increases the peak
compressive strength, CBR value, peak friction
angle, and ductility. Addition of fibre elements
increases the liquefaction potential of fly ash [38];
it also enhances the piping resistance of fly ash and
delays the attenuation of piping phenomena
considerably [41]. Sun et al. [47] observed that the
hybrid concrete samples containing steel fibres
show higher compressive strength compared to the
samples containing macro synthetic and
polypropylene fibre. Fu et al. [48] investigate the
effect of various fibres on the strength and
flexibility of concrete. Also, several investigations
have explored the influence of fibre reinforcement
on both cohesive and cohesionless soils [49-57].
Mabher and Gray [49] observed improvement in the
shear strength behavior of sands reinforced with
randomly distributed fibres. Reinforced soil with
aligned and randomly oriented metallic fibres have
shown significant increase in the peak and residual
strengths [50]. Mukherjee and Mishra [55]
explored that the compressibility, hydraulic and
shrinkage behavior of the sand-bentonite mixture
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has been improved significantly due to the
presence of the fibre. Karki and Kolay [57]
observed that recycled glass powder and
polypropylene fibre have strong potential for
enhancing the performance highly expansive
bentonite clay, offering a promising solution for
construction challenges associated with expansive
soils.

The rising volume of fly ash production
presents both environmental challenges and
opportunities for sustainable development.
Utilization of fly ash for productive purposes offers
a sustainable solution by mitigating disposal issues
and easing the demand for high-quality granular
materials. The critical review of the literature
shows that there exists a limited number of studies
focused on the strength and permeability behavior
of ash-bentonite mixtures with and without fibre
reinforcement [58, 14, 31, 35, 59-60]. Very few
studies focused on the behavior of glass fibre-
reinforced sand-bentonite mixture as an alternate
geo-material [55-56, 61-62]. However, none of
these studies have exclusively addressed the hydro-
mechanical behavior of fly ash-bentonite mixtures
reinforced with glass fibres. The present study aims
to bridge this research gap by investigating the
performance of a glass fibre-reinforced FaB
mixture as an alternate geo-material, based on
strength and permeability parameters. This
approach offers a pathway towards sustainability
by addressing the reuse of industrial by-products
like fly ash and minimizing its disposal problems.
The objectives of this study are as follows:

e To examine the influence of curing periods (0,
7, 14, 28, and 60 days) on the compressive
strength behavior of fibre-reinforced and
unreinforced FaB mixtures.

e The influence of relative moisture content
(R.M.C- 80%, 90%, 100%, 110%, and 120%) on
the UCS of both reinforced and unreinforced
FaB mix samples has been evaluated.

e To observe the influence of varying fibre
contents (0%, 0.25%, 0.5%, 0.75%, and 1%) on
the UCS of FaB mix samples.

e  To study the influence of glass fibre addition on
the coefficient of permeability (k) and
compressibility characteristics of FaB mixtures.

e To develop a closed-form equation for
practitioners to predict the UCS of FaB mixtures
with and without glass fibre reinforcement
based on the experimental outcomes.
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2. Materials & Methodology
2.1. Materials
2.1.1. Fly Ash and Bentonite

Fly ash (Fa) (Figure 1a) has been collected from
the Guru Gobind Singh Super Thermal Power Plant
located in Ropar, Punjab, India. The collected
samples have been thoroughly homogenized,
sieved through a 475 um mesh to remove foreign
and organic matter, and subsequently oven-dried at
a temperature range of 105-110°C. Bentonite
(Figure 1b) is a commercially available clay known
for its high-water absorption and swelling
characteristics due to the presence of
montmorillonite. These properties make bentonite

()
Figure 1. (a) Fly ash (b) bentonite (c) shredded glass fibre (6 mm) (d) SEM image of glass fibre-reinforced FaB
mix sample

2.1.2. Glass Fibre

Glass fiber is a lightweight, durable, high-
strength, low-thermal-conductivity and good
chemical-resistance material. The use of glass
fibres in construction has been practiced for several
decades. These fibres function as binders,
contributing to the strength, sustainability, and
durability of soils and soil-like material [37, 40, 55-
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particularly effective as a liner material and
stabilizer for weak soils. The FaB mixtures have
been prepared by mixing 80% fly ash with 20%
bentonite by dry weight. This proportion has been
chosen based on the findings of Rout and Singh [4,
31, 63]; they proved that 20% bentonite content is
adequate for sealing the pores of an ash material
and ensures a balanced mix. Furthermore, the FaB
mixture has been reinforced with glass fibre
(Figure 1c) at varying contents of 0%, 0.25%,
0.5%, 0.75%, and 1% by dry weight. Figure 1(d)
shows the scanning electron microscope (SEM)
image of the glass fibre-reinforced FaB mix
sample.

56, 61-62, 64-65]. In the present study, glass fibre
is used to reinforce FaB mixtures. Glass fibre
consists of composition of oxygen (54.6%), silica
(21%), Alumina (6.7%), and calcium oxide
(15.3%) [55]. To ensure a uniform mix with fly ash
and bentonite, the fibre has been bought at a length
6 mm (Figure 1c). The fibre has been added into
the FaB mixture based on the dry weight
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percentage of the mixture at varying proportions,
ire., 0%, 0.25%, 0.5%, 0.75%, and 1.0%.
Accordingly, the mixtures have been designated as
FaB+0%G.F  (unreinforced), FaB+0.25%G.F,
FaB+0.5%G.F, FaB+0.75%G.F, and FaB+1%G.F,
where the numerical values represent the respective
percentages of glass fibre added.

2.2. Methodology

The FaB mixture has been prepared by mixing
80% fly ash with 20% bentonite, following the
recommendations of Rout and Singh [63, 4, 31].
The specific gravity (G) of the 80%-20% FaB
mixture has been determined using a density bottle
in accordance with IS: 2720 (Part III) [66]. Particle
size distribution analyses for both the fly ash and
the 80%-20% FaB mixture have been conducted
following the procedure outlined in IS: 2720 (Part
IV) [67]. The liquid limit of the FaB mixture has
been determined as per IS: 2720 (Part V) [68].
Standard Proctor compaction tests have been
carried out in accordance with IS: 2720 (Part VII)
[69] to determine the maximum dry density (MDD)
and optimum moisture content (OMC) of the
mixture. A series of unconfined compressive
strength (UCS) tests have been conducted on FaB
mix samples, both unreinforced and reinforced
with glass fibres, with varying curing periods and
RM.C, following the IS: 2720 (Part X) [70]
procedure. The wet mixture of fly ash and bentonite
has been stored for 24 hours to achieve moisture
equilibrium before sample preparation. Cylindrical
specimens with a diameter of 38 mm and height of
76 mm have been prepared using a static compactor
at relative moisture contents ranging from 80% to
120%. Relative moisture content (R.M.C) refers to
the ratio of molding water content to the OMC,
expressed as a percentage. The selected R.M.Cs are
80%, 90%, 100%, 110%, and 120%, which signify
OMC—4%, OMC—2%, OMC, OMC+2%, and
OMC+4%, respectively. The required quantities of
water, fly ash, and bentonite for sample preparation
have been determined based on the specified
R.M.C and corresponding dry densities. For
reinforced specimens, varying amounts of glass
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fibre (0%, 0.25%, 0.5%, 0.75%, and 1.0%) have
been added into the FaB mixture. All the UCS
specimens have been cured at a temperature of
27+1°C for different time periods of 0, 7, 14, 28,
and 60 days, under film-wrapped conditions to
prevent moisture loss. The cured specimens have
been tested using a strain-controlled unconfined
compression testing machine operating at a strain
rate of 0.625 mm/min. The UCS values have been
derived from the axial stress—axial strain curves
obtained from testing. Figure 2(a) shows the FaB
mix sample before testing and Figure 2(b) shows
the micro cracks and propagation of the failure
plane during UCS testing. The observed crack-
propagation mechanism has a similarity with the
observations by previous researchers [71-75]. The
one-dimensional consolidation tests have been
carried out in an oedometer in accordance with the
IS: 2720 (Part XV)—1986 [76] procedure, as shown
in Figure 2(c), to assess the compressibility and
coefficient of permeability of compacted FaB
mixtures containing varying amounts of glass
fibres. The test specimens, each 60 mm in diameter
and 20 mm in height, have been statically
compacted to their respective MDD and OMC. For
reinforced specimens, glass fibre has been mixed
with the FaB mixture at varying contents (0%,
0.25%, 0.5%, 0.75%, and 1.0%).

3. Results and Discussion
3.1. Basic Geotechnical Properties

The specific gravity and liquid limit of the FaB
mixture have been determined as 2.2 and 55.6%,
respectively. The particle size distribution curve
(Figure 3) of the fly ash and FaB mixture has been
obtained through sieve and hydrometer analyses.
The coefficient of uniformity and coefficient of
curvature for the fly ash and FaB mixture are 2.2,
1.16 and 6.66, 3.26, respectively. The compaction
behavior of the mixture has been evaluated using
the standard Proctor compaction test to determine
the OMC and MDD. The MDD and OMC of the
FaB mixture have been found to be 13.94 kN/m?
and 19.8%, respectively.
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Figure 2. (a) FaB mix sample before testing (b) Propagation of failure plane during UCS testing (c) One-
dimensional consolidation testing
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Figure 3. Particle size distribution curve for fly ash and FaB mix

3.2. Unconfined Compressive Strength (UCS) axial stress—axial strain behavior of these samples.
3.2.1. Influence of Curing Period on UCS As the curing period varies from 0 to 60 days, the
UCS values of both reinforced and unreinforced
FaB mix samples increase. For unreinforced FaB
mix samples, the UCS rises from 48 kPa to 228
kPa, whereas for FaB+1%G.F mix samples, it

The curing period significantly influences the
strength development of the unreinforced and glass
fibre-reinforced FaB mix samples. Figure 4 (a-e)
shows the influence of the curing period on the
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increases from 71 kPa to 329 kPa. As curing period
rises beyond 7 days, the failure pattern for both
unreinforced and glass fibre-reinforced FaB mix
samples becomes more brittle. As shown in Figure
5, with an increase in curing time from 0 to 60 days,
the UCS rises from 48 kPa to 228 kPa for
FaB+0%G.F, 47 kPa to 239 kPa for
FaB+0.25%G.F, 66 kPa to 253 kPa for
FaB+0.5%G.F, 66 kPa to 271 kPa for
FaB+0.75%G.F, and 71 kPa to 329 kPa for
FaB+1%G.F mix samples. The reason behind this
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improvement in UCS is the high-water absorption
capacity of bentonite that allows it to hydrate over
time, facilitating prolonged pozzolanic activity
within the FaB mixture. The hydrated bentonite
improves particle cohesion, while the formation of
cementitious compounds, which gradually fills
voids and micro-cracks, resulting in densification.
The densification of the mixture enhances the
overall strength of FaB mix samples as curing time
progresses.
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Figure 4. Axial stress — axial strain behavior with varying curing periods for (a) FaB+0%G.F (unreinforced) mix
(b) FaB+0.25%G.F mix (c) FaB+0.5%G.F mix (d) FaB+0.75%G.F mix (e) FaB+1%G.F mix
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Figure 5. Variation of UCS for unreinforced and reinforced FaB mix samples with varying curing periods

3.2.2. Influence of Relative Moisture Content
(R.M.C) on UCS

The relative moisture content (R.M.C) of FaB
mix samples significantly influences their axial
stress—axial strain behavior and UCS values. To
investigate the influence of R.M.C on the UCS of
unreinforced and glass fibre-reinforced FaB mix
samples, cylindrical UCS specimens have been
prepared at varying R.M.C- 80%, 90%, 100%,
110%, and 120% (R.M.C calculation is provided in
Section 2.2). Figure 6(a—b) illustrate the axial
stress—axial strain behavior of unreinforced FaB
mix samples at different R M.C after 28 and 60
days of curing, respectively. Correspondingly,
Figure 7(a—b) depicts the same behavior for
FaB+1%G.F mix samples with respect to the same
R.M.C and curing periods. The results indicate that
R.M.C significantly influences the axial stress—
axial strain behavior for both unreinforced and
reinforced FaB mix samples. Irrespective of the
curing period, the peak axial stress for both types
of samples has been observed at 90% R.M.C. At 28
days of curing, the UCS values have been recorded

as 160 kPa, 229 kPa, 185 kPa, 147 kPa, and 112
kPa for unreinforced samples and 230 kPa, 302
kPa, 278 kPa, 201 kPa, and 147 kPa for 1% glass
fibre-reinforced samples, corresponding to R.M.C
of 80%, 90%, 100%, 110%, and 120%,
respectively. Figure 8(a-b) shows the UCS
variation with R.M.C for unreinforced and
reinforced FaB mix samples. It has been observed
that UCS increases as R.M.C increases from 80%
to 90% across all curing periods. This is because
the additional water enhances pozzolanic reactions,
leading to a stronger matrix and thus improving
strength. Also, at 90% R.M.C, water provides an
optimal lubricating effect, enabling denser particle
rearrangement during static compaction. Beyond
90% R.M.C, the UCS values gradually decrease,
regardless of curing duration and reinforcement
condition. Excess water beyond this point (90%
R.M.C) leads to an increase in lubrication, which
weakens the interfacial interactions between
particles and between fibres and particles. This
results in slippage of cohesive particles and pulling
out of fibres before fully mobilizing their tensile
strength, ultimately reducing the overall strength.
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Figure 6. Axial stress — axial strain behavior for FaB+0%G.F (unreinforced) mix sample at (a) 28 days and (b) 60
days curing period
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Figure 8. Variation of UCS with R.M.C for (a) FaB+0%G.F (unreinforced) mix and (b) FaB+1%G.F mix samples

3.2.3. Influence of Glass Fibre Content on UCS

The fibre content plays a significant role in
enhancing the axial stress—axial strain behavior and
the UCS of FaB mix samples. To observe the
influence of fibre content on the UCS of FaB mix
samples, UCS specimens have been prepared with
varying fibre contents (0%, 0.25%, 0.5%, 0.75%,
and 1%). Figure 9 (a—) show the axial stress—axial
strain behavior of FaB mix samples with different
fibre contents after 7, 28, and 60 days of curing
period. It is evident that the peak stress increases
with higher fibre content across all curing periods.

Figure 10 shows the variation in UCS values
with varying fibre content. It is observed that the
UCS of FaB mix samples increases as the fibre

content increases from 0% to 1%; the UCS rises
from 60 kPa to 132 kPa, 185 kPa to 266 kPa, and
228 kPa to 329 kPa after 7, 28, and 60 days of
curing time period. The increase in UCS with
higher fibre content is attributed to the mechanical
interactions between the fibres and the fly ash and
bentonite particles. For glass fibre-reinforced FaB
mix samples, tensile resistance begins to develop
within the fibres due to their interaction with coarse
particles. The interlocking and interweaving of
fibres with fly ash and bentonite particles
contribute to intercepting the failure zones formed
during testing. Furthermore, the irregular shape of
fly ash particles enhances interlocking capacity,
thereby contributing to the increase in UCS values.
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Figure 9. Axial stress — axial strain behavior of FaB mix samples with varying fibre content after (a) 7 days (b) 28
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3.3. Compressibility Characteristics
3.3.1. Influence of Glass Fibre Content on
Relationship of Void Ratio and Pressure

The fibre content plays a critical role in
influencing the void ratio and the pressure response
of FaB mixture. As illustrated in Figure 11, the void
ratio versus logarithm of pressure (e-log p) plots for
unreinforced and glass fibre-reinforced FaB
mixtures reveal a consistent trend. The void ratio
decreases with increasing pressure, which aligns
with the typical compressibility behavior observed
in soil and soil like geo-materials. However, the

addition of fibres modifies this behavior
significantly. An increase in fibre content results in
higher void ratios under identical pressure
conditions, which shows an enhancement in
compressibility characteristics. This suggests that
the addition of glass fibre reduces the overall
compressibility of the FaB mixture and diminishes
its tendency to compress under applied pressure. It
is observed that the FaB+0%G.F mix sample
exhibits the lowest void ratio and higher
compressibility. The FaB+ 1%G.F sample
maintains a comparatively higher void ratio which
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enhances its resistance to compression. This
resistance is attributed to the reinforcing
mechanism introduced by the glass fibres, which
improves the interparticle bonding and restricts
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unnecessary deformation. Consequently, fibre
reinforcement contributes to a more stable and less
compressible FaB mixture compared to its
unreinforced counterpart.

Void Ratio, ¢

—&—FaB+1%G.F
—#— FaB+0.75%G.F
—8— FaB+0.5%G.F
—o— FaB+0.25%G.F

—*— FaB+0%G.F

10

100

Log of Pressure (kPa)

1000

Figure 11. Void ratio to logarithm of Pressure (e-log p) plot for unreinforced and glass fibre-reinforced FaB mix

3.3.2. Influence of Glass
Compression Index (C.)

Fibre Content on

The fibre content significantly influences the
compression index (C.) of FaB mixture, as shown
in Figure 12. An increase in fibre content results in
a decrease in C. value, demonstrating the
effectiveness of glass fibres in reducing the
compressibility of FaB mixture. At FaB+0%G.F,
the C. value is relatively high i.e., 0.33. However,
with the addition of fibres, there is a notable
reduction in C. for FaB+0.25%G.F mix sample.
The most considerable decrease is observed at the
fibre content of 0.25%, indicating that even a small
quantity of glass fibre has a noticeable effect on
compressibility. As fibre content continues to

samples

increase, the decline in C. continues but at a more
gradual rate.

The reduction in compressibility can be
attributed to the reinforcing effect of the glass
fibres within the FaB mixture, which enhances its
overall strength and reduces the scope of
deformation under applied pressure. The
volumetric changes in the FaB mix samples result
from mechanisms such as rolling, sliding, crushing,
and bending of the coarser particles [77]. The
mixing of glass fibres improve particle interlocking
and binding within the mixture, leading to a more
stable and less compressible structure. These fibres
improve the structural integrity of the FaB mixture,
and enhance its resistance to deformation under
applied pressure.

Compression Index, Ce

0.25

0.5
Fibre Content (%)

0.75

Figure 12. Influence of glass fibre content on compression index

10
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3.3.3. Influence of Glass Fibre Content on
Coefficient of Compressibility (av) and
Coefficient of Volume Compressibility (m,)

The coefficient of compressibility (a,) indicates
the compressibility behavior of a soil or soil-like
material in terms of the rate of change in void ratio
with respect to effective stress (Equation 1).

—Ae
“=25 ®
Where;

a,, = coefficient of compressibility (m*/kN)
AG = change in effective stress (kPa)
Ae = change in void ratio

Figure 13(a) shows the variation in a, of the FaB
mixture with different fibre contents. It is evident
that a, decreases as the fibre content increases. At
0% glass fibre content, the FaB mixture exhibits a
high a, value which shows greater compressibility
in the unreinforced state. With the introduction of a
small amount of glass fibre (0.25%), a sharp
reduction in a, is observed. This can be attributed
to the reinforcing action of the glass fibres, which
function as tensile elements within the FaB
mixture. Under applied incremental loads, a load
transfer mechanism has been initiated, wherein the
applied stresses are distributed between the fly ash
and bentonite particles. Additionally, the presence

1.60E-03
1.40E-03
L0
£ LOOE03
24
ST S.O00E-04
<&
e
=S 6.00E-04
z
3
€ 4.00E-04
°
Y 2.00E-04
0.00E+00 -
0 0.25 0.5 0.7
Fibre Content (%)
(a)

Journal of Mining & Environment, Published online

of fibres hinders particle rearrangement and
sliding, thereby minimizing changes in void ratio.
As the fibre content increases from 0.25% to 1%,
a, continues to decrease, although at a reduced rate.
The glass fibres effectively bridge the voids and
bind the fly ash and bentonite particles, resulting in
a denser and less compressible mixture. The most
significant reduction in a, is observed for the
FaB+0.75%G.F mix sample. Beyond this, further
increments in fibre content do not significantly
influence the coefficient of compressibility.

The coefficient of volume compressibility (z,)
is defined as volumetric strain per unit increase in
effective stress (Equation 2).

%
T 1+te )
Where;

a,= coefficient of compressibility (m*kN)

my

e, = initial void ratio
m, = coefficient of volume compressibility (m*kN)

Figure 13(b) illustrates the variation of m, with
fibre content in the FaB mixture. The plot shows
that m, decreases as the fibre content increases.
Since m, is proportional to a,, a similar trend is
observed, as previously explained. This reduction
in m, can be attributed to the reinforcing effect of
the glass fibres within the FaB mixture.

Compressibility,
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Figure 13. Influence of glass fibre content on (a) coefficient of compressibility and (b) coefficient of volume
compressibility

3.3.4. Influence of Glass Fibre Content on
Coefficient of Permeability (k)

To observe the influence of varying fibre
content on the coefficient of permeability (k), the
value of & has been calculated using Equation (3).

k=c,Xm, XV, 3)
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Where;

¢, = coefficient of consolidation (m?/sec)

m,, = coefficient of volume compressibility (m?/kN)
¥,» = unit weight of water (kN/m?)

k = coefficient of permeability (m/sec)
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Figure 14 shows the variation of the coefficient
of permeability (k) with glass fibre content. It is
evident that even a slight increase in glass fibre
content leads to a significant decrease in the value
of k. When the glass fibre content increases from
0% to 0.25%, there is a sharp drop in k& from
1.8x10® m/sec to 9.09x10” m/sec. This initial
reduction is mainly due to the reinforcing effect
introduced by the glass fibre. The addition of glass
fibre reduces the void ratio in the FaB mixture by
enhancing the interlocking and bonding between
the fly ash and bentonite particles. As a result, the

Journal of Mining & Environment, Published online

reduced voids and pore spaces restrict water flow,
leading to a considerable decrease in the coefficient
of permeability (k) value for the fibre-reinforced
FaB mixture. Beyond 0.25% glass fibre content,
the value of £ continues to decrease but at a gradual
rate. As the increase in glass fibre content beyond
0.25% does mnot notably influence the
compressibility of the FaB mixture, the rate of
reduction in permeability decreases. The lowest
value of k is observed for the FaB+1%G.F mix
sample as 5.89x10” m/sec.
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Figure 14. Influence of fibre content on coefficient of permeability

4. Predictive Model for UCS

Based on results obtained from extensive
experimental investigations, this study proposed a
closed-form equation for predicting the UCS value
of 80:20 FaB mixture with and without glass fibre
reinforcement. The proposed expression (Equation
4) is derived from data obtained through UCS
testing and is formulated as a function of curing
period (Cp), relative moisture content (R.M.C), and
fibre content (f.). This equation serves as a
practical tool for engineers and practitioners to

estimate the strength of glass fibre-reinforced FaB
mixtures for specific curing periods, moisture, and
fibre contents in advance of the construction stage.
Figure 15 illustrates a comparison between the
predicted and experimentally obtained UCS values,
which are in close agreement with a variation
within £10%. The proposed equation yields a
regression coefficient of 0.93, indicating a high
level of reliability and predictive accuracy for UCS
of both unreinforced and glass fibre-reinforced FaB
mixtures.

UCS = 483.2815 + 54.016f, + 5.94C, — 428.797R.M.C — 0.00074C1[,3 —13.47R.M.C~10 4)

Where:

UCS = Unconfined compressive strength of
unreinforced and glass fibre-reinforced FaB mixture
(kPa)

f. = Fibre content (%)

12

C, = Curing period (Days)
R.M.C = Relative Moisture Content
RM.C =

Molding moisture content of FAB mix sample (%)

Optimum moisture content of the respective sample (%)
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Figure 15. Comparison between experimentally observed and predicted UCS values

5. Conclusions

In the present study, the influence of glass fibre
on the strength and permeability behavior has been
studied. Based on the extensive experimental
investigations, the following conclusions can be
drawn:

¢ Influence of curing period on UCS: The
UCS values increase with curing time for
unreinforced and glass fibre-reinforced FaB
mix samples. This enhancement is attributed
to the gradual formation of cementitious
compounds via pozzolanic reactions, which
progressively fill voids and micro-cracks
within the sample. This resulting
densification leads to improvement of
structural integrity and strength.

¢ Influence of RM.C: As RM.C increases
from 80% to 90%, the UCS values also rise
across all curing periods and reinforcement
conditions. The increased moisture content
enhances pozzolanic activity, facilitating
better strength development. At 90% R.M.C,
optimal lubrication occurs which promotes
densification. Beyond 90% R.M.C, the UCS
begins to decrease for both unreinforced and
glass fibre-reinforced FaB mix samples
likely due to the presence of excessive
moisture that hinders particle bonding.

¢ Influence of fibre content on UCS: At all
curing periods, UCS increases with the
addition of glass fibres. The strength gain is
primarily due to mechanical interactions
between the fibres and the fly ash and
bentonite particles. At OMC, 1% glass fibre
addition leads to a UCS enhancement of
approximately 33%-44% considering all
curing periods. This improvement occurs

13

due to the tensile reinforcement provided by
the glass fibres.

e Influence of  fibre content on
compressibility: Increasing glass fibre
content results in decreased compressibility.
This is attributed to the reinforcing effect of
glass fibres which enhances the interparticle
bonding and promotes structural
interlocking. Although C. continues to
decrease with the addition of glass fibre
content, the rate of reduction slows beyond
0.25% fibre content. Both a, and m, exhibit
a declining trend with increased glass fibre
content. A notable reduction is observed
with the addition of 0.25% glass fibre, due to
the bridging and reinforcing effects.

e Influence of fibre content on permeability:
The coefficient of permeability (k) decreases
by an order of magnitude 10" with glass
fibre addition. This is primarily due to the
reduced void ratio in glass fibre-reinforced
FaB mix samples. The glass fibres contribute
to improve the interparticle bonding and
matrix densification, which collectively
restrict  water flow and  decrease
permeability. The lowest value of & is
observed for the FaB+1%G.F mix sample as
5.89x10” m/sec.

e Based on the experimentally obtained data,
a closed-form equation has been developed
to estimate the UCS of 80:20 FaB mixture
with and without glass fibre reinforcement.
This predictive model provides practitioners
with a reliable tool to assess the strength
during the pre-design phase of construction.

Finally, the addition of glass fibres into FaB
mixture significantly enhances its strength, reduces
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compressibility and coefficient of permeability.
These improvements make glass fibre-reinforced
FaB mixture a promising alternate geo-material.
By facilitating increased utilization of fly ash and
minimizing its disposal concerns, this innovation
contributes to environmentally responsible
construction practices.

List of Notations
C,= Curing period
¢, = Coefficient of consolidation
€o = Initial void ratio
f.= Fibre content in percentage
m,, = Coefficient of volume compressibility
¥w = Unit weight of water
Ac = Change in effective stress
Ae = Change in void ratio
C.= Compression index
e = Void ratio
G = Specific gravity
k = Coefficient of permeability
a, = Coefficient of compressibility

p = Pressure

List of Abbreviations
Fa =Fly ash
FaB = Fly ash- Bentonite

FaB+0%G.F = FaB sample reinforced with 0% glass
fibre (unreinforced FaB mix samples)

FaB+0.25%G.F = FaB sample reinforced with
0.25% glass fibre

FaB+0.5%G.F = FaB sample reinforced with 0.5%
glass fibre

FaB+0.75%G.F = FaB sample reinforced with
0.75% glass fibre

FaB+1%G.F = FaB mix samples reinforced with 1%
glass fibre

G.F = Glass Fibre

MDD = Maximum Dry Density
OMC = Optimum Moisture Content
R.M.C = Relative Moisture Content
SEM = Scanning electron microscope

UCS = Unconfined Compressive Strength
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