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Experimental investigation of
mechanical and durability
performances of
self-compacting concrete
blended with bagasse ash,
metakaolin, and glass fiber
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Yasin Onuralp Ozkilic3>** and Anshul Nikhade®
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’Department of Building Engineering, Energy Systems and Sustainability Science, Faculty of
Engineering and Sustainable Development, University of Gavle, Gavle, Sweden, *Department of Civil
Engineering, Necmettin Erbakan University, Konya, Turkiye, *‘Department of Civil Engineering,
Lebanese American University, Byblos, Lebanon, *Department of Civil Engineering, KDK College of
Engineering, Nagpur, India

This study investigated the effects of using bagasse ash (BA) and metakaolin
(MK) together as substitutes for cement in self-compacting concrete (SCC),
together with the addition of glass fiber (GF), on the physical and mechanical
characteristics of concrete. Eighteen SCC mixes were created, each containing
different proportions of BA (0%, 10%, 15%, and 20%), MK (0%, 10%, 15%, and 20%),
and BA and MK collectively (10% + 5% and 10% + 10%) as cement replacements
with and without 0.1% GF. Using the results of the slump flow, T500 slump
flow, V-funnel, and L-box tests, the performance of fresh SCC was determined.
Furthermore, this study evaluated the strength, durability, and microstructural
properties of the SCC samples. The SCC mix blended with 10% BA and 5%
MK revealed better flowability as the slump flow increased from 692 mm to
715 mm. A strong linear correlation was discovered between the slump flow
values (mm) and V-funnel duration (sec) and blocking ratio (H,/H;) with R? =
0.8876 and R? = 0.8467, respectively. Of all test mixes, the SCC mix blended with
10% BA, 5% MK, and 0.1% GF (SCC1B10M5) demonstrated the highest degree
of strength. At 56 days, the 10% BA, 5% MK, and 0.1 GF mix had 12.8%, 25.7%,
and 22.2% higher compressive, flexural, and splitting tensile strengths than the
control mix, respectively. SCC, combined with BA, MK, and GF, outperformed the
control mix. After immersion in a 3% H,SO, solution, the SCC mix having 10%
BA, 5% MK, and 0.1% GF experienced a minimum reduction in weight loss and
ultrasonic pulse velocity of 1.01% and 3.1%, respectively. Additionally, there was
a decrease of 29.4% in the percentage of charges passed. The ideal composition

Abbreviations: SCC, self-compacting concrete; BA, bagasse ash; MK, metakaolin; GF, glass fiber; VMA,
viscosity-modifying admixture; CS, compressive strength; FS, flexural strength; STS, splitting tensile
strength; UPV, ultrasonic pulse velocity; RCPT, rapid chloride penetration test; SEM, scanning electron
microscopy; EDX, energy-dispersive X-ray; XRD, X-ray diffraction.
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was achieved by incorporating 10% BA, 5% MK, and 0.1% GF into the SCC mixture,
resulting in a dense structure without any visible pores or cracks during the
microstructural analysis.
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1 Introduction

Since the early 1990s, when self-compacting concrete (SCC) first
entered the construction sector, significant study and development
efforts have focused on achieving and evaluating its rheological
properties (Domone, 2007). Okamura and Ouchit (2018) first
suggested the idea of SCC in 1986 and created the prototype
in 1988. SCC is a distinctive concrete that can be poured and
compacted by its weight without extra vibratory effort because
of its exceptional deformability and cohesiveness (Shi et al., 2015;
Patil et al., 2024). Concrete is the foundation of the current
constructed environment (V Bekun et al., 2023; Alola et al., 2023;
Iftikhar et al., 2023; Hajali et al., 2016; Fayed et al., 2023). Therefore,
improvements in concrete technology have been increasing with
various studies (Akhmetov et al., 2022; Wang et al., 2022; He et al,,
2023; Yao et al., 2023; Zhou et al., 2023), and these have also led
to an increase in the use of concrete. The imminent increase in
global population and urbanization rates over the coming decades
foreshadows concerning statistics regarding the environmental
repercussions of this extensive use of concrete (Gerges etal,
2018; Scrivener et al., 2018; Antoun et al., 2021; Gerges et al., 2022;
Saeed et al., 2022). Cement is a binding ingredient, which results
in higher CO, emissions (Celik et al., 2023a; Aksoylu et al., 2023;
Gerges et al., 2023). Developing a long-term, ecologically sensitive,
and environmentally sustainable plan is necessary because of the
mounting threat that global warming poses to human society
(Issa and Salem, 2013; Guptaetal., 2021; Farrantetal., 2022;
Celik et al., 2023b; Jahami and Issa, 2023). Due to technological
advancements, rising standards of living, expanding urbanization,
and an increasing population have increased the demand for natural
resources in the building industry, leading to resource scarcity
(Othuman Mydin et al., 2023; Ozkilig et al., 2023; Tu etal., 2023;
Wagqas et al., 2023). Motivated by the lack of resources, researchers
aimed to utilize solid waste produced by commercial, industrial,
domestic, and farming operations as a replacement for raw materials
for concrete (Agrawal et al., 2023; Zhang et al., 2023a; Zhang et al.,
2023b; Chen et al., 2023; Bai et al., 2024). India has produced more
than 600 tons of agricultural waste, which raises the issue of disposal.
Reusing this residue as a supplementary cementitious material
(SCM) eliminates waste scrapping problems and provides a low-cost
construction material (Madurwar et al., 2013; Prusty et al., 2016;
Meshram et al., 2023). The use of SCMs in construction contributes
to the reduction in CO, (Abed et al., 2022). To reduce CO, pollution,
concrete construction can use SCMs (Ahmad et al., 2021). Using
waste in concrete helps protect against environmental threats
(Agrawal et al., 2023; Tang et al., 2023; Pang et al., 2024). Figure 1
represents a cluster of network visualization using keywords from
the research articles reviewed for this experiment.
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Numerous studies have supported the utilization of agricultural
wastes as an alternative cementitious pozzolanic material. Owing
to their accessibility and pozzolanic properties, emphasis on
this scrap has been suggested (Mannan and Ganapathy, 2004;
Kumar Jagarapu and Eluru, 2020; Ahmad et al., 2021; Quedou et al.,
2021). Pozzolanic substances favorably affect the rheology of the
concrete mix, as well as its hardened strength and durability
(Kumar Jagarapu and Eluru, 2020; Wagh and Waghe, 2022). The
fiber-filled residue that remains after the sugarcane juice is called
bagasse (Nikhade etal., 2023). Because of the auto-combustion
process in the cogeneration boilers, sugarcane produces bagasse ash
(BA), as shown in Figure 2. As a pozzolanic substance, sugarcane
BA presents a promising alternative to cement as a binder in
concrete production (Mostafa et al., 2022). Instead of some of the
cement material, the cementitious material BA was used to decrease
environmental contamination (Quedou etal., 2021). Compared
with other oxides, the SiO, proportion in BA is more significant
(EFNARC, 2002; Sua-Tam and Makul, 2013; Setayesh Gar et al,,
2017; Leetal.,, 2018; Waghe etal., 2023). The outcomes of SCC
were improved when BA was utilized as a partial cement
substitution (Das et al., 2022). The environmentally benign use of
rice husk ash (RHA) and BA-mixed ashes enhanced the physical
and mechanical characteristics and sulfate protection of SCC
(Hamza Hasnain et al., 2021). Wagh and Waghe (2023) assessed
the rheological characteristics of SCC with BA, metakaolin (MK),
and glass fiber (GF). A more cost-effective and environmentally
friendly option is to use BA in SCC (Mim et al., 2023). In India,
approximately 10.0 million tons of BA are processed as surplus,
and the global sugarcane output is more than 1.5 billion tons
(Prusty et al., 2016). Compared with control concrete, the cost of
SCC, including 15% BA, is 35.63% lower (Akram et al., 2009).

Heating China clay between 600°C and 800°C produces MK
as a by-product (Seelapureddy etal.,, 2021). MK provides better
workability and requires less water-reducing admixture to achieve
fresh properties, and its particles are notably smaller than cement
particles (Ding, 2002; Hassan et al., 2012). Better workability may be
attributed to the rounded and smoother particles of MK. The overall
mechanical and durability qualities are improved because of the
reaction of MK with calcium hydroxide during the hydration process
(Hassan et al., 2012). MK enhanced the early mechanical and long-
term strength properties (Siddique and Klaus, 2009). MK was used
as a partial replacement for cement in the mixes, which positively
impacts the freshly mixed and cured properties. The calcium silicate
hydrate (C-S-H) gel and crystal formation were produced through
the pozzolanic process (Asteris et al., 2022). With the application of
MK, a substantial improvement in the pore structure and a decrease
in Ca(OH), in concrete have been noted. This is a result of the strong
pozzolanic reactivity and purity of the cement. The microstructure
of concrete was improved by the reaction of MK with Ca(OH),
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Network visualization of a cluster created using keywords of research articles from 2018 to 2023.
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to create an extra C-S-H gel, which enhanced the mechanical and
durability qualities of the material (Danish and Mohan Ganesh,
2021). MK typically comprises 40%-45% Al,O; and 50%-55% SiO,.
There are also a few trace amounts of Fe,O;, TiO,, CaO, and
MgO particles. In order of magnitude, MK particles are typically
finer than cement particles (Bureau of Indian Standards BIS, 2000;
Poon etal.,, 2001). A considerable improvement in the defense
against chloride penetration is demonstrated in concrete containing
MK (Nikhade and Pammar, 2022). The strength and durability of
concrete were considerably increased by replacing 30% of cement
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with BA, MK, and RHA (Nikhade and Nag, 2022). Outstanding
mechanical strength was achieved in geopolymer composites
because of the pozzolanic activity and amorphous structure of
ultrafine fly ash (Li et al., 2023).

The influence of GF on the initial and hardened characteristics
of SCC was evaluated by Ahmad etal. (2017). After fibers were
incorporated into concrete, the slump and slump flow diameter
gradually decreased (Sanjeev and Sai Nitesh, 2020). GFs contributed
toward improving the compressive strength (CS). Surface hardness
increased with fibers, and uniformity was outstanding and decreased
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FIGURE 3
Raw materials for SCC: (A) raw BA, (B) sieved BA, (C) MK, and (D) GF.

with greater fiber volume (Sivakumar et al., 2017; Mahakavi et al.,
2021). Higher splitting tensile strength (STS) and flexural strength
(FS) were determined in SCC composites supplemented with GF
and polyvinyl alcohol (PVA) fiber up to a fiber dosage of 0.3%
(Ahmad and Umar, 2018). Mechanical performance was enhanced
by fibers (Lin et al., 2023). FS was improved by 10.5% by adding
GF to SCC (Akhmetov et al.,, 2022). The findings indicated that
the lowest rate of workability enhancement was observed in
SCC with 2% and 4% nanosilica substitutions and the highest
amount of GF (Bureau of Indian Standards BIS, 2021). The findings
illustrated that the STS and FS of hybrid fiber-reinforced concrete
were remarkably influenced by the fibers (Huang et al., 2021). The
corrosion resistance performance of fiber-reinforced polymer bars
is superior (Sun et al., 2023).

Several experiments have been performed on SCC using fly ash,
BA, MK, steel fibers, polypropylene fibers, etc. However, only a few
experiments were performed using BA in SCC along with MK and
GE. Very few researchers concentrate on microstructural analysis
and acidic effects on SCC.

The principal objective of this study was to use MK and BA
as SCCs and GF to enhance the strength properties because it has
been noted in the literature that SCC mixed with BA, MK, and GF
performs better in terms of strength and durability.

Therefore, the purpose of this research was to determine the
ideal ratio of cement replacement by BA and MK. To that end,
BA and MK were utilized alone (0%-20%) and along with a
proportion of BA (0% and 10%) and MK (0%, 5%, and 10%)
combined with GF (0% and 0.1%). In terms of freshness and
strength characteristics, the optimal mix of SCC with BA, MK,
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and GF was determined. The resistance of the produced SCC
mixes to sulfuric acid assault both with and without BA, MK, and
GF was assessed. The current research aimed to understand how
normal and acidic environments affect the development of SCC to
meet the durability parameters. The microstructural analysis was
conducted on SCC blended with BA, MK, and GF to investigate the
mechanism underlying the sulfate attack-induced degradation of the
SCC specimens.

2 Materials and methods

BA was procured from a sugarcane mill in Devhala, Tumasr,
India. MK and GF were purchased from Apple Chemie Pvt.
Ltd (Nagpur). From locally accessible construction supplies,
coarse and fine aggregates were extracted. To develop SCC,
grade 43 ordinary Portland cement was used, following IS 8112
(Bureau of Indian Standards BIS, 2013). Cement has a specific
gravity of 3.15. Fine and coarse aggregates utilized in the studies
met the requirements of IS 383 (Bureau of Indian Standards BIS,
2016). The sizes of coarse aggregates were 10 mm and 20 mm,
whereas a 4.75-mm sieve was utilized to sift the fine material. Coarse
aggregates of 10 mm and 20 mm with specific gravity values of 2.86
and 2.90 were used per the IS requirement, respectively. The specific
gravity of fine aggregate was 2.68. ViscoFlux 5507 was utilized in
SCC as a superplasticizer to reduce the water requirement. At 27°C
and pH of more than 6, the relative density was 1.11. This product
was certified using ASTM C494 types A and F and IS 9103-1999. The
viscosity-modifying admixture (VMA) in SCC was AC-Gel-Build.
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FIGURE 4
SEM images of: (A) BA and (B) MK, (C) XRD image of MK and BA, and (D) SEM image of GF.

The pH value varied from 5 to 8, and the density ratio was 1. This After procurement, BA was dried and heated at 500°C for
product was validated using IS 9103-1999. Supplementary Figure S1 1 day and then sieved using a 90-p sieve. XRF testing of MK
shows the flowchart for the work process of this study. and BA was conducted at IBM, Nagpur. Supplementary Table S1
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Mix design of SCC.

presents the chemical compositions of MK, BA, and cement. MK
contributes significantly as a source of aluminum and silica in the
composition, as noted by the larger percentages of Al,O5 (37.1%)
and SiO, (54.9%) in this material. BA may be a considerable source
of silica in the combination because of its high SiO, concentration
(74.4%) compared with the other ingredients. Figure 3 displays
the raw materials utilized in the study. Figures 3A, B show the
gray color of BA, which has a specific gravity of 1.9. Most
studies concur that treating BA is preferable to increasing its
pozzolanic property (Amin et al., 2022). MK is a powder with an
off-white shade, as shown in Figure 3C. Regarding size, 50% of
the particles were below 1.72 p. It was observed that MK had
a specific gravity of 2.6. Figure 3D shows a scattered GF with a
length of 3 mm.
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The particles of BA are smaller than those of cement, but MK
particles are notably smaller than both BA and cement particles.
Figure 4 shows scanning electron microscopy (SEM) and X-ray
diffraction (XRD) images of BA, MK, and GF, which were used
to characterize the micro- and nanoparticles of the materials.
Figure 4A shows that the SEM results revealed that the shapes of
BA particles are irregular, elongated, non-smooth, and porous. SEM
of BA indicates characteristics like a trapezoidal shape and fibrous
nature. Figure 4B shows that the shapes of some of the MK particles
were rounded and angular with smooth surfaces of various sizes, and
some of the particles were elongated. Most of the particle sizes of
MK were between 3 um and 7 pm. Figure 4C displays the results of
the XRD examination of the sugarcane BA and MK samples used in
this research. With quartz predominating, the sample showed peaks
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TABLE 1 Mix proportions of developed SCC.
Aggregate ‘

Coarse Fine ‘

10.3389/fmats.2024.1351554

Cement Water Superplasticizer

(kg/m?3) ‘ (kg/m?3) ‘ (kg/m’)  (kg/m?3) ‘

(kg/m?3) ‘ (lit/m3)

SCC 0 0 796.5 981.6 530 180 1.5 0.3 0
SCC1 0 0 796.5 980.3 530 180 1.6 0.3 0.1
SCCB10 53 0 796.6 951.8 477 180 1.5 0.3 0
SCCBI15 79.5 0 796.6 936.9 450.5 180 1.5 0.3 0
SCCB20 106 0 796.6 922.1 424 180 1.5 0.3 0
SCCIB10 53 0 796.6 950.5 477 180 1.6 0.3 0.1
SCCIB15 79.5 0 796.6 935.6 450.5 180 1.6 0.3 0.1
SCCI1B20 106 0 796.6 920.7 424 180 1.6 0.3 0.1
SCCM10 0 53 796.5 972.0 477 180 1.5 0.3 0
SCCM15 0 79.5 796.5 967.2 450.5 180 1.5 0.3 0
SCCM20 0 106 796.5 962.4 424 180 1.5 0.3 0
SCCIM10 0 53 796.5 970.7 477 180 1.6 0.3 0.1
SCCIM15 0 79.5 796.5 965.9 450.5 180 1.6 0.3 0.1
SCCIM20 0 106 796.5 961.1 424 180 1.6 0.3 0.1
SCCB10M5 53 26.5 796.6 941.8 450.5 180 1.9 0.3 0
SCCB10M10 53 53 796.6 937.0 424 180 1.9 0.3 0
SCCI1B10M5 53 26.5 796.6 941.8 450.5 180 1.9 0.3 0.1
SCCI1B10M10 53 53 796.6 937.0 424 180 1.9 0.3 0.1

mostly indicative of the following mineral phases: calcite, calcium
phosphate, hematite, and mullite. Figure 4D depicts that the width
of GF was between 16 pm and 18 pm. The cross-sectional form of
the fibers was round in shape and had a smooth surface.

3 Experimental program

The SCC mix design was completed in compliance with the
recommendations of EFNARC (2002). Figure 5 shows the design
procedure as per the EFNARC guidelines. Based on the experience
and recommendations, the starting mix proportions were estimated.
These initial proportions served as a starting point for further
changes during the mix design process. After various trials, a mix
design was achieved, and fresh properties were within the range
of the EFNARC guidelines. A total of 18 different SCC mixes were
prepared, and Table 1 provides an in-depth look at the proportions
of each mix. BA and MK were utilized as cementitious materials by
adding 0%-20% to the weight of cement, respectively, to minimize
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the amount of ordinary Portland cement. The water content was kept
constant at 180 lit/m?. The water-to-powder ratio ranged from 0.85
to 1.1. Dosages for the superplasticizer ranged from 1.5% to 1.9%.
The VMA was maintained at 0.3%.

3.1 Casting and testing

Following the EFNARC recommendations (EFNARC, 2002),
fresh properties were used to evaluate the passing ability and
flowability of the developed SCC. After all the concrete mixes were
designed, specimens were cast for different tests and then left to cure
for 28 days at room temperature in a curing tank accessible at the
laboratory. In this research, the CS of concrete was analyzed using
150-mm cubes, and FS and STS were assessed using a 100 mm x
100 mm x 500 mm beam and a 150 mm diameter by 300-mm-long
cylinders, respectively. All the mixtures that conformed to IS 516 and
IS 5816 were utilized in this study. A compressive testing machine
was used for obtaining the CS and STS. Two-point loading flexural
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FIGURE 6
Comparison of slump flow for developed SCC.

testing equipment was used for obtaining FS, as per the Indian
requirement. Ultrasonic pulse velocity (UPV) was also assessed
using 150-mm cubes following the requirement of IS 13311. This
nondestructive test indicated the uniformity and porosity of the
samples. The two ultrasonic probes, as a transmitter and receiver,
were positioned between the opposite edges of the specimens to
determine the UPV using Equation 1.

UPV Length of specimen (m)

" Travelled wave time (sec)” W

A rapid chloride penetration test (RCPT) was also performed
to examine the durability of the developed SCC samples using 100-
mm diameter cylinders based on ASTMC1202 (ASTM, 2024). The
experiment included measuring the amount of charge passed to
the SCC specimens in a cell exposed to 60V for 6 h on a 100-
mm-diameter by 50-mm-depth concrete disk using Equation 2,
where one of the electrodes was submerged in a solution of 3%
sodium chloride (NaCl) and the other in a solution of 0.3% sodium
hydroxide (NaOH).

Q=900 (Icy +2Icsy + 2Icgy + ... + 2Icyg0 + 2Lcq0 + Iz ),  (2)
where Q is the passed charge in coulombs, Ic, is the current in

amperes just after the voltage is passed, and Ic, is the current
(amperes) at t minutes after the application of voltage.
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Supplementary Figure S2 presents images of fresh properties
obtained from the developed samples. The cast specimens and
curing procedure are given in Supplementary Figure S3.

4 Results and discussion

The freshness, strength, and durability properties of all
the developed SCC mixes are determined based on various
requirements.

4.1 Fresh properties of SCC

4.1.1 Slump flow test

Slump findings for all the SCC combinations are displayed in
Figure 6, with all the values falling within the specified limits of
550-750 mm for the slump flow based on EFNARC (2002). The
slump flow measures the workability and flowability of concrete
by showing how far it spreads when the slump cone is removed.
The slump flow values varied in the SCC mixes containing various
cement substitutes (such as BA and MK). The slump flow for the
control SCC mixture was 692 mm without GF and 680 mm with
0.1% GE The slump flow was marginally lowered by incorporating
0.1% GE demonstrating a marginal effect on the workability and
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flow of concrete. The slump flow values typically decreased as
the BA replacement percentage increased from 10% to 20%. This
signified that the workability and flowability of SCC decreased
with increasing amounts of BA. With a better slump flow rating
than SCC, SCCM10 exhibited better workability and flowability.
For SCCM10, the slump flow increased from 692 mm to 715 mm.
This illustrated that replacing up to 10% of cement with MK
in the concrete mix enhanced the flowability of the mixture.
Again, increasing the proportion of MK in the SCC mixes also
tended to result in a decrease in the slump flow values. The
workability and flowability of SCC were enhanced by the use of
the BA and MK substitutes, together with a slight increase in
the dosage of superplasticizer. The SCCB10M5 mix had strong
workability and flow, with the slump flow values of 715 (without
GF) and 700 (with 0.1% GF). Due to its high slump flow,
this mix had outstanding flow characteristics that enabled it to
fill and flow through densely packed or complex reinforcement
without vibration. The slump value test demonstrated that the
slump value decreased with an increase in the proportion of
GF in concrete (Tibebu etal., 2022). The appropriate degree of
workability was maintained by a stronger integration of MK and BA
(Larissa et al., 2020).
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4.1.2 T500 slump flow test

Figure 7 depicts the T500 slump flow for all developed mixes.
It exhibits concrete passing ability and viscosity. T500 readings
marginally increased with 0.1% GE As the percentage of BA
replacement increased from 0% to 20%, the T500 values increased.
This suggests that higher levels of BA replacement resulted in slower
passing ability and concrete flow. The T500 time values for SCC with
MK mixes were lower, up to 10% replacement. Reducing the T500
time for SCCB10M5 showed higher flowability and workability.
The SCCB10M5 and SCCB10M10 mixes displayed variations in
T500 values compared with the other mix configurations, as
shown in Figure 7. The T500 values for these mixes might be
influenced by the combined impact of the BA and MK replacements,
resulting in better passing ability and lower viscosity. The mixed-
type SCCB10M5 had higher flowability, as indicated by the T500
slump flow time decreasing from 3.8 to 3.5 s. The duration increased
to 4.1 s for the SCCB10M10 combination while remaining within
the EFNARC range. The slump flow time increased by 26.3%
when GF was added to SCC at a rate of 0.1%. Incorporating 0.1%
of GE an increase of 17.14% was observed in the SCCB10M5
sump flow time. Adding fiber typically decreases the freshness of
concrete (Zeyad, 2020).
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FIGURE 8
Variation in V-funnel flow time for developed SCC.
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4.1.3 V-funnel test

The duration required for concrete to pass through V-shaped
equipment is the V-funnel flow time. It serves as a gauge for the
flowability and viscosity of the concrete mixture. As shown in
Figure 8, the V-funnel test time was recorded for 7-13.2 s without
using GE. When 0.1% GF was incorporated, the V-funnel flow
time increased, revealing that concrete became more viscous and
flow-resistant. The V-funnel flow time values increased from SCC
to SCCB20 as the proportion of the BA replacement increased.
This demonstrated that larger amounts of BA replacement caused
concrete to become more viscous and less able to flow. For the SCC
mixes containing MK as a 10% substitute for cement, the V-funnel
flow time values were lower, and after that, they increased. According
to Gill and Siddique (2017), MK increased the workability to 5%
cement substitution. Figure 8 shows the timing of the V funnel as
observed throughout 8.8-17.1 s using 0.1% GFE.

By adding a small quantity of the superplasticizer, mixes
prepared with BA, MK, and 0.1% GF collectively all had V-funnel
durations within the permissible range. GF decreased the flowability
of SCC by lengthening the V-funnel time when added to different
blended mixtures. SCCB10M5 was the best combination for the V-
funnel timing. The combined impact of the BA and MK substitutes
affected the V-funnel flow period for these mixtures, leading to
improved flow characteristics. The V-funnel flow times increased
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with an increase in the GF volume percentage from 0% to 1.5%
(Giineyisi et al., 2019). A strong coeflicient of determination (R* =
0.9162) was used to indicate the link between the V-funnel and
T500 time in Figure 9.

4.1.4 L-box test

The L-box test determines the ability of a product to push
through densely packed reinforcement on its weight. As shown
in Figure 10, the H,-to-H; ratio ranged from 0.7 to 0.93 for
SCC combined with BA, MK, and 0.1% GE As the fraction of
the BA replacement increased, the blocking ratio decreased. The
SCCB10, SCCBI15, and SCCB20 mixes had lower blocking ratios
than the control mix (SCC). The lower blocking ratio implied that
these blends had less flowability and more inclination to block.
The addition of MK to SCC displayed a better result, up to 10%
replacement of cement. The blocking ratio for the SCC mixtures was
slightly reduced by the addition of 0.1% GEF. The blocking ratio for
SCCB10MS5 increased from 0.91 to 0.93. With the addition of 0.1%
GE the blocking ratio decreased by 8.8% and 2.15% for the SCC
and SCCB10M5 mixes, respectively. Compared with the other mix
configurations, the SCCB10M5 and SCCB10M10 mixes exhibited
comparable blocking ratio values. Figure 11 shows the good linear
relationship of the slump flow with the V-funnel (R* = 0.8876)
and blocking ratio (R* = 0.8467). Hassan et al. (2012) described
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Relationship between T500 and V-funnel time.

that the passing ability of the SCC combinations was enhanced by
MK. The values of H,/H, increased from 0.63 to 0.89 as the MK
content increased from 0% to 25%, demonstrating the improved
passing ability.

The findings of the fresh properties showed that the use of
BA and MK impacted workability. Compared with the control
mix, adding BA to the mixes seemed to reduce their flowability.
By increasing the tiny dosage of the water-lowering admixture,
the small workability reduction caused by adding BA up to 10%
can be enhanced. MK enhanced the workability and passing
ability of the SCC mixtures up to 10% replacement of cement.
Using BA and MK as cement replacements in the production of
SCC is beneficial. Regarding workability, the ideal combination
was SCCB10M5, which was achieved by increasing the dosage
of the water-reducing additive. Therefore, for further research,
SCCB10MS5 and SCCB10M10 mixes with and without 0.1% of GF
were selected.

4.2 Strength properties of SCC

421CS

According to IS 516 (Bureau of Indian Standards BIS, 2021), the
CS test was conducted on samples of 150-mm cubes at 7, 14, 28,
and 56 days. Figure 12 presents the range of CS across all the
concrete blends. At 7, 14, 28, and 56 days, the control mix reached
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CSs of 36 MPa, 44.20 MPa, 54 MPa, and 57.20 MPa, respectively.
The strength values for the BA-, MK-, and GF-blended SCC mixes
were comparable and even superior to those of the control SCC
mix. SCCIM20 performed better at 7 days, with the highest CS
of 40.20 MPa, whereas SCC1B10M5 measured the highest CS of
64.50 MPa at 56 days. The strength was enhanced by 3.1% for
SCCBI0 at 28 days and 3.5% at 56 days compared with the control
mix. For mixes prepared using MK instead of cement, SCCM15
attained 28-day and 56-day strengths of 57.05 MPa and 61.55 MPa,
respectively, which were 5.6% and 7.6% higher than those of the
control mix. The BA and MK optimal percentages of cement were
10% and 15%, respectively. The outcomes of the tests showed that
when BA and MK were added to concrete, the CS of the mixture
improved. The strength of the SCCB10M5 mixture was 62.60 MPa,
which was 9.4% higher than that of the control mixture. Compared
with the control mix, the strength of the SCC1B10M5 mix increased
by 12.8% with the addition of 0.1% GE The concrete mixes with
SCCB10M5 and SCCB10M10 proportions had CSs of 62.6 MPa
and 60 MPa, respectively, and increases in CSs of 9.4% and 4.9%,
respectively, compared with the control mix. CS was enhanced by
1.5%-3.4% with the addition of 0.1% GEF. Because of the pozzolanic
behavior of BA and MK, this issue provided unequivocal evidence
for the growth of the strength with age. The characteristics of the
hardened concrete were considerably improved by the addition of
MK (Meraz et al., 2023). CS was more positively impacted by MK
(Dadsetan and Bai, 2017).
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FIGURE 10

Comparison of blocking ratio for developed SCC.

422 FS

Figure 13 depicts the variations in FS for all the developed
SCC mixes. FS was assessed after 7, 28, and 56 days of
curing, and the values were predicted using the mean of three
specimens. The results of these tests were calculated using IS
516 (Bureau of Indian Standards BIS, 2021). FS is assessed using
beams with a flexural testing apparatus with two-point loading.
According to IS 456 (Bureau of Indian Standards BIS, 2000), the
minimum FS recommended for concrete is 0.7 times the square
root of its typical CS. The greatest FS of 5.30 MPa was recorded for
SCCIMI15 at 7 days, whereas the highest strength of 8.80 MPa was
recorded for SCC1B10MS5 at 56 days. FS measured in the 56-day
samples was increased for the mix groups of SCCB10, SCCBI5,
SCCB20, SCCIB10, SCCIB15, SCC1B20, SCCM10, SCCMI5,
SCCM20, SCCIM10, SCCIM15, and SCCIM20 by 5.7%, 2.9%,
—4.3%, 15.7%, 10%, —2.1%, 9.3%, 12.1%, 1.4%, 19.3%, 22.9%, and
2.9%, respectively. Compared with the control mix, SCCB10M5 and
SCCB10M10 had greater FS of 7.90 MPa and 7.65 MPa at 56 days,
respectively. However, compared with the control mix, SCCB10M5
and SCCB10M10 indicated a considerable enhancement in FS after
56 days, with percentage increases of approximately 12.9% and
9.3%, respectively. For SCC containing 0.1% GEF, FS increased by
5.9%-11.4% at 56 days. The maximum strength was measured for
the SCC1B10M5 mix at 8.80 MPa, which was enhanced by 25.7%
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compared with the reference SCC mix. Bheel et al. (2021) reported
that 10% cement substitution by MK increased FS by 13%.

4.2.3 STS

Figure 14 represents the variation in STS for all the developed
SCC mixes. STS was computed using cylinders of 150-mm diameter,
and the mean of three specimens was used to determine STS
for each mix. To assess the strength, references were made
to IS 516 (Bureau of Indian Standards BIS, 2021) and IS 5816
(Bureau of Indian Standards, 1999). The STS values of the control
mix (SCC) samples at 7, 14, 28, and 56 days were 3.30, 4.30,
5.15, and 5.85 MPa, respectively. Similar to FS, when BA and
MK were utilized collectively in place of cement, STS increased
approximately between 6% and 11.1%. The SCC1B10M5 mix had
the highest strength of 7.15 MPa, which was enhanced by 22.2%
compared with the reference SCC mix. When coupled with the
control mix, the strength increases for SCCB10M5 and SCCB10M10
were 11.1% and 6%, respectively. For SCC containing 0.1% GF,
STS increased by 10%-12.8% at 56 days. It was discovered that
all the mixtures with STS-to-CS ratios fell between 1/10 and 1/11.
Figure 15 shows a detailed comparison of the CS, STS, and FS
of the developed SCC. This figure illustrates that CS had a good
linear relationship with both FS (R* = 0.8724) and STS (R® =
0.7399). The following equations (Equations 3, 4) were developed
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to correlate the relationship between the CS and FS and STS of the
developed SCC mixes.

FS =0.0111CS"*%%2, (3)

STS = 0.06 CS"14. (4)

5 UPV of SCC samples

Figure 16 presents the UPV outcomes for the SCC samples
blended with BA and MK at 56 days as per IS 13311
(Bureau of Indian Standards BIS, 1992) compared with CS. It has
been established that concrete with a higher UPV may also have a
higher CS and vice versa, although not always. The findings of the
study revealed that there was an increment in UPV with the addition
of BA and MK to the mixture. In the research, UPV values for all
the developed SCC mixes were in the range of 4,100 m/s—4,850 m/s.
SCCB10M5 and SCCB10M10 showed excellent quality concrete,
and all other SCC mixes demonstrated good quality concrete. As the
BA and MK contents in the mixture increased, UPV also increased.
At 56 days of normal water curing, the increases in UPV were
12.5% and 9.1% for SCCB10M5 and SCCB10M10, respectively,
and with the addition of 0.1% GFE, UPV was enhanced between
3% and 5.9%. At 56 days, the maximum UPV was measured for
SCC1B10MS5, approximately 16% higher than that of the control
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FIGURE 13
Variation in FS of developed SCC.

mix (SCC). Figure 16 depicts the relationship between UPV and
CS. A best-fit curve using an exponential formula (Equation 5) well
represents the correlation between the two parameters, with an
R? value of 0.928. Supplementary Figure S4 displays testing of the
developed SCC.

CS = 28.37¢0-0002UPV, (5)

5.1 Sulfuric acid attack test on SCC

To verify the resistance of the developed SCC mixtures against
sulfate attack, a sulfuric acid attack test was also conducted.
Following a 28-day curing period in regular water, the developed
SCC samples were submerged in a 3% H,SO, solution for up to
56 days. After 56 days of immersion in the 3% H,SO, solution,
the weight loss and UPV and RCPT charges passed were evaluated.
Figure 17 indicates the weight loss of the developed SCC samples
blended with BA, MK, and GF content against sulfuric acid attack
at 7, 14, 28, and 56 days. The weight loss for the control sample
after 56 days of immersion in a sulfuric acid solution was 4.01%.
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For SCCB10M5 and SCCB10MI0, the weight losses were 1.14%
and 1.01%, respectively. After incorporating 0.1% GF, weight loss
was reduced. The minimum weight loss was noted at 1.01% for
SCC1B10MS. Figure 18A provides the outcomes for the UPV of the
SCC samples blended with BA and MK with and without sulfuric
acid. At 56 days of normal water curing, the increases in UPV were
12.5% and 9.1% for SCCB10M5 and SCCB10M10, respectively. With
the addition of 0.1% GE, UPV was enhanced by between 3% and
5.9%. After immersion in sulfuric acid, the increases in UPV were
20.6% and 13.9% for SCCB10M5 and SCCB10M10, respectively,
compared with the control mix at 56 days. The maximum decrease
in UPV was noted at 12.2% for the control mix, and the minimum
was 3.1% for SCC1B10MS5 after the effect of sulfuric acid compared
with the normal water curing. The presence of BA, MK, and GF
remarkably enhanced the resistance to sulfuric acid attack.

To establish the resistance of a specimen to chloride ions
entering concrete, the RCPT is often used following ASTM-C1202
(ASTM, 2024). Analyzing the number of charges transmitted
exhibits the concrete quality. The actual charge that chloride
penetration transmits for every SCC is shown in Figure 18B. There
were approximately 1,000-1,325 coulombs after 56 days of curing.
The results showed that the SCC1BA10M5 combination had the

frontiersin.org


https://doi.org/10.3389/fmats.2024.1351554
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles

Wagh et al. 10.3389/fmats.2024.1351554
9.0 e T - 7.50
] @
-
8.5 4
vy =0.0111 1.5982 o A
- ~
R2=0.8724 e ™
=8.0 5 B . _Q ;“.-Q.OA/’ E
[-™ .'.' ,, =
A ’ =
g OQ@ Q —0.06x114 B
= A L y = 0.06x =
T/ 7 P\ LA RE=0,7399 2
) # n
s : o
& SR A 2
E 7.0 = ...". O ”/ ‘ é
= St —
z = F £
=6.5 .-""' it A E
X - %
6.0 - i
] - 5.50
5.5 e 5.25
50 55 60 65 70
Compressive Strength (MPa)
FIGURE 15
Comparison of CS versus FS and STS of developed SCC.
66 —Jrrrrrrrr T prerTTeTT prrrTrrrTT prerrTrT T T prrrrTrTe IBARSBRRERY
3 =
64 :
R ‘
Ee 9
£ 3 y =28.368 ¢ 0000 ]
= 1 ; : ! ]
9_1 ] ! il ]
Z 60 3 R ;0.928 ]
@ 1 v ¥ .
= E ; ]
& 3 . ]
£ | s
g 58 3 i 4
=) - v .
o ] : ]
56 3
54 Srerereree e e e e e e e prerr ]
4000 4100 4200 4300 4400 4500 4600 4700 4800 4900
UPV (m/sec)

FIGURE 16
Correlation of UPV with CS.

lowest amount of charge passing through it among all the mixes
(1,000 coulombs), which implied that the blend was more durable.

Compared with the control mix, the proportion of passed
coulomb charges decreased by 16.2%, 12.8%, 24.5%, and 13.2%
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in SCCB10M5, SCCB10M10, SCC1B10M5, and SCC1B10MIO,
respectively. After immersion in 3% of H,SO, solution, the
decreases in the percentage of charge passed were 20.4%,
16.1%, 29.4%, 15.4% SCCB10M5, SCCB10M10,

and for
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SCC1B10MS5, and SCC1B10MIO, respectively, compared to the
control mix.

6 Microstructural properties of SCC

The control mix (SCC)

investigation

and SCCI1BI10M5 underwent
the mechanism
underlying the degradation of the SCC specimens by sulfate
attack. This was done to determine whether the SCC specimens
were susceptible to sulfate attack. To determine the elemental
composition, energy-dispersive X-ray (EDX) analysis

microstructural to elucidate

was
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performed. The image demonstrated that the control sample, a
combination of BA and MK, had voids, tiny holes, and microcracks.
Comparing the SCC performance with mixes that included BA and
MK, it might be concluded that SCC performed poorly. Figure 19A
displays the voids and microcracks. However, a more homogenous
structure was detected in the data for mixes containing BA and
MK, as shown in Figure 19C. The pores were significantly reduced
by the small size of the MK and BA particles. In the SCC mixed
with MK and BA, no voids were detected (Figure 19C). This factor
helped increase the strength characteristics of the MK and BA SCC.
The C-S-H gel was observed in the SEM images of SCC1B10Mb5.
This C-S-H gel formation reduced the voids even further and
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FIGURE 19

(A) SEM image of SCC control mix, (B) EDX image of SCC control mix, (C) SEM image of SCC1B10MS5, and (D) EDX image of SCC1B10M5.
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enhanced the strength. The elemental composition was determined
by EDX analysis. The EDX study (Figures 19B, D) depicted that
the BA- and MK-blended SCC (SCC1B10M5) had a higher silica
content than the control SCC. The greater silica concentration
suggested that the SCCIB10M5 mix had a positive pozzolanic
reaction and synergistic impact (Kannan and Ganesan, 2014).
In addition, the atomic Ca-to-Si ratios for the control and BA-
and MK-blended SCC mixes were calculated. The results revealed
that the atomic Ca-to-Si ratio of the control SCC mix was 1.13,
whereas it was lowered to 0.773 in the BA- and MK-blended SCC
(SCC1B10M5). The enhancement in the macro-level features of
SCC was reflected in the decrease in this value. The primary factor
for the reduction in the Ca-to-Si ratio was the conversion of CH to
secondary C-S-H. Secondary C-S-H was produced as a consequence
of this reaction, and by adjusting the pore structure and lowering
the overall porosity, it increased strength and impermeability
(Poon et al., 2006).
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6.1 Comparative analysis

Table 2 presents the comparative analysis of previous studies
using BA and MK as SCMs for the various fresh and strength
properties of SCC. All the studies mentioned the result without the
effect of sulfuric acid attack. The current investigation, which used
BA and MK both individually and in combination, demonstrated the
freshness and strength properties and the effect of immersion of the
specimen in sulfuric acid on weight loss, UPV, and RCPT.

6.2 Conclusion

This study showed that BA and MK can replace cement

as the main binder in concrete production because of
their pozzolanic properties. Based on these results, the
primary conclusions from this study were as follows:
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o BA and MK, when used together as a cement alternative
up to 15%, are beneficial in developing SCC. Adding BA to
mixtures appeared to reduce the flowability as the amount of BA
increased; however, adding MK enhanced the flowability up to
10% cement substitution.

o A slight increase in the water-reducing admixture dosage
improved the filling and passing ability of SCC combined
with BA and MK. SCCB10M5 was the most workable SCC
combination, with a slight increase in the water-reducing
admixture dosage. The workability of SCC decreased with
0.1% GF but remained within the EFNARC guidelines.
A strong linear relationship was observed between the
slump flow values (mm) and V-funnel duration (sec), with
R? = 0.8876, and the blocking ratio (H,/H;), with R* = 0.8467.

« Higher CS, FS, and STS values were observed when cement
was replaced with up to 15% BA and MK along with 0.1%
GFE. SCC1B10MS5 exhibited the highest strength throughout all
the testing ages. At 56 days, the SCC1B10M5 mix had 12.8%,
25.7%, and 22.2% higher CS, FS, and STS than the control
mix, respectively. An exponential best-fit curve revealed a link
between the CS and UPV, as evidenced by the strong coeflicient
of determination (R? = 0.928).

« Sulfate resistance was substantially improved by BA, MK, and
GF, as evidenced by weight loss. When SCCIB10M5 was
compared with the control mix, the weight loss decreased
from 4.01% to 1.01%. After 56 days, SCC1B10M5, which
generated superior concrete, reduced chloride ion penetration
by 24.5% and 29.4%, respectively, when cured in standard
water and immersed in sulfuric acid. Cracks were observed
at the contact surface of the control mix, and refined

identified in the SCCIB10M5 concrete

mixture, as determined by the microstructural analysis. This

apertures were

distinction between the two mixtures increased the mechanical
strength. Low Ca/Si ratios increased CS, as determined by
the EDX results.
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