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Abstract

The paper deals with developing fly ash-Blast Furnace Slag (BFS) composite with additives like cement to utilize waste
material in engineering applications. The additive-like cement with different proportions has gained particular attention
worldwide because of the excellent bonding strength and enhancement of mechanical properties of fly ash composite with
other admixtures. The geomechanical properties such as Unconfined Compressive Strength (UCS), Brazilian Tensile Strength
(BTS), and California Bearing Ratio (CBR) of the developed composite at different curing periods (0, 7, 14, and 28 days)
are reported in these studies. The optimum strength of the composite was determined at the maximum utilization of fly ash
and BFS composite. The correlation among different strength parameters was established using the statistical approach.
The composite with 80% fly ash, 12% BFS, and 8% cement showed the highest compressive strength. The results indicated
an excellent bonding between the constituent materials of the composite with an adequate amount of strength. The strength
parameters indicated the utilization of composite in haul road construction as a base or sub-base layer. Using composite will

help the stable haul road and consume the bulk of fly ash and BFS to reduce environmental pollution.

Keywords Fly ash-BFS composite - Microstructural analysis - Mechanical properties - Statistical analysis

1 Introduction

A coal-based thermal power plant contributes 75% of the
total thermal power plant because of coal availability. Nearly
120-150 MT/year of fly ash is produced from India’s exist-
ing coal-fired thermal power plants [1, 2]. The dumped fly
ash in the power plant’s nearby area causes environmental
and health hazards. Fly ash occupies an ample space of the
fertile land if deposited outside. The dumping of fly ash not
only acquires the land area but also reduces soil fertility [3].
Thus, using fly ash is a significant challenge to overcome
the adverse environmental and human health effects. The
engineering properties and the nature of fly ash to make a
bond with admixture and filler materials make it suitable
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for application in engineering and construction works. The
increase in strength of the fly ash composite with admixture
like lime, cement, NaOH, BFS, etc., has been observed by
several researchers and reported elsewhere [4—6].

Like fly ash, blast furnace slag (BFS) is the waste mate-
rial from steel plants and is usually dumped in nearby areas,
causing environmental and human health hazards next to the
fly ash. The utilization of BFS is also essential to reduce air
and water pollution. The ash and BFS utilization percentages
have not been encouraging despite many attempts.

Fly consists of a complex heterogeneous mixture of amor-
phous and crystalline phases of the constituting elements [7].
It is a finely powdered Ferro aluminosilicate with Al, Ca,
Mg, Fe, Na, and Si as the main elements. The fly ash also
contains heavy metals like As, Ba, Hg, Cr, Ni, V, Pb, Zn,
and Se [8—10]. Fly ash particles are spherical and vary from
0.5 to 100 pm in size. Fly ash contains significant silicon
dioxide (SiO,) in amorphous and crystalline form. Amor-
phous is smooth and rounded, whereas crystalline is sharp.
Thus, the presence of calcium oxide and silica helps fly ash
to develop the bonding with admixture and enhances fly ash
composites’ strength.
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India is the third-largest country in producing steel. Esti-
mation indicates the production of 88.4 MT of steel in 2017
will increase up to 128.6 MT by 2021. About 70% of India’s
steel production is iron ore-based [11]. In the iron ore-based
show, the ore is melted and reduced to pig iron in a blast
furnace, which forms slag. The slag is about 30% pig iron
[11]. Two types of blast furnace slags are produced dur-
ing steel production: air-cooled slag and water-cooled slag
[12]. Water-cooled blast furnace slag is generally utilized
to produce slag cement, but air-cooled blast furnace slag is
rarely used. Air-cooled blast furnace slag solidifies and crys-
tallizes, creating a rock-like slag, with little or no cement-
ing property that is why it is only used as coarse aggregate.
Thus, the air-cooled blast furnace slag is the waste material
from the steel plant and is usually dumped in nearby areas,
causing environmental and human health hazards next to
the fly ash. It harms the environment by polluting air and
water. The utilization of BFS is another challenge to reduce
environmental risks.

The bonding of fly ash with BFS and other admixtures
makes the fly ash-BFS composite suitable for engineering
works like road construction and civil works. A study was
carried out to improve the mechanical strength of fly ash
composite by adding nano-TiO, at variable composition
from 0.4% to 2% [13]. An improvement in the mechanical
strength of fly ash composite was reported with the addi-
tion of eggshell because of the additional bonding of the
molecules [14]. The slag with red mud was used to develop
ared mud-slag geopolymer (RM-SGP). The developed com-
posite was found mechanically suitable for its application as
a building products [15]. Ground granulated blast furnace
slag (GGBEFS), fly ash (FA), and cement mixture was used
to develop a composite for engineering application. Results
indicated acceptable shear strength of the composite at 50%
cement, 25% FA, and 25% GGBFS [16]. Silica fume and
crumb rubber were added to the fly ash—-cement mixture to
improve the mechanical properties of the composite. Results
indicated the impact of silica fume in the improvement of
the mechanical strength of the composite due to molecular
solid bonding [17]. The filling material like cement in fly
ash composite has gained particular attention worldwide
because of the enhancement of bindings and compressive
strength of composite [4, 6, 18-20]. The study was carried
out to develop fly ash composite with alkali at variable par-
ticle sizes and percentages from 10% to 40% by weight. Dif-
ferent properties like tensile, flexural, and impact strength
were experimentally determined, and observed an increase
in tensile and flexural strengths with alkali material in fly
ash composites [21]. The investigation was carried out to
determine the compression strength of fly ash—cement com-
posite samples with variations in the composite composition
of admixture. The results indicated a higher load-carrying
capacity of the composite at 4-8% of Portland cement and
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10-20% of fly ash. The composite’s compressive strength
was increased with compaction and the curing period
[22-24]. The geotechnical properties of untreated fly ash,
fly ash-mine overburden mixes, and clinker-treated fly ash-
mine overburden mixes were observed at variable composi-
tions and reported that the strength parameters depend upon
the percentage of fly ash and clinker in the composite. An
increase in California Bearing Ratio (CBR) and unconfined
compressive strength (UCS) was observed with the addition
of the clinker [25, 26]. The increase in compressive strength
of cement in fly ash—cement composite with a curing period
from 7 to 58 days was reported elsewhere [27]. The investi-
gation was carried out on fly ash—-BFS—Cement composite
at the variable composition of admixture and reported an
increased compressive strength of the composite with 10%
fly ash and 10% BFS [28].

The literature survey indicates the enhancement of the
fly ash composite with BFS and other cementing materi-
als. Therefore, the investigation was carried out to develop
the fly ash—-BFS composite with a variable percentage of
cement to utilize these waste materials for engineering
work and reduce its adverse effects on the environment and
human health. This paper deals with the microstructural
characterization of fly ash and BFS material and develops
a composite with a mixture of fly ash, BFS, and cement at
varying percentages. The developed composites were tested
to determine mechanical strength like Unconfined Compres-
sive Strength (UCS), Brazilian Tensile Strength (BTS), and
California Bearing Ratio (CBR). The strength parameters
were also determined for the samples with water cured for
7-28 days. The correlation between different percentage
parameters and mechanical properties was established using
the least square method. The strong influence of BFS and
cement on strength parameters was observed. An increase
in strength was observed with an increasing curing period,
indicating the development of strong bonding in compos-
ite with time. The best composition of the material was
obtained with the highest UCS, BTS, and CBR values.

The result of the study indicated an acceptable range of
mechanical properties for its application as filler material
in road construction. This paper’s process and results are
significant in utilizing the waste material as fly ash, BFS in
bulk, and its engineering application.

2 Objectives

The study’s objectives were to utilize the maximum amount
of fly ash and BFS from the Coal-Fired Power Plant and
Steel Plant by developing the fly ash-BFS composite with
cement. The composites were formed to utilize fly ash and
BFS in road construction, building construction, etc., to
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enhance the mechanical properties. The objectives were
achieved by following the methodology, as shown in Fig. 1.

2.1 Methodology

The methodology of the study is represented in Fig. 1. Sam-
ples of fly ash, BFS, and cement were collected from the
study area and prepared to determine physical properties,
followed by microstructural analysis. Based on the results of
the physical and microstructural properties, the composition
of the samples was decided to develop the composite mate-
rial. The sample was molded in a cylindrical shape as per

| Collection and preparation of the sample |

l

| Determination of Physical properties of fly ash and BFS |

l

| Microstructural analysis of fly ash and BFS |

l

Development of cylindrical samples by mixing fly ash, BFS and cement

}

Curing of the comnosite samnles I

!

Determination of mechanical properties like UCS and CBR etc.

l

Establishment of correlation among various mechanical parameters

Fig. 1 Flow chat for development of fly ash-BFS composite, micro-
structural as well as mechanical properties characterization and opti-
mization

the prescribed standard. The prepared samples were soaked
with water and cured from O to 28 days. The samples were
then tested to determine the geo-mechanical properties like
unconfined compressive strength (UCS), Young’s modulus,
Poisson’s ratio, etc. The results of testing the samples were
mutually correlated to evaluate their engineering applicabil-
ity. A similar approach has been suggested elsewhere [16,
17].

2.2 Samples Collection

Fly ash was collected from the hopper’s discharge channel
in Rayalaseema Thermal Power Project (RTPP), Kadapa,
Andhra Pradesh, India (Fig. 2a). Blast furnace slag (BFS)
and Portland cement (53 grades) were collected from Garuda
Steel Plant, Tadipathri, Anantapur, Andhra Pradesh, India,
and the local market (Fig. 2b). The Fly ash, BES, and cement
were stored in plastic-covered jute bags to prevent ambi-
ent moisture. The collected samples were transported to the
laboratory to develop a composite and determine microstruc-
tural and mechanical properties.

2.3 Samples Preparation

Composites were developed with collected fly ash, BFS, and
cement material, as shown in Fig. 3a. The samples were
prepared by mixing various proportions of fly ash, BFS, and
cement materials, as represented in Table 1. The percentage
was selected to utilize maximum fly ash and BFS. Powdered
fly ash and BFS of size less than 75 p were prepared for
X-ray Diffraction (XRD) and Scanning Electron Microscope
(SEM) analysis (Fig. 3b). The powdered fly ash and BFS
samples were gold- coated to obtain a clear view of the SEM

Fig.2 Sample collected for analysis. a Fly ash sample collected from RTTP power plant, Andhra Pradesh. b BFS sample collected from Garuda

Steel Plant, Andhra Pradesh
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Fig.3 Sample preparation for analysis. a Mixture of fly ash, BFS and cement for development of composite. b Sample prepared for microstruc-
tural analysis. ¢ Mixture of fly ash, BFS and cement material in mould for compaction testing

Table 1 Percentage of fly ash, BFS and cement in composites

S. no Sample id Fly ash (%) BFS (%) Cement (%)
1 FA-BFS-C-1 80 12 8
2 FA-BFS-C-2 78 15 7
3 FA-BFS-C-3 76 18 6
4 FA-BFS-C-4 74 21 5

image. The optimum moisture content and maximum dry
density of the fly ash, BFS, and cement material mixture
were determined using a proctored test as per the standard
[ASTM, UTS-0602] [29]. The split mold of 100 mm diam-
eter and 152 mm length was used for the compaction test
(Fig. 3c). Table 1. Percentage of fly ash, BFS and cement
in composites.

Samples for unconfined compressive strength were
prepared as per standard [IS 2720-Part 10 (1991)] [30].
The split mold of 38 mm diameter and 74 mm length was
used to prepare the samples (Fig. 4a). A 36 mm diameter
and 72 mm length size were obtained for the compres-
sive strength test. The Brazilian tensile strength (BTS)
test sample was prepared using the same mold of UCS
test samples. The prepared specimen was made to main-
tain a length-to-diameter ratio of 0.5. Samples were pre-
pared using a standard CBR mold of 100 mm diameter and
152 mm height (Fig. 4b) as per IS: 2720-Part 16 (1987)
[31]. The sample was statically compacted in the mold, so
that the height was maintained at 152 mm.

Fig.4 Sample prepared for strength testing. a Sample for UCS test, b sample prepared for CBR test
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Fig.5 Microstructural analysis.
a XRD analysis, b SEM and
EDX analysis

Table 2 Grain size distribution [34]

Classification of soils Range of particle size

Gravel >4.75 mm

Sand 4.75-0.075 mm
Silt 0.075-0.002 mm
Clay <0.002 mm

3 Experimental Procedure

The testing procedures are crucial as the data obtained from
the tests are considered for the developed composite charac-
terization. Therefore, the standards testing approach was fol-
lowed to determine the properties of developed composites.

3.1 Procedure Microstructural Analysis

The X-ray diffraction analysis of fly ash, BFS, and developed
composite was carried out using Standard X-ray diffraction
powder patterns. XRD analysis used a Philips diffractometer
(Make: PANalytical X-ray B.V., UK) (Fig. 5). The SEM and

Energy Dispersive Spectroscopy (EDS) analyses were car-
ried out to visualize the morphological characteristics of
the composite.

3.2 Procedure for Determination of Physical
and Mechanical Properties

The grain size distribution of fly ash and BFS was deter-
mined using a sieve set as per standard procedure IS 2720
Part 4 (1985) [32] (Table 2). The specific gravity of fly ash
and BFS was determined by the pycnometer method as per
standard [IS 2720-Part 3 (1980)] [33] (Fig. 6a).

Loss on ignition of fly ash and BFS were determined as
per standard procedure in muffle furnaces as per IS 1760-
Part 1 (1991) [35] (Fig. 6b). The sample’s known weight was
taken in the crucible and kept in the muffle furnace at 210 °C
for 1 h. The crucible was then removed from the furnace,
air-cooled for 10 min, and weighted to determine ignition
loss. Consistency limits as the liquid limit (LL), plastic limit
(PL), shrinkage limit, plasticity index (PI), and Free swell
were determined as per standard procedure [IS 2720-Part 5
(1985) and Part 6 (1972)] [36, 37] (Fig. 6¢). The specimen
was compacted into the pre-weighed proctor mold by three

Fig.6 Procedure to determine physical properties of the composite. a Determination of specific gravity, b determination of loss on ignition
using muffle furnace, ¢ determination of consistency limits, d compaction test
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layers. The rammers weighing 2.5 kg were dropped from
a height of 305 mm for better compaction (Fig. 6d). Sam-
ples were kept inside the mold in three layers and rammed
for 25 blows for each segment. The collar of the mold was
removed, and excess material was trimmed out. The mold,
along with the sample, was weighed and recorded. A small
quantity of samples was obtained to determine the moisture
content by oven drying.

Unconfined compressive strength was determined as
per standard procedure [IS 2720-Part 10 (1991)] [30] at a
1.2 mm/min strain rate. A similar approach was adopted
elsewhere [38]. Unconfined compressive strength is a con-
ventional method to determine its resistance to external
loading. The samples prepared for the compressive strength
test were kept between the frictionless bearing plates. A
hardened steel ball was placed on the bearing plate. Adjust
the specimen precisely to the centerline to apply the load
uniformly. Axial and lateral deformation in the sample was
detected using Linear Variable Differential Transformer
(LVDT). The load was continuously applied in displace-
ment mode to obtain the post-failure plot. The experimental
setup for the unconfined compression test of the specimens
is shown in Fig. 7a.

The direct tensile strength of fly ash composite is diffi-
cult, so indirect tensile strength or Brazilian tensile strength
(BTS) was determined as per ASTM D3967 standard [39].
The Brazilian tensile test makes the sample fail under ten-
sion, though the loading pattern is compressive. In this test,
the length-to-diameter ratio of the sample was taken at 0.5.
The specimens prepared for the tensile strength test were
36 mm in diameter and 72 mm long. The specimens were
placed diametrically during the test. The load is applied until
the sample fails diametrically in tension (Fig. 7b). California

bearing ratio (CBR) was determined as per standard proce-
dure [IS 2720-Part 16 (1987] [31]. The samples were stati-
cally compacted to 95% of maximum dry density in the CBR
test mold. Two surcharge disks, each weighing 2.5 kg, were
placed over the sample, and a plunger, 50 mm in diameter,
was used to penetrate the sample at a rate of 1.25 mm/min
during the CBR test (Fig. 7c).

3.3 Physical and Chemical Properties

The physical properties of fly ash and BFS are shown in
Table 3. The specific gravity of fly ash and BFS obtained
are 2.025 and 2.337. Less specific gravity was observed
in fly ash compared to that of BFS due to higher iron and
scrap metal content in BFS. The construction materials

Table 3 Physical properties of fly ash and BFS Material

Properties Fly ash BFS Cement
Specific gravity 2.025 2.337 3.12
Particle size analysis (%)
Gravel (>4.75 mm) 4.2 15 -
Sand (4.75-0.075 mm) 45 55 -
Silt (0.075-0.002 mm) 29.2 18 -
Clay (<0.002 mm) 21.6 12 -
Consistency limits
Liquid limit (%) 25.165 33.34 -
Plastic limit (%) 7.236 0 -
Shrinkage limit (%) - - -
Plasticity index (%) 17.928 - -
Free swell index (%) Negligible Negligible -
LOI 2.8 - 2.7

Fig.7 Experimental setup for different testing a UCS test, b BTS test, ¢ CBR test
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are susceptible to the density and grain size distribution.
The smaller grain size leads to higher density and thus
increases the strength of the composites. A similar obser-
vations has been reported elsewhere [40]. Therefore, the
grain size distribution analysis was carried out, and the
correlation was established between grain size distribution
and the passing percentage of fly ash and BFS (Fig. 8).
Various fly ash and BFS sizes were mixed in pre-deter-
mined proportions to develop the composites. Fly ash
contains 4.2% gravel, 45% sand, 29.2% silt, and 21.6%
clay particles.

Similarly, the BFS includes 15% gravel, 55% sand, 18%
silt, and 12% clay particles. More than 50% of fly ash was
observed from 20 to 75 pm. Therefore, the fly ash was
categorized under non-plastic inorganic coarse silt-sized
fractions. The material identification and classification are
typically carried out using consistency limits such as the
liquid limit (LL), plastic limit (PL), plasticity index (PI),
and shrinkage limit. These parameters are essential to reflect
the swelling potential and workability of the materials. The
LL of fly ash and BFS were observed as 25.165 and 33.34,
respectively. The higher value of the LL for BFS confirms
the less workability of the fly ash than that of the BFS. The
stabilization of the material depends upon the plasticity
index of the stabilizing element. The plasticity index (PI) of
fly ash was 17.928, while it was negligible for BFS. As the
plasticity index (PI) of the cement is greater than 20% and
capable of stabilizing any materials in the presence of water
for hydration, it stabilizes the pozzolanic fly ash very fast.
The non-cohesive and negligible shrinkage index of the fly
ash and BFS confirm its suitability in geotechnical applica-
tions. The loss of ignition of fly ash was determined as 2.8%,
which is lesser than the threshold value of 5-6%, confirming
the suitability of fly ash to enhance the workability, durabil-
ity, and mechanical properties of composite [41].

The important minerals identified in the fly ash and BFS
were Si0,, Al,O;, Fe,05, CaO, and MgO. These oxide com-
positions varied from 36.46% to 51.83%, 13.32% to 29.98%,
0.54% to 5.37%, 1.29% to 42.06%, and 0.52% to 7.59%,
respectively, for fly ash as well as BFS materials (Table 4).
The mineral identified in the FA and BFS samples was deter-
mined as major or minor phases depending on the intensity
of the peaks, which indicates the quantity of the minerals
present in the samples [42, 43]. The most abundant minerals
observed in the FA were Si0O,, Al,0;, and Fe,0;, but less
CaO and MgO composition. The sum of silica, alumina, and
iron contents was observed by more than 70%. Therefore,
fly ash is classified as F type as per ASTM618-08a, 2008
[44], and confirms that the fly ash is produced by burning
bituminous coal.

3.4 Microstructural Analysis

Fly ash was collected from the electrostatic precipitators
(ESP) and tested for microstructural analysis using FESEM.
Glassy solid spheres, hollow spheres (cenospheres), rounded
and smooth porous grains, and irregular agglomerates were
observed in SEM Images as represented in Fig. 9. Energy
Dispersive Spectroscopys (EDS's) result in Fig. 9 confirms
the predominant elements in the fly ash, such as silicon,
aluminum, iron, calcium, and oxygen. The morphologi-
cal and EDS analysis exhibited more than 50% amorphous
alumino-silicate spheres, while the iron-rich spheres were
significantly less. The presence of alumino-silicate spheres
in various sizes confirms the possibility of packing material
when used in the composites. The FESEM image indicated
the rounded, sub-rounded, and sub-angular shape of the
particles in the BFS material (Fig. 10). The sand to silt-
size BFS particles had sub-rounded to angular shapes with
rough surface texture. The result of EDS confirms the prin-
cipal elements in the BFS as silicon, aluminum, magnesium,
iron, calcium, and oxygen. The presence of sub-rounded to
angular shapes of the particles in various sizes confirms its
applicability in the composites. The FESEM image of the
developed composite (80% FA +12% BFS + 8% C) is shown
in Fig. 11. The image exhibits the packing and bindings of
the individual material with cement. The strong packing and
bindings of the materials at seven days of curing confirm the
enhancement of the composites’ mechanical strength with
curing.

Table 4 Mineral composition off the fly ash and BFS

Si0, ALO;, Fe,0, Ca0 MgO
FA 51.83 29.98 537 1.29 0.52
BFS 36.46 1332 0.54 42.06 7.59
Cement 22.89 427 2.88 66.2 1.91
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Fig. 10 FESEM images showing BFS

X-ray diffraction pattern of composite (80% FA +12%
BFS +8% C) at 7 days curing exhibits the essential miner-
als of fly ash such as Augite, Silica, Quartz, and Mullite
along with Calcite due to the presence of BFS (Fig. 12).
The presence of Sillimanite peaks, an aluminosilicate com-
pound, signifies the enhanced level of geo-polymerization.
The composite’s calcite peaks indicate the cross-linkage
between the aluminum, silica, and calcium ions. In addition,

@ Springer

the higher percentage of calcium ions in BFS was respon-
sible for the dissolution of the Si and Al ions. The presence
of the hydration product and the increase in material volume
due to the bonding of the undissolved solid particles into the
geo-polymeric framework leads to the formation of the com-
posites’ dense structure. The composite’s compact structure
is responsible for the hardening of the whole system and
enhancing the mechanical properties of composites.
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Fig. 12 XRD of fly ash-BFS—cement composite at 7 days curing

4 Results and Discussion

The research’s objective was to utilize the maximum
amount of hazardous fly ash and BFS as waste materials
for the power plant and steel plants. The aim is achieved
by developing and testing the fly ash—BFS composites for
their mechanical strength at different curing periods. The
results of the investigation have been discussed in the fol-
lowing sub-sections.

4.1 Mechanical Properties

The compression test typically determines the construction
materials’ ability, like fly ash composites, to withstand the
load when it is compressed. Those composites’ compressive
strength reveals the constituent elements’ behavior under the
compressive load. The different compressive testing [Uni-
axial compressive strength (UCS), Brazilian tensile strength
(BTS), and California bearing ratio (CBR)] were carried
out to determine the strength parameters of the developed
composites. The testing was carried out per the standard
described in the experimental procedure. The results of the
testing are presented in the following sub-sections.

4.1.1 Uniaxial Compressive Strength (UCS)

The cylindrical specimens of the developed composites rep-
resenting different compositions were examined to deter-
mine the compressive strength. The compressive strength of
both uncured and cured samples is discussed here. The aver-
age values of the twenty best samples’ mechanical properties
representing each composite are shown in Table 5. In the
uniaxial compression tests, the stress—strain curve was devel-
oped for each specimen to determine coal strength, elastic
modulus (Young’s modulus of elasticity), and Poisson’s
ratio (Fig. 13). The stress—strain curve’s maximum stress or
peak load represents uniaxial compressive strength. Young’s
modulus is the slope of the stress—strain curve in the linear
elastic (loading) stage. Poisson’s ratio was determined at
the linear elastic (loading) stage. Figure 14 represents the
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Table 5 Mechanical properties

. S.no Sample id Composition Curing Compressive  Poisson’s Young’s
of the composites period strength (kPa) ratio () modulus, E
(days) (MPa)
1 FA-BFS-C-1 80% FA+12% BFS+8%C 0 252.63 0.20 27.27
2 7 409.81 0.25 28.73
3 14 465.73 0.26 48.21
4 28 591.09 0.28 71.67
5 FA-BFS-C-2 78% FA+15% BFS+7%C 0 203.45 0.26 36.99
6 7 214.96 0.19 40.55
7 14 380.88 0.18 79.35
8 28 417.90 0.16 92.86
9 FA-BFS-C-3 76% FA+18% BFS+6% C 0 62.67 0.24 15.67
10 7 86.69 0.27 18.98
11 14 94.49 0.3 19.89
12 28 100.17 0.2 20.86
13 FA-BFS-C-4 74% FA+21% BFS+5%C 0 205.35 0.31 11.51
14 7 270.35 0.34 29.49
15 14 353.88 0.34 69.61
16 28 635.73 0.29 119.30
600 FA-BFS-C-1 650 1 E=
. 600 pe
500 g0
]
' yso
o |
£ 300 d .
Y 8 [
O = ¥
= 200 -
100
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Fig. 13 Variation of strength of developed composites with curing

model to determine Young’s modulus and Poisson’s ratio
of all composite.

The stress—strain plot reveals the almost linear-elastic
behavior of the composites before yielding or failure. Each
specimen exhibits brittle behavior with minimal plastic
deformation. The compressive strength was also determined
for each composite at different curing periods, varying from
0 to 28 days. The composite FA—-BFS—C-1 exhibited higher
UCS, i.e., 252.63 kPa, while composite FA—-BFS—C-3 exhib-
ited lower UCS at 62.67 kPa at O days curing (Table 5). The
UCS was nearly equal for the composite FA-BFS—C-2 and
FA-BFS-C-4, i.e., 203.45 and 205.35 kPa, respectively, at
0 days curing (Table 5). THE highest UCS in FA-BFS-C-1
is due to the pozzolanic reaction of fly ash and BFS activated
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Fig. 14 Elastic modulus (E) and Poisson’s ration (u) of composite
FA-BFS-C-1 at 28 days curing

by the hydration products of Portland cement. A similar
observation was carried out on the Portland cement—lime-
stone powder—BFS composite and observed pozzolanic reac-
tion between limestone powders and BFS in Portland cement
reported elsewhere [45, 46].

The performance of different composites at varying cur-
ing periods from O to 28 days was analyzed and illustrated
in Figs. 13 and 15a—c. It is observed that the compressive
strength of all compositions increased with an increase in
the curing period. The compressive strength of compos-
ites was smaller at the early stages of the curing period
but increased gradually with the curing period due to the
formation of hydration products and filling of the pores in
the composite matrix. The UCS values of all composites at
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Fig. 15 Variation of strength of developed composites with curing. a Composite FA-BFS-C-2, b composite FA-BFS—C-3, ¢ composite FA—
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7 days of curing exhibited from 86.69 to 409.81 kPa. The
strength values were observed maximum for the sample
with 80% FA, 12% BFS, and 8% C (Figs. 13 and 15a—c).
The first drop in strength was observed at 282.52 kPa in
the stress—stress curve of composite FA-BFS—C-1, exhibit-
ing the first cracking developed in the composite during the
compression (Fig. 13). The maximum strength of the com-
posite FA-BFS—C-1 is due to the hydration reaction between
pozzolanic FA and BFS and bonding material like cement in
water that enhances the bonding between constituting mate-
rials of the composite. The composites’ compressive strength
at 14 and 28 days of curing exhibited 94.49-465.73 kPa and
100.17-635.73 kPa, respectively (Table 5). An increase in
compressive strength was observed with the curing period
(Figs. 13 and 15a—c). Compressive strength development
in the composites with the curing period is attributed to the
formation of hydration reaction products such as calcium
silicate hydrate, calcium aluminate hydrates, etc. The fly
ash in the composite enhances the hydration through the
filler effect, thus improving the particles’ packing and the
formation of calcium silicate phases. The hydrous silica and
alumina of fly ash gradually react with the calcium ions from

the hydration of cement and BFS to form insoluble calcium
silicate and aluminate hydrate compounds [47]. Hydrated
compounds’ formation increases the specific volume and
fills the open pores of the matrix in the composite. The fill-
ing of the pores in the matrix makes the structure denser
and enhances the composite’s strength. Similar observations
have been carried out and improved compressive strength
with the curing period reported elsewhere [47, 48]. The
decreased compressive strength of composite FA-BFS—-C-3
compared to others was attributed to the hindrance infilling
of the matrix’s pores.

4.1.2 Brazilian Tensile Strength (BTS)

The indirect tensile strength was determined to evaluate
the strength properties of the developed composites. The
average of five best values of BTS of each composition
is represented in Table 6. The BTS varies from 12.10 to
30.33 kPa, 17.59 to 62.58 kPa, 18.27 to 81.30 kPa, and 25.84
to 85.27 kPa during periods 0, 7, 14, and 28 days respec-
tively (Table 6). An increase in BTS with a curing period
was observed in all composites (Fig. 16). The composite
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Table 6 Results of BTS of the

. S. no Sample id Composition Curing period Brazilian tensile
developed composites (days) strength (kPa)
1 FA-BFS-C-1 80% FA+12% BFS+8% C 30.33
2 7 62.58
3 14 81.30
4 28 85.27
5 FA-BFS-C-2 78% FA+15% BFS+7% C 0 19.18
6 7 27.81
7 14 34.33
8 28 42.04
9 FA-BFS-C-3 76% FA+18% BFS +6% C 0 12.10
10 7 17.59
11 14 18.27
12 28 25.84
13 FA-BFS-C-4 74% FA+21% BFS+5% C 0 27.63
14 7 45.45
15 14 47.05
16 28 57.36

90 17 FA-BFS-C-1

=
[=™
=
w
=
m

30

Curing Period (Days)

Fig. 16 Variation of tensile strength of composites with curing peri-

ods

with 80% FA + 12% BFS + 8% C exhibited maximum tensile
strength compared to others at 7, 14, and 28 days of cur-
ing, respectively (Fig. 16). The higher tensile strength of
the composite FA-BFS—C-1 is due to the pozzolanic reac-
tion of fly ash and BFS. The strength is due to the presence
of cement and adequate water to form hydration products
like calcium silicate hydrate, calcium aluminate hydrates,
etc. Thus, the tensile strength was observed as a function of
the developed hydration products, which increased with the
curing period.

4.1.3 California Bearing Ratio (CBR)

California Bearing Ratio exhibits the index of strength and
bearing capacity of the composites. Therefore, the CBR
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percentage was determined to characterize the un-cured
FA-BFS composite’s strength and bearing capacity. The
variation of the CBR percentage of different composites is
represented in Fig. 17.

A maximum CBR percentage was observed for com-
posite FA-BFS—C-1. CBR percentage varies from 30.24%
to 54.54%, with fly ash from 74% to 80%, respectively
(Fig. 18). The FA-BFS—-C-1 composite exhibited a CBR
value of more than 50%, therefore considered excellent for
sub-grade road pavement as recommended elsewhere [49].
The increase in CBR percentage with fly ash is due to silica
and alumina in the fly ash that gradually reacts with the cal-
cium ions of cement and BFS. The reaction formed insoluble
calcium silicate and aluminate hydrate compounds and thus
enhanced the composites’ strength and bearing capacity. A
similar observation was carried out for soil with class C
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Fig. 18 Variation of CBR percentage with fly ash composition

Table 7 Calculated resilient modulus of the composite

S.no  Sample id Composition My (MPa)
1 FA-BFS-C-1 80% FA+12% BFS+8% C 227.52
2 FA-BFS-C-2  78% FA+15% BFS+7% C  187.10
3 FA-BFS-C-3  76% FA+18% BFS+6% C  173.16
4 FA-BFS-C-4  74% FA+21%BFS+5% C  155.99

fly ash, and an increased CBR percentage with fly ash was
reported elsewhere [50].

4.1.4 Resilient Modulus (MR)

The resilient modulus (MR) is the elastic unloading modulus
obtained after cyclic loading. It measures material stiffness
and provides a means to analyze materials’ stiffness under
different stress levels. It is also a required input parameter
to the mechanistic-empirical pavement design method. It is
typically determined through laboratory tests by measuring
a cylinder specimen’s stiffness subject to a cyclic axle load.
It is calculated as the ratio of applied axle deviator stress and
recoverable axle strain [51]. In this investigation, the MR
was determined based on CBR percentage using established
correlations as per AASHTO T193, 2013 [52]:

My = 17.6(CBR)*%

where My =Resilient Modulus (MPa), CBR = California
Bearing Ratio (%).

The calculated Resilient Modulus is represented in
Table 7. The maximum Resilience Modulus value of
227.52 MPa was observed for the composite FA-BFS-C-1,
indicating an increase in stiffness of the composite with the
addition of fly ash.

60
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Fig. 19 Correlation of CBR percentage with compressive strength of
composites

90
80

70 y=0.1418x +3.3777

R*=0.9323
60

50

BTS (kPa)

40
30
20
10

250 350 450 550

UCS (kPa)

50 150

Fig.20 Correlation of BTS with compressive strength of composites

4.2 Correlation of Tensile Strength and Bearing
Ratio with Compressive Strength of Composites

The mutual correlation between tensile strength and the
bearing ratio was established with the composite’s uncon-
fined compressive strength using the statistical approach,
as represented in Figs. 19 and 20. The least-square linear
regression method was considered to analyze the correla-
tion between the above parameters. Linear correlations
with a coefficient (R?) of 0.95 were observed between the
CBR percentage and UCS of all composites.

The strong linear correlation between BTS and UCS
with R? 0.93 confirms the relationship between tensile
strength and the developed composites’ compressive
strength.
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5 Conclusions

e The conclusions drawn from the investigations are sum-
marized as follows:

e The physical properties exhibited the suitability of the
developed composites for geotechnical applications.

e The presence of free lime (CaO) and free magnesia
(MgO) in the constituent materials indicates the stabili-
zation of materials in composites.

e The FESEM analysis of the microstructure of fly ash
exhibited glassy solid spheres, hollow spheres (ceno-
spheres), rounded and smooth porous grains, and irregu-
lar agglomerates. The SEM study confirms the possibility
of packing material when used in the composites.

e The strong packing and bindings of the materials at 7
days of curing confirm the enhancement of the compos-
ites” mechanical strength with curing.

e The XRD analysis indicated hydration products such
as Augite, Silica, Quartz, Mullite, and Silimanite in
the developed composite. The presence of the hydra-
tion product and increase in material volume due to the
bonding of the undissolved solid particles leads to dense
structure, hardening effect, and enhancement of mechani-
cal properties of the composites.

e The stress—strain plot of the composites in UCS testing
reveals the composites’ almost linear—elastic behav-
ior before yielding or failure. Each specimen exhibits
brittle behavior with minimal plastic deformation. The
increased compressive strength of all composites was
observed with an increase in the curing period.

e An increase in BTS with a curing period was observed
in all composites.

e CBR values of more than 50% were observed for com-
posite FA-BFS—C-1, exhibiting combined suitability for
sub-grade road pavement.

e The maximum Resilience Modulus value of 227.52 MPa
was found for the composite FA-BFS—C-1, indicating an
increase in the composite’s stiffness with the addition of
fly ash.

e A strong linear correlation was observed between CBR,
BTS, and UCS was observed.
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