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Compressive strength performance of concrete after exposure to the elevated temperature is important for evaluating and
repairing concrete structures. Tis paper presents an experimental study to determine the residual compressive strength of
concrete used in tunnel lining after exposed to tunnel fre. Two types of concrete tunnel lining segments are evaluated in this study.
One of it was constructed using a patented fre-resistant concrete (MYC) containing high volume fy ash and nanosilica
(HVFANS). Another concrete tunnel lining segment was constructed using concrete containing silica fume normally used in the
current construction, coded as SPC concrete. Te drilled core results show that, after exposure to tunnel fre temperature up to
around 1045°C, the compressive strength of MYC has dropped to 66% of the design strength. In comparison, the SPC concrete
showed a decrease in compressive strength to 62% of design strength. Te experimental results confrmed that the SPC segments
have shown slightly lower residual compressive strength compared to the MYC segments. However, the MYC tunnel segment
shows high resistance to the spalling of cover concrete compared to the SPC tunnel segment. Terefore, it can be said that the
residual strength alone is not sufcient to compare the damage of concrete exposed to tunnel fre; the spalling damage observation
is similarly important as it is one of the important serviceability criteria for designing concrete structures.

1. Introduction

A massive number of concrete structures have been con-
structed all over the world, and this number is increasing day
by day. Concrete compressive strength is the main property
among the mechanical and physical properties, which is
necessary for the design of constructional element or de-
termination of its load-bearing capacity. At high tempera-
tures, the properties of hardened concrete are more complex
as the physical and mechanical properties of concrete are
changed, compared to those at ambient temperature. Te
concrete undergoes physical and chemical modifcations at
high temperatures, which primarily triggers mechanical
changes. Te free water and the bonded water evaporate
when the concrete is heated at about 100–110 degree Celsius
[1]. In view of the internal vapour heat conditions resulting
from high heat and evaporation of the water, hydration of

cement particles is improved when the temperature exceeds
300°C. As the temperature increases to 400°C, concrete
hydroxide starts to decompose to calcium oxide and water
[2]. As the calcium silicate hydrate (C-S-H) plays a signif-
cant role in the hardness and efciency of the hardening
process, it starts to crumble when it reaches up to 600°C
[3–6].

Some researchers studied the efect of fre on the me-
chanical characteristics of concrete such as compressive
strength, elastic modulus, and tensile strength, and the
majority of them found that the mechanical characteristics
decrease with the increase in temperature during a fre event
[5, 7].

In the construction sector, high strength concrete (HSC)
and high performance concrete (HPC) are commonly used,
while silica fume [8, 9] is one of the key materials for the
production of this type of concrete, because it improves the
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mechanical features of the concrete. Some researchers have
indicated that nanosilica performs better than silica fume in
improving the compressive strength of the concrete [10]
while its price is identical to that of silica fume [11]. Several
researchers have discovered that nanosilica particles increase
the hydration of the material and efectively increase the
pozzolanic activity instead of acting as a simple fller for the
structure of calcium silicate hydrate which makes it denser
and more compact [12, 13]. Tis is why nanosilica is used in
high strength or performance concrete construction [14].

Previous study had shown that, at all curing periods, all
samples containing nanosilica showed substantial increases
in strength, where higher nanosilica contents show greater
strength [15]. Nanosilica is able to increase the strength of fy
ash concrete by accelerating the process of hydration [13].
After exposure to 400°C, the compressive strength of all
specimens had increased, which was more efective for
nanosilica-containing specimens. When the samples are
heated to this temperature, the hydration process can be
increased by generating dense calcium silicate hydrate by
increasing nanosilica reactivity that enhances the strength
properties. Exposure to 700°C leads to a signifcant reduction
in compressive and bending strength for these specimens,
primarily due to the overbuilding of vapour pressure, which
led to large cracks. Furthermore, at this temperature, the
binding products in the concrete paste became dehydrated
causing a decrease in the strength properties. However, the
residual resistance of specimens containing nanosilica was
increased [13, 15]. Tis was primarily because of the flling
efect of nanosilica and the higher content of fy ash in the
specimens [15]. Additionally, 2.5% of nanosilica and 52.5%
of fy ash as cement replacement were able to produce fre-
resistant concrete that can retain 94% of its strength in
temperatures of up to 700°C [16].

Tunnel linings can sufer heavy structural damage or
even collapse when exposed to tunnel fre temperature
curves. Previous studies showed that tunnel fre temperature
curve is diferent from normal temperature curve [17, 18].
An assessment of postfre damage is the most important
thing when evaluating the structural safety of a tunnel’s
concrete lining [17]. Wang et al. [17] studied the residual
compressive strength (RCS) of small-scale lining concrete
blocks and detection of inner defects in the lining structure
through combined ultrasonic pulse velocity (UPV) and
ultrasonic shear-wave tomography. Previous studies on
concrete cube and drilled cores from small-scale slab test
have reported the residual compressive strength of concrete
at a maximum temperature around 700°C and compared the
fre-resistant performance based on residual strength solely
[8, 15, 16]. Alhawat et al. [18] studied the spalling behaviour
of tunnel lining segments exposed to high temperatures.
High temperature behaviour of concrete tunnel lining was
also studied by Yan et al. [19, 20] through destructive testing
of concrete core sample. Hua et al. [21] evaluated the spalling
behaviour of concrete tunnel segment under high temper-
ature. Tey proposed a simplifed concrete cover spalling
model based on the rate of spalling during the initiation to
fnishing of tunnel fre with the help of mathematical and
numerical modelling. Qiao et al. [22, 23] investigated the

thermomechanical damage behaviour of tunnel lining
subjected to modifed RABT fre loading. Tey utilized re-
sidual stress criterion to quantify the spalling damage depth
in concrete tunnel lining. Abraham and Dérobert [24]
studied the nondestructive evaluation of concrete tunnel
(Mont-Blanc tunnel) after the true fre event on March 26,
1999. Ground penetrating radar and the seismic refraction
method was used in their investigation. Zhai [25] also
performed the nondestructive method of evaluation to
quantify the damage in concrete tunnel lining after fre
hazard. Most of these studies determined the residual
strength of concrete through destructive or nondestructive
methods, spalling mechanism, extent of spalling, and
spalling rate under low-to-long-term fre events. Terefore,
it can be said that both the residual strength and spalling
behaviour of concrete are important to assess the condition
of concrete tunnel lining after a fre event.

EFNARC [26] provides a guideline for testing of passive
fre protection for concrete tunnel linings based on de-
structive testing of concrete core sample. Other than that, no
established procedure or code provisions are available to
quantify the damage and risk assessment of concrete tunnel
subjected to devastating fre [20]. For realistic assessment of
the fre damage of concrete tunnels, an established method
would be necessary to capture the potential damage scenarios
[27]. Some researchers provided emphasis on determining the
residual strength and some others emphasized on spalling
behaviour of cover concrete [17, 18, 20, 24, 25]. However, in
reality, both parameters are important for determining the
service life of the concrete tunnel after a fre event. Terefore,
this study is conducted to understand the relationship be-
tween these two factors for assessing the fre damage of tunnel
lining made of two diferent types of concrete.

2. Experimental Method

2.1. Materials. Materials and mix design proportions for
MYC and SPC tunnel lining segments are shown in Tables 1
and 2.

2.2. Testing Setup for Attaining Tunnel Fire Temperature.
To attain tunnel fre temperature to study its efect on the
concrete tunnel linings, an innovative testing setup is
designed and described by Alhawat et al. [18]. Two rings of
tunnel lining were constructed, one using MYC and the
other using SPC. Figure 1(a) shows the typical arrangement
of tunnel lining segments to form the tunnel ring and
Figure 1(b) shows the assembling process during the con-
struction of tunnel ring. Brick walls with opening are
constructed covering the both tunnel rings to provide
confnement efect. Tis helped to achieve the desired tunnel
fre time-temperature curve of RABT-ZTV [18].

All the details for the test and the temperature mea-
surement during the test were described in the previous study
[18]. Figures 2(a) and 2(b) show the peak fre and maximum
temperatures during the test measured by a thermal image
camera. Te time temperature curves for this test compared
with the RABT-ZTV car is shown in Figure 3.
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2.3. Drilling and CoringMethod. After the fre test, concrete
cores with a diameter of 100mm were drilled in the entire
275mm depth of the MYC and SPC full-scale segments to
determine their residual compressive strength. All the drilled
concrete cores were obtained according to the standard
procedures [28, 29]. In the SPC and MYC segments, the
reinforcing steel was mapped before obtaining the concrete
core with the intent of preventing the extraction of the rebar
in the recovered cores. Drilled cores were extracted and
sealed in plastic bags.Tese cores were transported to the lab
for further tests. Te length of the cores was further adjusted
at both ends to be approximately 200mm to meet the
standard guidelines [29, 30].

Core drilling was performed in diferent locations
depending on the spalling area on the segments for both
types of concrete tunnels, considering the drilling locations
to be representing the damaged areas as shown in Figure 4.
Six cores were drilled in this study from the segments for
both types of concrete tunnels according to the standard
procedure [31].

Core samples were extracted from the structural portion
of the tunnel using core drilling equipment that has di-
amond bits added to the drilling barrel. Since any movement
could lead to a spoiled core during the drilling process, the
rig was securely fxed to the concrete segment. To prevent
cutting out a twisted core, the rig was set up perpendicular to

Table 1: Physical properties of the materials and mix design proportion for MYC (reinforced concrete segments using HVFANS concrete,
Malaysian patent code MY-163281-A) (18).

Material Proportion Type (class) Specifc gravity Size Weight (kg/m3)
Fly ash 52.5% F 2.1 — 278
Nano silica 2.5% Cembinder 8 — — 26.56
Portland cement 45% Type 1 — — 225.8
Polypropylene fbre 1% — 0.9 Length 12mm 1
Coarse aggregate — — 2.07 Max. 10mm 942.6
Fine aggregate — — 2.75 Max. 4.75 682.01
Water 0.34 (W/C) Normal tap water — 154.85
Superplasticizer 0.4–2% Darex super 20 — 5.31

Table 2: Physical properties of the materials and mix design proportion for SPC.

Material Proportion (%) Type (class) Specifc gravity Size
Cement including fy ash 90 Fly ash type F 2.1 —
Silica fume 10 — — —
Polypropylene fbre 1 — 0.9 Length 12mm
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Figure 1: (a) Elevation of the ring and (b) assembling the segments into rings (18).
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the surface on which the core would be extracted. Figure 5
shows the core drilling process in the full-scale tunnel
segment, and Figure 6 shows the core samples after being
extracted from the tunnel segments.

In the laboratory, the drilled cores were visually tested to
verify their state and to investigate their condition to better

interpret the cores’ compressive strength. All core specimens
were prepared by grinding their ends to obtain appropriate
length, smooth ends, and perpendicular shape to the lon-
gitudinal core axis before measuring the compression
strength [29].

3. Experimental Results

Te concrete cores were tested to use these values in the
measurement of L/D ratio and to conform to the criteria for
the cross-sectional area of the core compression test [32].
For compliance, both ends of the cores were shortened to
approximately 200mm. Tus, the diameter to height ratio is
equal to ½; thus, there is no need to apply any factors to
reduce the obtained value [30]. Te core compressive
strength is calculated dividing the peak load by the core
cross-sectional area depending on the average core
diameter [29].

Te compressive strengths of MYC and SPC concrete
segments before and after exposure to the elevated tem-
perature are presented in Table 3. Te compressive strength
before heating was obtained using cubes. Tus, there is
a need tomake adjustment to cylinder compressive test value
(f’c) equivalent to the cube compressive test values (f’cu).
Terefore, to gain the f’cu after heating, the formula
f’c � 0.8 f’cu was used, as referred in the standard guidelines
[33]. Te percentage of residual compressive strength was
calculated using the following equation:

residual compressive strength (%) �
fc(before exposure to heating)

fc (after exposure to heating)
× 100. (1)

Te test results indicated that for tunnel fre temperature,
compressive strength had reduced greatly for both types of

concrete mix. Te MYC tunnel concrete showed a little bit
higher residual strength. Te strength of MYC concrete

(a)

Max Temp.=1045.3 C 

(b)

Figure 2: Te tunnel ring fre test (a) during the peak fre at 15minutes and (b) infrared photos for maximum temperature.
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Figure 3: Time-temperature curves produced by test setup and the
RABT-ZTV.
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decreased and remained at 66.04% after exposure to an
elevated temperature of 1000°C and above, whereas the SPC
concrete strength was decreased to 62.46% after exposure to
tunnel fre.

Terefore, the residual compressive strength of MYC
concrete was reduced and dropped to 48MPa, which meant
it was reduced by 33.96% after exposure to a 1000°C tunnel
fre. Figure 7 shows the comparison of the residual com-
pressive strengths between MYC and SPC concrete.

Tis reduction in strength was due to more vapour
pressure and more cracks than when the concrete was ex-
posed to 700°C and above, which afected the strength of
concrete. Te elevated temperature also afected the cement
paste binder. Tese results were also compared with the
results obtained by a previous researcher [34]. It was noticed
that there diference in the compressive strength between
both types of concrete was not large, although there was
signifcant diference in spalling behaviour between them.
Such diferences are because the components for MYC
concrete have more resistance to spalling and fre than on
the compressive strength and static loading. Te MYC
concrete’s behaviour after exposure to temperature up to
1000°C can be refected by both pozzolanic and fller in-
fuences of NS in the mixture, which enhanced the concrete
microstructure and increased the content of calcium silica
hydrate.

Figure 8 shows the failure of the SPC and MYC core
samples after compression test. From the fre test, it can be
seen that explosive spalling occurred mostly in the SPC
tunnel lining as shown in Figure 9. Moreover, some of the
concrete covers had been scalded of, exposing the steel
reinforcements, which greatly infuence the load-bearing
performance of the tunnel linings. However, in both con-
crete mixes, the PP fbre had melted due to the very high
temperatures, reducing the amount of pore pressure build-
up [35]. Spalling contours show howmuch damage has been
occurred in a particular point, as well as how much of the
surface area has been damaged. Spalling patterns for SPC
and MYC segments are depicted in Figures 9 and 10. Some
patterned cracks were appeared in one of the MYC

Core
locations

(a) (b)

Figure 4: Coring drill locations in the full-scale segments for MYC and SPC concrete tunnels; (a) inner surface view and (b) outer
surface view.

Figure 5: Drilling cores in the full-scale segments for MYC and
SPC concrete.

Figure 6: Extracted core samples from the tunnel segments.
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segments, but the ring itself showed no signs of spalling as
shown in Figures 9 and 10. Te SPC segments displayed
a variety of severe spalling patterns and had exposed the
reinforcing steel that could have weakened the structure.
Spalling patterns are random and not related to the
boundary conditions.

Te volume of spalling was used to calculate the depths
of the spalling. Each segment’s spalled area was measured
and converted to a percentage. Segments BR1, AR1, AR3,

BR2, and KR have a spalling rate of 45.36%, 40.7%,
36.84%, 49.16%, and 7.92%, respectively, in the SPC
tunnel segments. On the other hand, segments BR1, AR1,
AR3, BR2, and KR had spalling volumes of 1.65%, 4.76%,
4.88%, 7.15%, and 0.283%, respectively, in the MYC
tunnel segment. Cracking in the MYC segments was
analysed by. However, visual inspection shows that
16.56% of the MYC segments had cracked due to high
temperature exposure.

Table 3: Compressive strength of the MYC and SPC concrete segments.

Samples Before exposure to
fre, f ′cu (MPa)

After exposure to fre of higher than 1000°C

fc′ (MPa) f ′cu (MPa) Residual compressive strength
(%)

Average
residual strength (%)

MYC 1 72.30 37.3 46.63 64.5
66.04MYC 2 72.30 38.4 48 66.39

MYC 3 72.30 38.9 48.63 67.25
SPC 1 72.45 36.37 45.46 62.75

62.46SPC 2 72.45 34.5 43.13 59.53
SPC 3 72.45 37.75 47.19 65.1

66.04 62.46
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Figure 7: Comparison of residual compressive strengths between MYC and SPC concrete.

Figure 8: Failure of coring SPC and MYC sample after compression.
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4. Discussion

Te experimental outcome of this study showed that the
spalling was totally diferent on the SPC segments and MYC
segments. Severe spalling occurred in the SPC segments,
whereas there was no spalling in the MYC segments. Tis
might be due to the presence of silica fume in the SPC that
reduced the permeability and thus increased the vapour
pressure during the fre leading to more spalling occurrence.
However, the design strengths for MYC and SPC were the
same. Te residual strengths after fre exposure were almost
the same at diferent locations on the tunnel rings.Terefore,
it is difcult to judge the health of fre exposed concrete

tunnel only based on the design and residual strengths of
concrete.

For a concrete structure, satisfying the serviceability
requirements is as necessary as satisfying the strength re-
quirements. Even though historic events rarely observed
a tunnel failure due to a fre event [21, 36], severe damage in
terms of spalling was observed in such events. Terefore,
serviceability requirement in terms of concrete spalling is an
important criterion for assessing the health of a concrete
tunnel. Characterizing concrete spalling in terms of the
spalling starting time is also important to understand the
degradation pace of the tunnel concrete in a fre event. Hua
et al. [21] mentioned that the spalling normally starts when

MYC segments SPC segments MYC segments SPC segments 

MYC segments SPC segments MYC segments SPC segments 

Figure 9: Spalling at diferent locations of SPC and MYC segments.

Pattern cracks on MYC ring 

Figure 10: Cracking on the MYC segment.
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gas temperature inside the tunnel lining reaches the spalling
starting temperature. However, spalling starting times for
MYC and SPC segments were not being able to be de-
termined in this study as the tunnel was closed from both
ends as shown in Figure 2. Furthermore, depth of spalling
together with the area of spalling plays a vital role to un-
derstand the depth of damage in the tunnel lining [36]. Tis
also helps to understand the condition of reinforcing steels
inside the tunnel lining.

5. Conclusion

Te main objective of this study was to assess the health of
concrete tunnel lining after exposed to tunnel fre. Based on
the experimental results, the following conclusions are
drawn:

(i) Te fndings revealed that, after exposed to high
temperature, the compressive strength of MYC
concrete tunnel lining dropped to 66.04% of design
strength, whereas the conventional concrete for the
current construction of tunnels (SPC concrete) de-
creased to 62.46% of design strength.

(ii) It is also observed that the spalling of SPC segments
was severe where the reinforcing steel also exposed
in most of the SPG segments that could have
weakened the tunnel structure. However, the MYC
segments only show the patterned surface cracking,
even though the residual strengths of both types of
concrete were almost the same after exposure to the
standard fre.

Tis concludes that determining the performance of
diferent types of concrete tunnel lining with diferent
material components drilled cores is not enough to know the
after fre health of a concrete tunnel. Spalling behaviour
including the spalling rate and depth of spalling are also
important to assess the health of the tunnel lining. A par-
ticular mix design may produce good concrete in terms of
the residual strength; however, surface spalling may cause
severe damage resulting in failure to meet the serviceability
requirement of the tunnel structure. Terefore, this study
concludes that the residual strength of concrete spalling
behaviour should be evaluated to assess the condition of fre-
exposed concrete tunnel lining.
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Tis paper investigates the mechanical properties of graphite tailings concrete beams under various curing environments. Te
results show that the concentration of graphite tailings has an important infuence on the mechanical properties of concrete.
Finally, the bending characteristics of the beam and the modifed bearing capacity calculation formula are obtained, which
provides a theoretical basis and the reference value for the construction of green building materials. Trough research, the main
innovations and main fndings of this paper are as follows: (1) In the three kinds of concrete experimental environment, the
fracture load and ultimate load of concrete beams with graphite tailings replacement rate of 20% are the largest. (2) In the three
kinds of concrete test environment, when the concrete test beams under the same load, with the increase of graphite tailings
replacement rate, the mid-span defection of concrete beams showed a trend of decreasing frst and then increasing. When the
replacement rate of graphite tailings sand is 20%, the mid-span defection of the test beam is the smallest. (3) Trough ex-
periments, it is found that the normal section bearing capacity of graphite tailings concrete beams after chloride salt erosion
conforms to the plane section assumption. After chlorine salt erosion, the strain of the longitudinal tensile steel bar of concrete
beams with diferent graphite tailings sand replacement rates is the same as that of ordinary concrete beams, and the slope of the
strain curve is the same, showing a linear trend. Te experimental results show that the replacement rate of graphite tailings sand
has an insignifcant efect on the strain of steel bars. (4) Te Gauss function is used to ft the experimental value of normal section
bearing capacity of concrete beam, and the calculation formula of normal section ultimate bearing capacity of graphite tailings
sand concrete beam under chloride environment is established. Te research results of this paper have signifcant reference value
for the study of mechanical properties of graphite tailings sand concrete components.

1. Introduction

In recent years, with the development of the Chinese
economy, the construction of coastal cities has developed
rapidly [1]. Large-scale infrastructure construction needs a
lot of concrete materials, which will consume a lot of natural
stone and cause serious ecological problems [2–5]. To ef-
fectively reduce the use of natural stone, alternative raw
materials must be found. After years of research, it has been
found that graphite tailings sand can be used as a substitute
for natural sand [6, 7]. A rational use of graphite tailings
sand can not only efectively reduce the use of natural sand
but also solve the problem of environmental pollution
[8–10]. Coastal buildings are faced with salt-ion erosion due
to their service environment, which leads to the durability

failure of concrete structures [11–13]. Once the buildings are
damaged, it will inevitably cause huge economic losses. To
avoid the failure of concrete structures, it is necessary to
study the mechanical properties of concrete structures in
coastal environments.

Tere are many factors contributing to the failure of
concrete structures. Among them, chloride ion erosion is the
main cause of steel corrosion, which directly leads to the
durability failure of concrete structures [14, 15]. When
chloride ions penetrate the concrete, they will destroy the
steel passivation flm, resulting in steel corrosion [16, 17].
Shang-Qin [18] conducted bending tests on concrete beams
under chloride erosion conditions. Te test results show that
with the increase in service time, the ultimate bearing ca-
pacity of concrete beams increases frst and then decreases.
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At the same time, based on the test results and the existing
specifcations, the formula for calculating the bearing ca-
pacity of concrete beams suitable for marine environment is
obtained. Yin et al. [19] also conducted similar tests. Te test
results show that with the increase of the number of dry and
wet cycles, the crack width and mid-span defection of the
test beam gradually increases, and the ultimate bearing
capacity of the test beam gradually decreases.

Chloride corrosion is the main cause of steel corrosion,
and steel corrosion is the frst factor afecting the durability
of concrete structures [20–22]. Chloride penetrates concrete,
destroys steel passive flm, and causes steel corrosion
[23–25]. In recent years, Hong-Bo et al. [26–30] studied the
infuence of graphite tailings on the properties of cement-
based materials and concrete blocks. Te results show that
the mechanical properties of cement-based materials can be
improved by adding an appropriate amount of graphite
tailings. Compared with ordinary concrete, low-content of
graphite tailings concrete has better compressive strength,
compressive sensitivity, and impermeability. Sun [31]
studied the infuence of graphite tailings incorporation ratio
on the mechanical properties of foamed concrete, and the
results show that the appropriate amount of graphite tailings
incorporation can improve its compressive strength.

In summary, the research on the durability of graphite
tailings concrete focuses on the permeability and resistance
to chloride ion erosion of concrete test blocks under chloride
salt erosion, while the mechanical properties of graphite
tailings concrete components in a chloride salt environment
such as bending resistance are less studied. Te authors of
this paper and their research team have conducted research
on related issues and have achieved certain results [32]. To
better improve the research paper, in this paper, the bending
test of graphite tailings concrete beams with diferent sub-
stitution rates under three curing environments of air, water,
and chloride salt is conducted. Te failure mode, crack
propagation law, load characteristic value, mid-span de-
fection, and strain of the concrete and steel bar of the test
beams under three curing environments are analyzed.
According to the above experimental values, a new calcu-
lation formula has been established. Te above research
results will provide good guidance value for similar research
on graphite tailings concrete members.

2. Test Overview

2.1. Materials and Mixtures Ratio

(1) Cement: P.O42.5 ordinary Portland cement.
(2) Stone: particle size of 5∼20mm, good gradation,

apparent density of 2650 kg/m3.
(3) Natural river sand: river sand with a fneness

modulus of 2.49.
(4) Graphite tailings: graphite tailings from the graphite

tailings reservoir.
(5) Poly carboxylic water reducer: MZ-10C poly-car-

boxylic high performance water reducer is selected
from Table 1.

(6) Steel bar: HRB400 bar is used. And its diameter is
10mm, and its yield strength is 415MPa.

Te physical characteristics of natural sand and graphite
tailings is shown in Table 1.

2.2. Proportion Relation of Concrete Component Materials.
According to the mix proportion in Table 2, graphite tailings
concrete beams with substitution rates of 0, 10%, 20%, 30%,
and 40% were prepared. It should be noted that the sand
ratio in the table is 30%, which is signifcantly lower than
that of the common pumping concrete in the project. Tis is
because the fneness modulus of sand is small, and there are
many particles in the sand, and the cohesion of the concrete
is easy to be guaranteed. Terefore, small sand ratio is
adopted, and this test is nonpumping concrete. Te sand
ratio of pumping concrete is 2%–5% higher than that of
nonpumping concrete, so the sand ratio used in this test is
lower than that of pumping concrete in the project.

2.3. Experimental Design. In this experiment, three groups
of graphite tailings concrete beams (air, fresh water, and
chloride environment, respectively, expressed by SMK, FE,
and CE) were designed, and fve concrete beams were made
in each group. One of the beams was a natural sand concrete
beam as the contrast beam, and the four roots were graphite
tailings concrete beams, with substitution rates of 10%, 20%,
30% and 40%, respectively. Te number of graphite tailings
concrete beams in chloride environment was CE-0, CE-10,
CE-20, CE-30, and CE-40. Te number of graphite tailings
concrete beams in air and freshwater environment was the
same. Te test beam size is length 1600mm, section size is
120mm× 180mm, and net span is 1500mm. To study the
fexural performance of graphite tailings concrete beams in
three environments, all test beams adopt the same rein-
forcement ratio. Te reinforcement ratio of longitudinal
tensile reinforcement is 1.257%, and the thickness of the
longitudinal reinforcement protective layer is 20mm.
Specimen production and environmental erosion processes
are shown in Figure 1. Te size and reinforcement of the
beam are shown in Figure 2. Each reinforced concrete beam
was made, and three cube test blocks were prepared at the
same time. After the same condition of maintenance, the
same environmental corrosion was conducted with the same
group of test beams.

2.4. Test Scheme and Measurement Content. Chlorine salt
erosion test using 10% NaCl solution, natural immersion
120 d. Te loading test adopts a three-point loading mode,
forming a 500mm pure bending section in the middle of the
span. Te loading device and the layout of the measuring
points are shown in Figure 3. According to the standard of
concrete structure test method, the bending test of concrete
beams after environmental action is conducted [33]. Te
concentrated load is applied by a hydraulic press, and the
pressure sensor is placed in the span of the distribution beam
to realize the loading mode of two concentrated forces and
three points. Before the test loading, the test beam is
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Table 1: Physical properties of graphite tailings sand and natural sand.

Physical
property

Grain size
(mm)

Apparent density
(kg·m−3)

Bulk density
(kg·m−3)

Fineness
modulus

Water absorption
(%)

pH
value

Natural sand 0.16∼5 2620 1540 2.49 21.87 8
Graphite tailings 0.01∼3 2855 1630 0.90 30.10 10

Table 2: Mix ratio and mechanical properties of 1m3 graphite tailing sand concrete.

Test specimen
number

Volume of concrete materials (kg/m3)
Water cement

ratio
Percentage of sand

(%)Water Cement Natural
sand Pebble Graphite

tailings
Water reducing

admixture
SMK-0 180.00 409.09 535.48 1294.45 0 15.68 0.44 30
SMK-10 180.00 409.09 481.93 1294.45 53.55 15.68 0.44 30
SMK-20 180.00 409.09 428.38 1294.45 107.10 15.68 0.44 30
SMK-30 180.00 409.09 374.84 1294.45 160.64 15.68 0.44 30
SMK-40 180.00 409.09 321.29 1294.45 214.19 15.68 0.44 30
Note. Specimen number SMK-n, SMK represents test beam, n represents graphite tailings replacement rate value. For example, SMK-20 represents the test
beam with graphite tailings replacement rate of 20%. Among them, SMK-0 is the ordinary concrete control beam.

(a) (b)

Figure 1: Specimen production and environmental erosion process. (a) Te specimen-making process. (b) Environmental erosion process.

1600

180 180
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Figure 2: Size and reinforcement diagram of the test beam (unit: mm).
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Figure 3: Layout of measuring points and loading device diagram. (a) Layout of measuring points. (b) Loading device.
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preloaded to ensure the normal operation of the instrument
and the normal contact of each point. At the beginning, the
loading mode was according to each level of 3 kN loading,
each loading stayed for 3minutes, and then the change of
cracks on the surface of the beam was observed, when the
specimen’s frst crack appeared, with each level of 5 kN for
diferential loading and gradual increase of load, the number
of cracks gradually increased, cracks continued to extend
upward and the crack width increased, with the pen to
thicken the cracks of the test beam, in order to more clearly
see the cracks of the test beam, and record the stress load and
crack width.

Te main measurement contents of the test are as fol-
lows: (1) Cracking load, ultimate load and crack develop-
ment process of the test beam, and the crack development
process is observed by the DJCK-2 crack width meter. (2)
Te strain of reinforcement and concrete is measured by
sticking strain gauges in the middle of the tensile rein-
forcement, and fve concrete strain gauges are evenly
arranged along the height of the beam in the middle of the
beam span to measure the strain of concrete; (3) Load-
defection changes, YHD-50 displacement gauges arranged
at both ends of the beam and the middle of the beam to
measure the deformation of the specimen.

3. Experiment Results and Analyses

3.1. Crack Propagation Distribution Law. Trough the
bending load test of the test beam, it is found that the failure
process and crack development process of the graphite
tailings concrete beam in the three environments are con-
sistent with those of the ordinary concrete beam. Te failure
mode and crack development process of each test beam in
the fresh water and chloride environments are also basically
consistent with those in the air environment, but the
characteristic load changes slightly. Te bending failure
mode and crack distribution of the test beam in the fresh
water and chloride environment, are shown in Figure 4.

3.2. Cracking Load and Ultimate Load of Beam. Te test
results of the cracking load Pcr and ultimate load Pu of each
test beam under air, water and chloride environment are
shown in Table 3. Te efects of diferent variation pa-
rameters on cracking load and ultimate load of test beam are
shown in Figures 5 and 6. It can be seen from Table 3 and
Figures 5 and 6.

3.2.1. Efects of Diferent Graphite Tailings Replacement
Ratios on Cracking Load and Ultimate Load of Test Beams.
It can be seen from Table 3 and Figure 5 that with the
increase of graphite tailings replacement rate, the variation
laws of cracking load and ultimate load of test beams in air,
water, and chlorine salt are the same, showing a trend of frst
increase and then decrease. Among them, in the chloride
environment, the cracking loads of CE-10 and CE-20 in-
creased by 12.64% and 15.97%, respectively, compared with
CE-0, and the ultimate load increased by 6.78% and 8.93%,
respectively. Te cracking load and ultimate load of CE-40

decreased by 8.39% and 5.00% compared with CE-0. Te
results show that with the increase of graphite tailings re-
placement rate, the performance of test beams in diferent
environments is better than that of ordinary concrete beams
at the replacement rate of 10%∼20%, and the bearing ca-
pacity is lower than that of ordinary concrete beams at the
replacement rate of 40%. Te reason is that when the re-
placement rate of graphite tailings is 10%∼20%, the diameter
of graphite tailings is smaller than that of natural sand,
which makes the distribution of particles in concrete more
uniform, increases the compactness of concrete materials
and improves the bearing capacity of graphite tailings
concrete beams.

3.2.2. Infuence of Diferent Erosion Environment on Cracking
Load and Ultimate Load of Graphite Tailings Concrete Beam.
It can be seen from Table 3 and Figure 6 that the bearing
capacity of the test beam under a clear water environment is
the highest under the same replacement rate of graphite
tailings, and the bending bearing capacity of the test beam
after chlorine salt erosion is lower than that in an air
(noncorrosion) environment. Taking the replacement rate of
graphite tailings 20%, as an example, the cracking load and
ultimate load of graphite tailings concrete beams in a clear
water environment are increased by 6.74% and 4.87%, re-
spectively, compared with those in an air environment. Tis
is because the hydration reaction can continue to occur in
the test beam in a clear water environment, and the hy-
dration products are generated to make the concrete denser,
thus enhancing the bearing capacity of the test beam.
However, the cracking load and ultimate load of graphite
tailings concrete beams after chloride corrosion are 3.82%
and 2.03% lower than those in an air environment, re-
spectively. It is also found that the cracking load is more
afected by environmental erosion than the ultimate load,
indicating that the bearing capacity of reinforced concrete
beams immersed in a 10% NaCl solution for 120 days is
more afected by concrete damage.

3.3. Mid-Span Defection. Te load-defection curves of
concrete beams with diferent graphite tailings replacement
rates in air, water, and chloride environments are shown in
Figures 7(a)–7(c). To compare the change law of mid-span
defection of concrete beams with the same graphite tailings
replacement rate after erosion in diferent environments with
load, the load-defection curves of concrete beams with a 20%
graphite tailings replacement rate after erosion in air, water,
and chloride environments are plotted, as shown in
Figure 7(d). From Figure 7, it can be seen that the load-
defection curve trend of a graphite tailings concrete beam
and an ordinary concrete beam is similar, which can be di-
vided into three stages: (1) Te noncracking stage of the test
beam: at the initial stage of loading, the test beam is not
cracked, the load-defection curve is approximately linear
change, and the defection increment is small. (2) Te test
beam cracked at the yield stage of reinforcement. After the test
beam cracked, the load-defection curve showed a turning
point, and the growth rate of defection gradually accelerated.
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Te load-defection curve gradually developed nonlinearly
after cracking. (3) Te steel bar yield to the failure stage: after
the steel bar yield, the load-defection curve appears the
second turning point, and the defection of the beam increases
sharply after yield. Te load-defection curve is also close to a
horizontal straight line, and the fnal test beam is damaged.

Specifcally, it can be seen from Figures 7(a) and 7(b) that
when the test beam bears the same level of load in an air and
clear water environment, with the increase of the graphite
tailings replacement rate, the mid-span defection of the test
beam decreases frst and then increases. When the re-
placement rate is 20%, the mid-span defection of the test

Table 3: Test values of cracking load and ultimate load of test beams in three environments.

Graphite tailings sand replacement rate (%)
Air environment Clear water

environment Chlorine environment

Pcr (kN) Pu (kN) Pcr (kN) Pu (kN) Pcr (kN) Pu (kN)
0 12.12 49.25 12.42 50.85 11.08 47.81
10 13.25 52.01 13.37 53.17 12.48 51.05
20 13.36 53.16 14.26 55.75 12.85 52.08
30 12.43 50.33 13.17 52.42 11.51 49.26
40 11.21 47.01 12.12 49.17 10.15 45.42
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Figure 4: Bending failure mode and crack distribution map of test beam under water and chloride environment. (a) Fresh water en-
vironment and (b) chloride environment.
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beam is small. It can be seen from Figure 7(c) that after
chlorine salt erosion of graphite tailings concrete beams,
when the replacement rates of graphite tailings are 10% and
20%, the mid-span defection growth rate of the test beam is
slower than that of the ordinary concrete beam. When the
replacement rate of graphite tailings is 40%, the mid-span
defection growth of the test beam is faster than that of the
ordinary concrete beam, indicating that a small amount of
graphite tailings can improve the fexural performance of
reinforced concrete beams after chlorine salt erosion. It can
be seen from Figure 7(d) that under the same load, the mid-
span defection of the graphite tailings concrete beam
presents the law of clear water< air< chlorine salt.

3.4. Te Variation of Mid-Span Concrete Strain. Te mid-
span concrete strain curves of concrete beams with
diferent graphite tailings content under diferent loads
in clear water and chlorine salt environment are shown in
Figures 8 and 9. It can be seen from Figures 8 and 9 that
with the increase of load, the concrete strain of each test
beam shows an increasing trend. When the load is 20 kN,
the concrete strain of the test beam CE-10 is larger than
that of the FE-10, indicating that the resistance to de-
formation of the graphite tailings concrete beam de-
creases after being corroded by chloride. Under the
environment of clear water and chloride salt, when the
test beam was subjected to the same load, the cross-
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Figure 6: Infuence of service environment on cracking load and ultimate load of test beam. (a) Cracking load and (b) Ultimate load.
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Figure 5: Infuence of graphite tailing sand replacement rate on cracking load and ultimate load of test beam. (a) Cracking load and
(b) Ultimate load.
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sectional strain of concrete beams with diferent graphite
tailings content was not signifcantly diferent, and the
strain of concrete beams with 40% graphite tailings
content was slightly higher. However, regardless of the
amount of graphite tailings, the strain at each measuring
point on the normal section is proportional to the dis-
tance from the point to the neutral axis, and the concrete
strain of each measuring point on the mid-span section is
linearly distributed. Terefore, in a clear water and
chloride environment, the graphite tailings concrete
beam still conforms to the plane section assumption. Te
test results show that the cross section of a graphite
tailings concrete beam conforms to the plane section
assumption under the three test environments listed
above, which provides the experimental basis for the
theoretical calculation of bearing capacity.

3.5. Longitudinal Steel Strain in the Mid-Span. Te variation
trend of the longitudinal tensile reinforcement strain in the
mid-span of the test beam under diferent environments with
the increase of load is shown in Figure 10.Te load-steel strain
curve of graphite tailings concrete beam can be divided into
three parts: (1) In the early stage of loading, the test beam has
not yet cracked elastic stage. In this stage, the tensile force is
borne by concrete and steel, and the strain value of steel
increases slowly and linearly. (2) From the cracking stage of
the test beam to the yield stage of the steel bar, the tensile force
of the test beam after cracking is transferred to the steel bar. In
this stage, the steel bar strain is still linearly increased, but the
growth rate is faster than that before cracking, and the slope of
the steel bar strain-load curve is reduced. (3) When the steel
bar yields to the failure stage, the load increases slightly and
the strain increases sharply.
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Figure 7: Load-defection curve. (a) Air environment; (b) fresh water environment; (c) chloride environment; and (d) the replacement rate
of graphite tailings is 20%.
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It can be seen from Figure 10 that after water and
chloride erosion, the longitudinal tensile steel strain of
concrete beams with diferent graphite tailings replacement
rates is consistent with that of ordinary concrete beams, and
the slope of the curve is the same, indicating that the graphite
tailings replacement rate has an insignifcant efect on the
steel strain. In the chloride environment, when each test
beam bears the same load, the strain of the steel bar of the
graphite tailings concrete beam with the replacement rate of
20% is smaller than that of the ordinary concrete beam and is
smaller than that of the other graphite tailings replacement
rate test beams.Te reason is that when the replacement rate
of graphite tailings is 20%, the porosity of the test beam is the
smallest and the densest, and the infuence of chloride ions
into the concrete on the steel bar is the smallest, so the steel

bar strain is small. Tis shows that the pore structure of
concrete beams with graphite tailings is better than that of
ordinary concrete beams with a small amount of graphite
tailings, which is more conducive to the resistance of
concrete beams to chloride corrosion damage.

Taking the replacement rate of graphite tailing sand of
20% as an example, the strain-load curve of the mid-span
longitudinal tensile steel bar of 20% graphite tailing
concrete beam in clear water and chloride environment is
drawn, as shown in Figure 11. It can be seen from the
diagram that chloride salt erosion has a slight efect on the
strain of steel bars of graphite tailings concrete beams, but
due to the short immersion time and low corrosion de-
gree, chloride salt erosion has no signifcant efect on steel
bars.
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Figure 8: Strain distribution of diferent section heights in the middle of the test beam in a freshwater environment. (a) FE-10; (b) FE-20;
(c) FE-30; and (d) FE-40.
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4. Analysis of Bearing Capacity of Graphite
Tailings Concrete Beam Normal
SectionUnderChlorideErosionEnvironment

After chlorine salt erosion, the internal damage of graphite
tailings concretemakes the strength of graphite tailings concrete
decrease.Te degradation of concrete’s mechanical properties is
the main factor afecting the bending performance of graphite
tailings-reinforced concrete beams under the salt erosion en-
vironment.Terefore, in this section, the formula for calculating
the ultimate bearing capacity of test beams after chlorine salt
erosion is derived, and the infuence of concrete strength
changes with diferent graphite tailings contents on the bending
bearing capacity of reinforced concrete beams after salt erosion
is emphatically discussed. Te theoretical value of the ultimate
bearing capacity of the graphite tailings concrete beam after

chloride corrosion is calculated by using the bearing capacity
calculation formulas (1) and (2) of the normal section of the
reinforced concrete beam [34]. Te calculation results are
shown in Table 4. In the table, M

y
c represents the ultimate

bending moment test value of the graphite tailings concrete
beam after salt corrosion, and M

y
u represents the theoretical

calculation value of the ultimate bending moment of the
graphite tailings concrete beam after salt corrosion.

Mu � α1fcbx h0 −
x

2
􏼒 􏼓, (1)

α1fcx � fyAs, (2)

where, α1 is the simplifed stress fgure coefcient of the
concrete in the compression zone, taking 1.0; fc is the
measured compressive strength of graphite tailings concrete
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Figure 9: Strain distribution of diferent section heights in the middle of test beam in a chlorine environment. (a) CE-10; (b) CE-20; (c) CE-
30; and (d) CE-40.
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after chloride erosion, and takes the measured value, MPa; b
is the beam width, mm; x is the height of the compression
zone of the section, mm; h0 is the efective height of the
section, mm; fy is the yield strength of longitudinal bars, and
takes the measured value, MPa; and As is the efective cross-
sectional area of the longitudinal reinforcement under
tension, mm2. Te table is the comparison of calculated and
experimental values of ultimate bearing capacity of graphite
tailings concrete beams after chloride salt erosion.

From Table 4, the experimental values of graphite tail-
ings concrete beams and ordinary concrete beams after
chlorine salt erosion are greater than the calculated values,
indicating that the ultimate bearing capacity of graphite

tailings concrete beams after chlorine salt erosion is feasible
to calculate according to concrete specifcations. To obtain
the ultimate bearing capacity of concrete beams with dif-
ferent replacement rates of graphite tailings after chlorine
salt erosion more accurately, two diferent ftting functions
are used, and the correction coefcient of graphite tailings
replacement rate is introduced. Te data of concrete beams
with diferent replacement rates of graphite tailings after
chlorine salt erosion are numerically ftted.

4.1. Polynomial Fitting. To express the ultimate bearing
capacity of graphite tailings concrete beamsmore accurately,
the test results in Table 4 are ftted by polynomial function,
and the ftting formula (3) and the ftting curve in Figure 12
are obtained. According to the ftting curve, the correlation
coefcient of the ftting curve is 0.9879.

M
y

� yM
y
u � Ax

2
+ Bx + C􏼐 􏼑M

y
u, (3)

where x is the replacement rate of graphite tailings sand, (%);
y is the correction factor; Mu

y is the theoretical calculation
value of the ultimate bearing capacity of the test beam after
chloride corrosion, MPa; and My is the corrected ultimate
bearing capacity of the test beam after chloride corrosion,
MPa; A� −3.42143E− 4, B� 0.01198, C� 1.29917. Table 5 is
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Figure 11: Strain-load curves of 20% graphite tailings concrete
beams in diferent environments.
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Figure 10: Strain-load curve of the longitudinal tensile steel bar in the middle of each test beam. (a) Fresh water environment and
(b) chloride environment.

Table 4: Comparison of experimental and computational results
according to formulas (1) and (2).

Specimen number fc (MPa) M
y
c (MPa) M

y
u (MPa) M

y
c /M

y
u

CE-0 35.2 11.95 9.206 1.298
CE-10 36.1 12.76 9.218 1.384
CE-20 36.9 13.02 9.229 1.411
CE-30 35.1 12.32 9.204 1.339
CE-40 34.6 11.36 9.197 1.235
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a comparison of calculated and experimental values from
formula (3).

4.2. Gaussian Function Fitting. Te Gauss function ftting
curve is shown in Figure 13. According to the ftting curve,
the formula for calculating the ultimate bearing capacity of a
normal section of graphite tailings concrete beam after

chloride salt erosion is (4) and (5), and the correlation
coefcient of the ftting curve is 0.9985. Compared with the
polynomial ftting curve, the correlation coefcient of the
Gaussian function ftting curve is closer to one, and the
degree of coincidence is higher, indicating that the calcu-
lation formula of ultimate bearing capacity modifed by the
Gaussian function is more suitable for the calculation of
ultimate bearing capacity of graphite tailings concrete beams
after chlorine salt erosion. Te axial compressive strength in
the calculation formula needs to use the measured com-
pressive strength value of graphite tailings concrete block
after chlorine salt erosion. In practical engineering appli-
cation, the compressive strength can be determined
according to the empirical data or through experiments. At
the same time, the modifed formula can estimate the ul-
timate bearing capacity of the graphite tailings concrete
beams with other mass replacement rates after chloride
attack.

M
y

� yM
y
u, (4)

y � y0 +
A

w ×
���
π/2

√ × exp −2
x − w0

w
􏼔 􏼕

2
, (5)

where My is the corrected ultimate bearing capacity of the
test beam after chloride corrosion, MPa; y is the correction
factor; Mu

y is the theoretical calculation value of the ulti-
mate bearing capacity of the test beam after chloride cor-
rosion, MPa; and x is the replacement rate of graphite
tailings sand, (%); y0 �1.10078; A� 13.81231; w � 35.40572;
w0 � 17.10824. Table 6 is a comparison of calculated and
experimental values from formula (4).

5. Conclusion

Graphite tailings are solid waste produced in the process of
graphite mining, which has caused great damage to the
natural ecological environment. Partial replacement of
graphite tailings with construction sand is one of the ef-
fective ways to reuse solid waste.Tis paper studies the crack
propagation law and bearing capacity of graphite tailings
concrete beams under load. Te following conclusions can
be drawn from this study:

(1) Trough experiments, it is found that the failure
process and crack development process of graphite
tailings concrete beams under three curing envi-
ronments are the same, but the failure load of
graphite tailings concrete beams under a chloride
curing environment is small.
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Figure 13: Gaussian function ftting curve of ultimate bearing
capacity of concrete beams with diferent replacement rates of
graphite tailings after chloride erosion.

Table 6: Comparison of experimental and computational results
according to formula (4).

Te number of specimens My (MPa) M
y
c (MPa) M

y
c /My

CE-0 11.93 11.95 1.0017
CE-10 12.78 12.76 1.0016
CE-20 12.96 13.02 1.0046
CE-30 12.33 12.32 0.9992
CE-40 11.38 11.36 0.9984
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Figure 12: Polynomial ftting curve of ultimate bearing capacity of
concrete beams with diferent replacement rates of graphite tailings
after chloride erosion.

Table 5: Comparison of experimental and computational results
according to formula (3).

Te number of specimens My (MPa) M
y
c (MPa) M

y
c /My

CE-0 12.02 11.95 0.9942
CE-10 12.82 12.76 0.9953
CE-20 13.00 13.02 1.0015
CE-30 12.50 12.32 0.9856
CE-40 11.40 11.36 0.9965
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(2) In the three kinds of concrete curing environment,
the fracture load and ultimate load of concrete beams
with graphite tailings sand replacement rate of 20%
are the largest. When the replacement rate of
graphite tailings sand is the same, the fracture load
and ultimate load of concrete beams under a chloride
curing environment are the smallest.

(3) In three kinds of concrete experimental environ-
ment, when the concrete test beam under the same
load, with the increase of graphite tailings replace-
ment rate, the mid-span defection of concrete beam
decreases frst and then increases. When the re-
placement rate of graphite tailings sand is 20%, the
mid-span defection of the test beam is the smallest;
when the replacement rate of graphite tailings sand is
10% and 20%, the growth rate of the mid-span
defection of the test beam is slower than that of the
ordinary concrete beam.

(4) Under the same load, the mid-span defection of a
graphite tailings sand concrete beam under the water
experimental environment< the mid-span defection
of the graphite tailings sand concrete beam under the
air experimental environment< the mid-span de-
fection of a graphite tailings sand concrete beam
under the chloride experimental environment.

(5) Te test results show that the cross section of a
graphite tailings concrete beam conforms to the
plane section assumption under the above three test
environments, which provides the experimental
basis for the theoretical calculation of bearing
capacity.

(6) Te experimental results show that the replacement
rate of graphite tailings sand has negligible efect on
the strain of steel bar. Comparing the strain values of
the steel bars, it is found that the strain value of the
steel bars in the graphite tailings sand concrete beam
changes little than in the clear water experimental
environment. In the chloride salt experimental en-
vironment, due to concrete and steel by chloride ion
erosion, steel strain value changes large.

(7) Trough the data ftting of the bearing capacity test
results of graphite tailings concrete beams, the
modifed Gauss bearing capacity calculation formula
is obtained.Tis conclusion has great reference value
for the study of mechanical properties of concrete
beams under chloride environment.
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­is investigation aimed to improve great early geopolymer mortar strengths under various parameters with various binder
proportions to reduce the use of cement since the OPC production process leads to high emissions of CO2. Hence, to solve this
problem, alternative materials were used. In this research, metakaolin (MK) and ground-granulated blast-furnace slag (GGBFS)
waste materials were utilized and mixed together with the sodium hydroxide and alkaline activator sodium silicate (NaOH and
Na2SiO3). ­e performance of the various mixtures was assessed via compressive strength testing based on British standards. ­e
compressive strength was found to be highly a�ected by molar proportion and water amount. ­e optimum strength was
77.8MPa for a mix design of 95% GGBFS +5% MK and a 2.5 mass proportion between Na2SiO3 and NaOH (12 Molar), together
with a 0.2 water/binder proportion.

1. Introduction

Owing to its excellent strength and durability, concrete
seems to be the most extensively used material in building,
with an expected current usage of 1m3 per person annually
[1]. Concrete is produced mostly of cement, gravel, sand,
and water, which has been used in the building of tunnels,
skyscrapers, airports, residences, and other constructions.
However, there are several challenges associated with the
usage of ordinary Portland cement (OPC), including du-
rability issues, including concrete disintegration when
attacked by aggressive substances such as acids, sulphates,
and chlorides [2–4]. In addition, the environmental

concerns were raised by the release of around 5–7% of total
global CO2 emissions throughout the OPC manufacturing
process and the usage of 5% of natural resources owing to the
widespread use of cement in building [5–9]. ­e high
percentage of CO2 emissions in the OPC manufacture
process is associated with the limestone calcination process
that is considered as one of the major cement ingredients
[10]. ­e consumption of heat energy resulting in tem-
peratures greater than 1400°C during the manufacturing
process of the raw materials in the kiln has led to a high
release of CO2 [11–15].

Geopolymer cement has been used over the past decade
as an alternative solution to cement because it provides a
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suitable use for industrial wastes by converting them into
cementitious products via the alkali-activation process [16].
-e use of geopolymer technology in building has greatly
reduced cement consumption, cutting carbon pollution by
up to 80 percent and therefore decreasing the cement
industry’s environmental impact. Also, to resolve concerns
arising from the disposal of industrial materials by pro-
cessing and repurposing them in geopolymer production
[17], geopolymer cements improve structural performance
by enhancing durability and compressive strength, im-
proving resistant against acid, and structural performance
under elevated temp curing conditions. -e kind and
quantity of binder ingredients employed, the alkaline acti-
vator utilized, and the curing conditions utilized influence

and govern these qualities [17]. Geopolymers seem to be
inorganic alumina-silicate materials that have been formed
into three-dimensional polymeric chains using alkaline
activator solutions [18]. GGBFS, a granular by-product,
nonmetallic, and glassy from the iron producing industry, is
one of the most frequently utilized alumina-silicate com-
ponents in the preparation of geopolymer cement. Alumina,
silicates, and calcium, as well as other bases, make up the
majority of it [19, 20].

Metakaolin (MK) is an amorphous alumina-silicate clay
that is formed thermally by calcining kaolinite clay at
500–800 degrees centigrade in a dehydroxylation process
[21]:

Al2Si2O4(OH4) ⟶7 00 − 800°C Al2O3.2SiO3 + 2H2OKaolin Metakaolin. (1)

Kaolin clay seems to be a fine, white clay mineral that is
often used in porcelain production [22]. -e type and
chemical composition of these basic minerals greatly depend
on their source. In addition to other elements such as al-
kaline activators and curing conditions, this variation has a
significant influence on the pace of strength development
and chemical processes of geopolymer cement [23]. As a
result, in terms of generating a product with consistent
precise desirable qualities, the manufacturing process of
geopolymers necessitates a higher level of quality control
than that of traditional Portland cement [24]. Once Portland
cement is completely substituted by alkaline activated ce-
ments, Bernal and Provis [25] and Juenger et al. [26] found
that GGBFS-based geopolymer concretes have strong me-
chanical performance and generate durable concrete with a
low environmental impact. Despite this, the alkali-activated
GGBFS-based geopolymer sets quickly and has poor
workability significant microcracks, efflorescence drying
shrinkage, and dry shrinkage [27, 28], and low carbonation
resistant [29]. MK was employed in the early geopolymers
improvement owing to its strong reactivity with alkaline
activators and pure alumina-silicate amount that aids create
a greater degree of geopolymerisation since its high amor-
phous phase amount and finer particle size [24]. Once
heated, the geopolymer-based MK caused more matrix
degradation than the fly ash geopolymer. -e major source
of the damage was discovered to be the prominent meso-
pores in the geopolymer-based MK matrix, which prevent
moisture from escaping when heated. Although in the sit-
uation of fly ash, the geopolymer matrix has a significant
number of micropores that allow moisture to escape once
heated, causing little degradation to the geopolymer matrix
[30, 31]. -e fly ash-based geopolymer, on the contrary,
revealed a problem with the curing conditions. To establish
structural integrity and increase strength, a high-tempera-
ture curing process is required [32].

Owing to the facts presented throughout the introduc-
tory section, several researchers have investigated the for-
mulations of novel blended binders made from two different

materials in order to overcome the aforementioned short-
comings of such binders [33–35].-e new binders have been
created by mixing aluminosilicate elements with the slag
binder, including MK and fly ash (FA). In comparison to
binders in which only the aluminosilicate precursors have
been activated, the activation of these two materials leads to
enhancements in several characteristics; additionally, such
mixed binders advance an original microstructure with the
coexistence of Ca-rich and Na-rich reaction products [25].
Once comparison with binders made from a raw material,
including geopolymer-based-MK, laminar structures com-
position, and blending GGBFS with alumina-silicate sub-
stances under great alkalinity situations resulted in a greater
dissolution rate of siliceous structures, thus enhancing the
system’s durability and stability [24].

A study conducted on the mechanical properties of
GGBFS and MK geopolymer mortar found that the mixture
of 20% GGBFS and 80% MK gave the highest compressive
strength [36], while the difference in NaOH amount had
affected the resultant compressive strength in relation to
GGBFS amount; it has been detected that increasing the
NaOH amount from 2.0M to 1.2M reduces compressive
strength unless more GGBFS amount is added to the
mixture. Whilst Bernal [25] discovered that the addition of
MK caused a substantial increase in the compressive
strength. Burciaga-Dı́az et al. [37] detected that the com-
pressive strength for the GGBFS and MK geopolymer pastes
increased with high GGBFS amounts up to 100%, and Rao
and Raja [38] found the same for GGBFS and MK geo-
polymer concrete. -e maximum compressive strength was
also obtained at 0% MK+ 100% GGBFS of 52.0N/mm2.
Nevertheless, studies looked only at the impact of a low
molar proportion of NaOH, but they did not investigate the
strength of the results under a highmolar proportion such as
12M.

-us, this investigation aimed to determine the molarity
impact of sodium hydroxide on strength under low and high
alkalinity. It also focused on the significant role that water
plays in the dissolution stage of the geopolymerisation
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process and, consequently, the compressive strength. -e
work sets out to investigate various water amounts that were
added to various binder proportion mixes. -e study also
aimed to discover the influence of combined factors (molar
proportion, water amount, and binder proportion) on the
strength of the mix to optimize the mix design proportions.
-is research focuses on finding how far can geopolymer
replace cement by studying the compressive strength, setting
time, and microstructure of the produced samples.

2. Research Methodology

2.1. Materials Used and Mix Constituents. Commercially,
GGBFS powder was obtained from Hanson Cement Ltd. in
the UK on January 11, 2017, whilst MK powders were
obtained from BASF Chemical Company, Canada. GGBFS
and MK at chemical analysis demonstrated in Table 1 were
utilized as the main raw materials. MK consists mainly of
41.193 percent silica and 41.720 percent alumina with just

0.166 percent CaO, though GGBFS consists mostly of cal-
cium oxides with a ratio of 38.744 percent and silica amount
of 36.467 percent with just 4.673 percent alumina. -e
powder XRD pattern of raw materials demonstrated that
both MK and GGBFS are amorphous with only a noticeable
semi-crystalline peak of quartz (Q) was detected at 25° (2
theta) inMK, whereas gypsum (G) and lime (CaO) at around
28° (2 theta) were detected in GGBFS, as shown in Figure 1.
Alternatively, SEM analysis of the raw materials (Figure 2)
illustrates that GGBFS consists primarily of angular parti-
cles, whereas MK seems to have a platy particle shape;
additionally, the MK particle seems to have a large surface
area with a small size, which increases its water requirements
and reactivity when compared to GGBFS.

To make the geopolymer mortar-based slag/metakaolin,
GGBFS was chosen as the primary binder (b) in this re-
search, and it has been partially substituted by MK, as in-
dicated in Table 2. -e reference mixtures (C refers to the
reference sample with cement only, while CS refers to the

Table 1: Chemical analysis of undisturbed materials used using EDXRF.

Ingredients CaO Al2O3 SiO2 Na2O MgO K2O TiO2 Fe2O3 BaO SO3

OPC 65.829 1.704 24.476 1.414 1.342 0.688 0.405 2.524 0.177 —
GGBFS 38.744 4.673 36.467 3.124 4.056 0.528 0.808 0.064 0.150 —
MK 0.166 41.720 41.193 — — 0.088 1.402 0.331 0.121 0.067
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Advances in Civil Engineering 3



reference sample with cement and superplasticizer) for the
comparison with geopolymer mortar were made with or-
dinary Portland CEM II (32 grade). In the preparation of the
mortar mixes, natural dry sand with a specific grav-
ity� 2.62Mg/m3 and a particle size� 0/2 FP washed plas-
tering sand Gf85 [39] has been utilized as fine aggregate. As
an alkaline solution (Al), a combination of sodium silicate
(SS) and sodium hydroxide (SH) has been employed to
prepare the geopolymer specimens. -e sodium silicate
solutions had a molar ratio of SiO2 : Na2O of 2 :1, a water
content of 60%, and a specific gravity of 1.5. Sodium hy-
droxide has been created from pellets (98 percent pureness)
dissolved in water (w) at two different molar amounts, 12M
and 0.3M, which have been selected after conducting many
trials to obtain the best molar amount (12 percent amount of
solutions) to see the impact of concentrations in different
molarities and percentages on the compressive strength.
Distilled water was added to all mixtures, and to keep on
workability, superplasticizer (S) has been utilized at 1% in
select mixtures, as indicated in Table 2.

2.2. Specimen Synthesis and Experimental Procedures

2.2.1. Preparation of Alkaline Activator Solutions.
Sodium silicate and sodium hydroxide were used to make
the alkaline solutions. Sodium hydroxide has been initially
made by dissolving NaOH granules in distilled water and

letting it cool for 24 hrs at room temp. To test the effect of
solution molar ratio on compressive strengths, the NaOH
solution has been produced in two amounts: 12 molar so-
lution and 12 percent (0.3 molar). To make the 12 molar
solution, 480 gm of NaOH solid granules (12× 40� 480)
have been dissolved in one litre of pure water (in which 40
was the NaOH molecular weight). -e 12 percent NaOH
solution has been made by dissolving 12 gm of NaOH
granules in a litre of water. Sodium silicate has been applied
in two various proportions. First, it has been applied at mass
proportion of 2.5 (sodium silicate mass to sodium hydroxide
mass) and then added at 2.0 mass ratio. After that, water has
been inserted into the alkaline activator solutions in two
different quantities as given in Table 2, and the mixture has
been allowed to sit for a fewminutes before being used in the
geopolymer mixture.

2.2.2. Mix Proportions of Specimens. -e raw materials have
been mixed at specific mass proportions of GGBFS/
(GGBFS +MK) to make the cubic mortar samples as shown
in Table 2, and all mixtures were made with a total binder
amount of 775 kg/m3. Dried sand was added at a mass
proportion of 1.5 sand to the binder (GGBFS +MK), while
activator was added at a mass proportion of 0.4 activator/
binder, whiles water/binder ratio was first 0.4 and then
decreased to 0.2 with the addition of 1% superplasticizer, as
shown in Table 2.

(a)

(b)

Figure 2: SEM observations for powders (a) GGBFS and (b) MK.
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2.2.3. Mixing and Casting Procedure. -e alkali activators
were first prepared a few minutes earlier and blended to-
gether. After that, the free water was inserted to blend well.
GGBFS and MK were first weighted separately and then
blended together for approximately 2min. -e alkali acti-
vator solution was then added to the blended mixture of
GGBFS and MK and all mixed together for 2-3 minutes.
Next, dried fine aggregates are applied to the previous
combination and blended well for another 120 seconds.
Eventually, the samples have been poured into PVC cubic
moulds of 4× 4× 4 cm dimensions, left uncovered at a temp
(27± 2°C with 0% RH) for 24 hours, and then demoulded
and cured under different temperature conditions.

Hardened geopolymer mortar: the average strength of
concrete of three 4 cm side cubes has been evaluated in
the laboratory utilizing a universal testing machine
(UTM) in line with BS EN 196-1 2005 [40] at a loading
rate of 0.40MPa/sec.

Table 2: Combination composition of mortars OPC and slag/MK-based geopolymer utilized in the current investigation.

MixID
Ingredients’ quantity (kg/m3)

Binder OPC GGBFS MK Sand SH (12%) SH (12M) SS w/b S Al/b
100G 775 0 775 0 1162.5 88.57 0 221.43 0.4 0 0.4
90G 775 0 697.5 77.5 1162.5 88.57 0 221.43 0.4 0 0.4
80G 775 0 620 151 1162.5 88.57 0 221.43 0.4 0 0.4
70G 775 0 542.5 232.5 1162.5 88.57 0 221.43 0.4 0 0.4
60G 775 0 465 310 1162.5 88.57 0 221.43 0.4 0 0.4
50G 775 0 387.5 387.5 1162.5 88.57 0 221.43 0.4 0 0.4
100GM 775 0 775 0 1162.5 0 88.57 221.43 0.4 0 0.4
90GM 775 0 697.5 77.5 1162.5 0 88.57 221.43 0.4 0 0.4
80GM 775 0 620 151 1162.5 0 88.57 221.43 0.4 0 0.4
70GM 775 0 542.5 232.5 1162.5 0 88.57 221.43 0.4 0 0.4
60GM 775 0 465 310 1162.5 0 88.57 221.43 0.4 0 0.4
50GM 775 0 387.5 387.5 1162.5 0 88.57 221.43 0.4 0 0.4
100GS 775 0 775 0 1162.5 88.57 0 221.43 0.2 7.75 0.4
90GS 775 0 697.5 77.5 1162.5 88.57 0 221.43 0.2 7.75 0.4
80GS 775 0 620 151 1162.5 88.57 0 221.43 0.2 7.75 0.4
70GS 775 0 542.5 232.5 1162.5 88.57 0 221.43 0.2 7.75 0.4
60GS 775 0 465 310 1162.5 88.57 0 221.43 0.2 7.75 0.4
50GS 775 0 387.5 387.5 1162.5 88.57 0 221.43 0.2 7.75 0.4
100GMS1 775 0 775 0 1162.5 0 88.57 221.43 0.2 7.75 0.4
95GMS 775 0 736.25 38.75 1162.5 0 88.57 221.43 0.2 7.75 0.4
90GMS 775 0 697.5 77.5 1162.5 0 88.57 221.43 0.2 7.75 0.4
85GMS 775 0 658.75 116.25 1162.5 0 88.57 221.43 0.2 7.75 0.4
80GMS 775 0 620 151 1162.5 0 88.57 221.43 0.2 7.75 0.4
75GMS 775 0 581.25 193.75 1162.5 0 88.57 221.43 0.2 7.75 0.4
100C 775 775 0 0 1162.5 0 0 0 0.4 0 0
100CS2 775 775 0 0 1162.5 0 0 0 0.2 7.75 0
100 refer to the GGBFS proportion used in relation to the total binder; G is GGBFS; M refers to the use of 12 molar NaOH solution, S refers to the use of
superplasticiser. C is cement and S refers to the use of superplasticiser.

Table 3: -e average compressive strengths in MPa after seven days.

Compressive strength (MPa)
Mix ID GGBFS/(GGBFS +MK) (%) G GM GS Mix IDGGBFS/(GGBFS +MK) (%) GMS Mix ID Control mixes
100 30.0 56.6 64.3 100 63.5 C 31.8
90 23.8 32.7 55.9 95 77.8 CS 8.4
80 4.0 8.6 49.6 90 60.4
70 2.0 7.3 15.1 85 69.1
60 1.8 7.5 9.2 80 61.8
50 1.8 8.5 4.8 75 69.4
Note: the mix designs given are found by the number in the first column with the letter in the first raw above to have the same mix design in Table 3.

Table 4: Masses and compressive strengths for 95 percent GMS
amount at 28 curing days.

Specimens Compressive strengths (MPa) Masses (g)
1 86.1 133.5
2 70.5 133.3
3 91.7 134.3

Advances in Civil Engineering 5



Analytical analysis of geopolymer: the MK and GGBFS
microstructure geopolymer combinations have been
studied using a scanning electron microscope (SEM).
To ensure that specimens seem to be fully free from
water, small pieces have been hammered from the
paste’s core and dried at 40 degrees centigrade for four
hours. -e basic chemical analysis of OPC, MK, and
GGBFS, and the XRD forms for both GGBFS and MK,
have been determined using powder X-ray fluorescent
and X-ray diffraction examinations.

3. Results and Discussion

In this section of the research, we present, through the tables,
the compressive strength results for each of the previously
pelleted samples in Table 3, in which we used GGBS andMK
as alternative materials for cement, adding to them solutions
of sodium hydroxide and sodium sulphate in order to ac-
tivate the reaction between them. Also, tests were conducted
on two samples of cement as a binder in order to compare
with the previous samples. -erefore, the results showed the
following.

Table 3 shows the compressive strength obtained after 7
days for different mix designs.

In Table4, the masses have been taken for the mix design
of 95GMS since it is the optimum mix design that gives the
highest compressive strength among the other mixes. And,
as shown in Table 4, the mass with a small amount can
change the compressive strength of the geopolymer.

3.1. 6e NaOH Molar Proportion Influence. Increasing so-
dium hydroxide concentration from 12% to 12M enhanced
the compressive strengths of the geopolymer (Figure 3). -e
compressive strengths at seven curing days increased sig-
nificantly from 30MPa for the 100G mix to 56.6MPa for the
100GMmix and from 23.8MPa for the 90Gmix to 32.7MPa
for the 90GM mix, which have all been greater than
31.8MPa for that of mix C (Table 3).

-e great amount of NaOH in alkaline solutions boosts
silica and alumina particle dissolution and promotes the
development of both CSH and geopolymer gels, which
enhances compressive strengths. Once the calcium content
is low, as in 80–50 percent GGBFS, the content of hydroxyl
ions rises, preventing Ca2+ dissolution. As a result, the
dissolved aluminum and silicate particles form geopolymer
gel, inhibiting CSH production and resulting in poor
compressive strength. However, once the calcium
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concentration is sufficient, as in 90 and 100 percent GGBFS,
there might be enough dissolved Ca2+ to produce CSH and
geopolymer gels, leading to increased strengths. Once the
NaOH content is lower (12 percent), less hydroxyl ions have
been generated, causing more dissolved Ca2+ and less dis-
solved aluminum and silicates particles owing to the low
alkalinity environment, leading in more CSH gel and less
geopolymer gel, which lead to poor compressive strength
[36, 41]. Furthermore, as the amount of alumina-silicate
rises, the potential for Si–O–Si and Si–O–Al bonding in-
creases and, therefore, does the necessity for high alkali
content solutions to enhance the dissolution of Si–O–Al and
Si–O–Si bonds and thus the precipitation of cementitious
reactions [42]. -e requirement for activator is substantially
lower at low MK concentrations (90–100 percent GGBFS).

Furthermore, a progressive rise in compressive strength
was from 35.3MPa at 50 percent GGBFS to the optimal
magnitude of 44.0MPa at 100 percent GGBFS, utilizing a

8M sodium hydroxide solution at ambient curing temps
[38]. Although there was no substantial increase in com-
pressive strength between 50 and 80 percent GGBFS in
Figure 3, there had been a considerable rise once GGBFS was
increased to 90 and 100 percent.

3.2. 6e Impact of Low Water Amount. Figure 4 shows the
impact of low water content with 1% superplasticizer on the
compressive strength of geopolymer mortar cubes.

-e compressive strength was enhanced by halving the
quantity of water (0.2 water/binder proportion). It boosted
the strength of specimens 100GS� 64.3MPa and
90GS� 55.9MPa, which is two times higher than the
strength of specimens 100G and 90G (Table 3), while it
increased the strength from 3.97MPa at 80G to 49.60MPa
at 80Gs with enough workability for moulding, which is
higher than the control mix C. Decreasing water amount

(a) (b) (c)

(d)

Figure 5: -e impact of water amount and super plasticisers on different GGBFS amount mixture’s structure.

Table 5: Various GGBFS amount with various water proportions.

Mix IDGGBFS/(GGBFS +MK) (%)
Masses (g)

G GS GMS
100 127.5 136.6 138.8
90 126.8 134.6 136.9
Note: the mix designs mentioned are found by the number in first column with the letter in the first raw above to have the same mix design in Table 3.
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aided reduce pores and voids in the systems leads to higher
density structures (Table 5). -e introduction of a super-
plasticizer helped give adequate workability for the reactions

by dispersing the particles and releasing entrapped water by
separating the agglomeration through the repulsion of
similar charges [42]. However, raising the MK amount to
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Figure 6: Boosting the mixture ratio after 7 curing days without RH.
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Figure 7:-e impacts of various NaOHmolar proportion and water amount on the geopolymerisation processes (specimens with 80 and 20
percent of GGBS andMK, respectively) the pictures have been lected after conducting compressive strengths test; (a). 40% water proportion,
12%NaOH; (b). 12MNaOH, 40% water proportion (c). 1% SP, 20% water proportion, 12%NaOH; (d). 12MNaOH, 20% water proportion,
1% SP.
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more than 30 percent (70 percent GGBFS or less) lowered
strength magnitudes even after lowering the water quantity
and applying 1% SP. It has been found that, at 30 percent
MK, the mixture gets extremely dry despite the inclusion of
superplasticizer. -is is due to the increased surface area of
MK, which necessitates a larger water amount so as to
maintain sufficient water quantity and workability for the
dissolving process.

Figure 5 demonstrates four specimens blended with
various GGBFS amounts and constant water to binder

proportions of 0.2. As samples gave various coloured areas,
as shown in Figure 5, the darker sections relate to the reacted
areas while the light-coloured sections relate to unreacted
materials. Figure 5(a) demonstrates that the 70% GGBFS
specimen had light-coloured sections that indicate
unreacted areas. -e sample failure seemed brittle in con-
trast to those with greater GGBFS levels, and this was at-
tributable to a lack of water necessary to dissolve alumina-
silicate owing to the higher MK content in the combination.
As a result of the large number of open holes, it created a
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Figure 8: Compressive strength results for optimal mixture design and OPC reference mixtures during 7, 14, 21, 28 and 60 curing days.

Figure 9: -e SEM images for 95GMS geopolymer paste at 7 curing days.
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low-density geopolymer. Moreover, since MK possesses
properties comparable to clay, it expands and contracts once
exposed to water. As a consequence, specimens containing a
high-level of MK had more open pores [43].

In contrast, the reaction process improved and formed
more dark areas in samples with lower MK and higher
GGBFS amounts, as shown clearly on the 80% GGBFS
(Figure 5(b)), while it totally turned dark at 90 and 100%
GGBFS amount (Figures 5(c) and 5(d)). -ough several
specimens lacked consistency in dark area distribution, it
can be seen in the centre of the 80 percent specimen and
around the margins of the 90 percent specimen. -is in-
dicates that the geopolymerisation process is nonuniform, as
shown by the fact that the cubes’ masses from the same
mixture have been detected to be almost similar, despite the
compressive strength of each cube being considerably dif-
ferent (Table 4).

3.3. 6e Impact of Both Low Water Amount and High Molar
Proportion. As illustrated in Figure 6, the combined impact
of 12M and 0.2 water amount with superplasticiser resulted
in a considerable improvement in compressive strength. For
the GGBFS amounts 100, 95, 90, 80, 85, and 75 percent, the
compressive strength of cubes with low water amount and
high molar proportion was spread around the magnitude
67MPa. -e overall impact of a 12M sodium hydroxide
solution and a little quantity of water increased the geo-
polymer’s compressive strength and doubled it, notably for
GGBFS and MK blended mixes, confirming MK’s prefer-
ential dissolving in high alkaline solutions [25]. Due to the
obvious high quantity ofMK that has a large surface area and
results in a dry mix owing to the high water requirements,
the compressive strength cannot be evaluated at GGBFS
levels lower than 75%. -is resulted in inadequate work-
ability to pour and compact the mixture in the mould.

-e influence of both a large molar percentage of NaOH
solutions and a small quantity of water on the geo-
polymerisation processing in terms of compressive strength
and reaction products is shown in Figure 7. Increasing the
molar proportions from 0.3M to 12M lead to production of
dark grey colored patches in the cubic specimen (as shown in
Figures 7(a) and 7(b)), which also caused a significant

increase in compressive strength, especially at high GGBFS
levels (Table 3). Decreasing the quantity of water to half the
original value, on the contrary, resulted in substantially
greater compressive strength, as seen by bigger dark regions
in Figure 7(c). Despite this, the distribution of dark-colored
patches was uneven across the specimen, indicating a
nonuniform reaction process. Once the impacts of both low
water quantity and high molar proportion were combined,
the specimen fully changed color to a dark grey color
(Figure 7(d)), and the compressive strength increased to
greater levels (Table 3). As a consequence, the dark grey
spots represent reaction products of the geopolymerisation
process, which contribute to the high compressive strength.

3.4. Comparison between Optimized and OPC Control Mix.
In contrast to the two OPC reference mixtures, Figure 8
depicts the evolution of the optimal design proportions. -e
95GMS mix design produced much more strength in
comparison with the two OPC mixtures. It possessed a
compressive strength of 77.8MPa at 7 curing days, which
hovered around that amount till 21 days; then, the strength
slightly improved to reach 82.7MPa at 28 days, and it
continued to increase till it reached 97.3MPa at 60 curing
days. -e OPC mixture specimen of 0.2 (water/cement
proportion) showed a little increase from 8.4 to 11.5MPa
between 7 and 14 days. After that, it held relatively stable
strength at 12MPa at 28 days and climbed to 15.9MPa at 60
days. At the same time, the OPC mixes with 0.4 w/c pro-
portion provide higher strength, reaching to 31.8MPa at 7
days, while at 14 days the strength was 26MPa since the
cubes that were tested at 14 days were not from the same
batch of the seven days’ mix (same mix design with various
cast dates); thus, the progress in the strength was not as
expected. Subsequently, there was a gradual increase in
strength to reach 38.4MPa at 28 days.

3.5. 6e SEM Analysis. Figures 9–11 illustrate the micro-
structure analysis of the three various blends at seven curing
days, involving the optimal one (depending on compressive
strength). -e major reactions produced by GGBFS/MK
binder with alkali activation lead to the creation of CH

Figure 10: -e SEM images for 90GMS geopolymer paste at 7 curing days.
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crystals and C–S–H gel, as shown in these images. -e
85GMS specimen microstructure is clearly illustrated in
(Figure 11) the N–A–S–H gel as identified in [44]. None-
theless, some unreacted MK particles and incomplete re-
action regions have been found in the specimens with the
produced gels, revealing the nonuniform reaction process
distribution (Figure 11) that explains the large variance in
the consequent compressive strength for the identical
mixtures (as observed in Table 4).

Based on the lack of technicians available to do the test
on that day, the SEM analysis for the next 28 days cannot be
acquired; as a result, it was postponed until the next
available day, that was 35 curing days after curing.

Figure 12 shows that, after 35 curing days, more C–H
crystals emerged inside the microstructure, whereas at high
MK amounts, more C–S–H gel and sodium aluminosilicate
hydrated gel (N–A–S–H) have been created (Figures 13 and
14). Because MK seems to be the main silicate and alumina
source, increasing MK concentration increased the likeli-
hood of more N–A–S–H gel formation rather than CH for
the 90GMS and 85GMS specimens. C–H, as well as
C–S–H, has been the primary products at lower MK levels
(95 percent GGBFS). In the SEM pictures, microcracks
were seen on the structural surface of all specimens. -e
external force applied by the hammer to create small parts
appropriate for testing and the uncombined water

Figure 11: -e SEM images for 85GMS geopolymer paste at 7 curing days.

Figure 12: -e SEM images for 95GMS geopolymer paste at 35 curing days.
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evaporated from the specimens when dried sample at 40
degrees centigrade in the furnace and then put in the
microscope column vacuum, resulting in substantial
shrinkage and thus microcracking, have all been reasons for
their presence. Furthermore, the use of a low water/binder
ratio in the mixture seems to be blamed.

4. Conclusion

In this research, different mix designs of GGBS andMKwere
prepared to seek the amount of compressive strength in
comparison with OPC samples as well as the optimum mix
design in terms of the compressive strength. -e findings
were as follows:

(i) In terms of optimized aluminosilicate dissolution
species leading to the produced geopolymer, the
high molar fraction of sodium hydroxide increased
the cubes’ compressive strength.

(ii) Alternatively, using a superplasticiser to reduce the
quantity of water in the solution resulted in a denser
structure by eliminating gaps and holes generated
by leftover water and thereby increasing the me-
chanical qualities.

(iii) As a result of the combined influence of low water
amount and high molar proportion with low curing
temp, the optimal mixture (95 percent GGBFS + 5
percent MK) had been achieved.

(iv) -e alkali-activated slag/MK geopolymer had a
solid microstructure with no holes or cavities but
some microcracks, according to SEM examination.

(v) C–S–H gel and CH crystals seemed to be prominent
in the structure after 7 curing days, whereas
(N–A–S–H) gel was found in the microstructure of
greater MK amounts (85GMS), along with some
unreacted MK particles and incomplete reaction
regions.

(vi) More C–H crystals grew inside the microstructure
at 35 curing days, and more hydrated (N–A–S–H)
gel and C–S–H gel have been created at great MK
levels (90GMS and 85GMS).

(vii) Because MK was the primary silicate and alumina
source, increasing MK concentration increased the
likelihood of more N–A–S–H gel formation rather
than C–H for the 90GMS and 85GMS specimens.
C–H, as well as C–S–H, was the dominating
product at lower MK amounts (95GMS).

Figure 14: -e SEM images for 85GMS geopolymer paste at 35 curing days.

Figure 13: -e SEM images for 90GMS geopolymer paste at 35 curing days.
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�is paper presents the experimental investigation of the load-resisting characteristics of damaged columns repaired with glass
reinforced polymer (GFRP) jacketing. �e high-strength columns were made with ground granulated blast furnace slag (GGBS)
used at 15%, 25%, and 35% as a partial substitute for cement. Cube specimens of size 100mm× 100mm× 100mm and columns of
size 600mm× 120mm were cast to perform the study. Considering the practical di�culties in the construction �eld in obtaining
river sand, industrial sand was used for making the specimens eco-friendly. On completion of the prescribed curing period of 28
days, the cube specimens were subjected to a compression test to ensure the grade of the mix design, and the column specimens
were subjected to axial loading and were tested in two categories, with and without wrapping of GFRP sheets’ split tensile strength.
Compression tests on cubes and columns were done.�e nondestructive test was also performed with the ultrasonic pulse velocity
(UPV) method to check the dense nature of the concrete before and after wrapping with GFRP. On comparing the results, it was
observed that it is possible to obtain a higher strength using industrial sand when supported with suitable admixtures and
strengthening processes.

1. Introduction

�e use of natural resources in concrete is unavoidable in
concrete mix, and it is a combination of cement, �ne ag-
gregate, mainly river sand, and coarse aggregate. However,
the uncontrolled population growth has led to rapid ur-
banization, which indeed has led to the depletion of natural
resources and an increase in the disposal of industrial, ag-
ricultural, and construction wastes [1]. Present work aims at
developing suitable concrete with other sources from in-
dustrial waste so that the natural resources can be preserved to
some extent. In this regard, the use of two industrial wastes,
one for cementitious material and another for river sand, was

followed in this research to develop high-strength concrete.
Furthermore, to check the practical application, column el-
ements were made with the obtained mixes and the behavior
of the structural elements was studied, in addition to which
the techniques for repairing the concrete columns made with
such industrial wastes were also discussed.

1.1. Use of Industrial Waste in Construction. Researchers
have already reported the use of such wastes in construction
as a partial replacement for cement or in the form of �ne
aggregates. Fly ash, silica fume, ground granulated blast
furnace slag (GGBS), and waste glass are some of the
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industrial wastes that are frequently preferred by researchers
to be used in concrete as a partial replacement for cement
[2–6]. In the present research, GGBS was used as a partial
replacement for cement, GGBS is an industrial by-product
obtained during the manufacture of pig iron as a chemical.
As the chemical composition of GGBS resembles that of
cement, it was chosen as a partial replacement for cement in
the present work. Since sand occupies a larger quantity than
cement in concrete and also as it plays a major role in
making the concrete a solid one by reducing volume changes
and filling up the pores or voids in the concrete, its demand
is also very high.,is demand for sand, if not controlled, will
result in the nonavailability of good quality sand. To avoid
such a situation, it is a good practice to use artificial sand for
the construction process. In the construction field, agri-
cultural wastes such as rice-husk ash, sugar cane bagasse ash,
oyster nutshell, and sawdust were some of the few known
wastes that were being used as a partial replacement for river
sand [7–11]. Sivakumar et al, [12] have used Garnet and Al-
fly ash in their work and other industrial wastes such as
copper slag, steel slag, and iron ore tailings have also been
utilized as a partial substitute for fine aggregates [13–16].

In this paper, the use of industrial sand as a full replacement
for natural river sand has been discussed. Industrial sand is
obtained by crushing stone or rock particles into finer particles,
and these particles containmostly rock dust rather than silt and
clay [17]. Researchers have already experimented with M-sand
for various types of concrete and have stated that good quality
concrete can be achieved by using industrial sand with high
micro fine particles [18, 19]. Guan et al., [20] tested the bond
behavior of concrete-filled tubular columnsmade withM-Sand
and mentioned in their results that a higher bond strength
existed between specimens made with M-Sand. In the current
research, experimental investigations were conducted using
100% artificial sand for casting structural columns, and the
observations were reported.

1.2. Repair and Rehabilitation: Necessity and Techniques
Adopted. Reinforced concrete structures, though made with
river sand and other conventional natural materials, face several
engineering problems such as dampness, formation of cracks,
corrosion of rebars, and also insufficient bearing capacity [21],
and the repairing and strengthening of such structures has
gained lot of attraction in recent decades. It becomes essential to
study the effects of the structure when alternate resources and
the techniques to strengthen them are used. Fiber reinforced
polymers (FRP) are widely preferred for retrofitting.

Confinement of structural elements using fiber rein-
forced polymer (FRP) is a commonly adopted technique and
many studies have reported on using FRP to strengthen
conventional concrete. Researchers have reported that
wrapping of columns with FRP is one of the most effective
applications [22–25]. Experimental investigations by earlier
researchers report that FRPs are preferred due to their
lightweight, low thermal conductivity, resistance to corro-
sion, great mechanical properties, and high ductility com-
pared with reinforced columns [22, 26–28]. Glass fiber
reinforced polymer (GFRP) and carbon fiber reinforced

polymer (CFRP) are the most commonly used forms of FRP
for retrofitting. Hadi et al. [29] have discussed the effects of
using CFRP in hollow-core concrete columns and reported
that CFRP confinement improved the ductility of the col-
umn than the strength. ,e use of CFRP has extended to
ultra-high-performance concrete (UHPC) too. Lam et al.
[30] presented the experimental investigations of UHPC
columns confined by FRP. Researchers have reported many
works related to GFRP. Kumudha et al. [31] presented the
experimental investigations on rectangular concrete col-
umns confined with GFRP wrapping and stated that better
improvement in compressive strength was achieved when
the numbers of GFRP layers were increased. Rahul and
Urmil in 2013 [32] reported the experimental results of
GFRP wrapped columns in different sections, namely, cir-
cular and rectangular sections. Rodsin [33] investigated the
confinement effects of using a low-cost GFRP in columns
made with clay bricks as coarse aggregates. ,e authors
reported that circular columns had undergone more axial
deformation than other sections, and it was controlled ef-
fectively by GFRP confinement.

1.3.ResearchSignificance. ,enovelty of the current research
is to estimate the damage assessment on structural elements
made with industrial waste and artificial sand and to discuss
the techniques to repair the damaged structural elements.
Even though many focused research works are available for
strengthening of circular columns, relatively less work has
been performed on columns with industrial or artificial sand
as fine aggregate used 100% as a replacement for natural river
sand. Due to the depletion of natural resources and also the
urbanization process, the scarcity of natural sand will become
a major problem in the future, and it is time to try other
alternatives. ,is paper tries to fulfil this endeavor.

Considering the literature details mentioned above, this
paper discusses the following:

(1) Strength of cube specimens cast with cement par-
tially replaced with GGBS in 0%, 15%, 25%, 35%, and
industrial sand used fully as a replacement for river
sand

(2) Axial strength of column specimens cast with the
abovementioned combination

(3) Axial strength of damaged columns after retrofitted
with GFRP layers

(4) Axial strength of GFRP columns directly without
subjecting them to any damage before comparison

2. Materials Used

2.1. Cementitious Materials and Aggregates. Ordinary
Portland Cement (OPC) of 43-grade cement conforming to
IS 8112 [34] was used. ,e specific gravity of cement is 3.15.

In this study, artificial sand was used as a fine aggregate.
Artificial sand, also known as industrial sand or M-sand, is
manufactured by crushing large stones, boulders, and fewer
grains of sand. ,e fineness modulus and specific gravity of
sand are 3.8 and 2.63, respectively, which are consistent with
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Zone II as per IS 383-1970 [35]. ,e advantages of M-sand
are its high-compressive strength. It has fewer impurities,
which results in a better quality of concrete. ,e artificial
sand used in the present research is shown in Figure 1. ,e
gradation curve of the artificial sand obtained from sieve
analysis is shown in Figure 2. ,ough it is slightly coarser
than river sand, the particles are distributed and proper
packing can be ensured if the material is used in the concrete.

A crushed coarse aggregate of 16 to 20mm in size was
used. ,e modulus of the degree of fineness and the specific
gravity is 3.8 and 2.63, respectively, which is consistent with
Zone II as per IS 383-1970.

Ground granulated blast slag furnace (GGBS) shown in
Figure 3 was used as a partial replacement of cement at dif-
ferent percentages. ,e specific gravity of GGBS is 2.85 to 2.95
as received from the manufacturer, and the size was analyzed
using a zeta analyzer and is found to be 0.1 to 0.6 micron which
is presented in Figure 4. To check the nature of the GGBS used,
XRD analysis was performed from which it was noted that the
material is not fully crystalline and it possesses amorphous
nature. Figure 5 shows the XRD pattern of the GGBFS used.

Superplasticizer- CONPLAST SP 430 was used to
achieve a workable concrete mix.

2.2. GFRP Sheets. Glass fiber reinforced polymer is used as a
retrofitting material and also for strengthening purposes in
this investigation. It is a unidirectional glass fiber with a size
of 1.37× 45.72m roll. ,e elastic modulus of the sheet is
72.4GPa and its tensile strength is 3240MPa. ,ese values
are as per manufacturer specifications. Figure 6 shows the
sample GFRP sheet used in the current research.

2.3. Mix Proportion. A nominal concrete mix possessing a
compressive strength of 30MPa was designed as per IS
10262- 2019 [36] and the mix proportion arrived was 1 :1.7 :
2.5. A total of 4 mixes, including one control (C) mix, were
made. C, GG15, GG25, and GG35 represent the mixes in
which GGBFS was replaced for cement in 0, 15, 25, and 30
percentages. Cubes of size 100mm× 100mm× 100mm
were cast to check the compressive strength of the mix. Mix
proportion details are listed in Table 1.

2.4. Casting and Repairing of Column. ,e same mix pro-
portions were used for preparing the column specimens too
with and without wrapping. Reinforced concrete columns of
size 600×120mm were made with 4 numbers of 8mm
longitudinal bars and 6mm stirrups. For each mix pro-
portion, two categories, namely, with and without wrapping
of GFRP, were made, thus making a total of 7 combinations
including control. Figures 7 and 8 show the reinforcements
used and the columns after casting.

2.5.RehabilitationofColumn. ,e rehabilitation process was
proceeded with the jacketing process using GFRP wrap. ,e
surface of the concrete column was prepared by grinding the
rough surface, followed by removing all the sharp corners.
Epoxy resin was coated on the surface of the columns, and

the specimens were left to stick to the surface.,ermaxmax-
treat epoxy resin is prepared by mixing 125 g of max-treat
saturant hardener with 1 kg of max-treat saturant resin. ,e
GFRP sheet was then wrapped around the column with 2
layers and was pressed well. Epoxy resin was applied again to
the GFRP wrap and the specimens were left to dry.

3. Testing Methods

3.1. CompressionTest. Specimens of size 100×100×100mm
were cast and tested till failure. Preliminary testing on cubes

Figure 1: M-sand.
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Figure 2: Particle size distribution of river sand and M-sand.

Figure 3: GGBS.
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for compressive strength has been carried out. ,e test was
done as per IS 516-1959 [37] till failure using a compression
testing machine (CTM) of 3000 kN capacity.

3.2. Ultrasonic Pulse Velocity (UPV). ,e ultrasonic pulse
velocity (UPV) test is a nondestructive test to check the
quality of concrete. In this test, ultrasonic pulses are used to

check the quality of concrete and also to ensure that the
concrete is denser. ,e depth and width of the cracks, if any,
in the pores in the concrete can also be detected from this
test, and the strength was assessed by measurement of the
velocity of an ultrasonic pulse passing through the concrete
column. Ultrasonic pulse velocity test as per IS:13311(Part
1), 1992 [38], has been carried out to compare the crack
velocity in the column before repairing and after the process
of rehabilitation. ,e details of the test being conducted are
illustrated in Figure 9.
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Figure 6: GFRP sheets.

Table 1: Mix proportion.

Mix ID C GG15 GG25 GG35
GGBS, replacement percentage — 15 25 35
Fine aggregate (industrial sand), kg/m3 544.18
Coarse aggregate, kg/m3 1113.84
Superplasticizer 1.5 l per 100 kg of cement
w/c 0.36
Mix ratio 1 :1.04 :1.3
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3.3.AxialLoading inUTM. A 1000Tcolumn testingmachine
was used for performing the axial load testing. An axial load
is applied along the longitudinal or centroidal axis of a
structural member such that it produces no moment. ,e
crack and ultimate load failure due to axial loading were
noted. ,e test setup shown in Figures 10 and 11 shows the
damaged column after testing. Figure 12 shows the speci-
mens wrapped with GFRP.

4. Results and Discussion

4.1. Compressive Strength. Figure 13 illustrates the com-
parison of the compressive strength results of all mixes with
control concrete. ,e compressive strength increased with
an increase in replacement levels of GGBS. However, since
no significant variation in strength was found after 25%
replacement, replacement levels up to 35% were considered.

GG35 has shown the highest compressive strength among all
combinations, and C has registered the least strength. Except
for C, all specimens have shown strength either equal to or

Figure 7: Reinforcements used in column casting.

Figure 8: Columns’ specimens.

Figure 9: UPV test being conducted on column specimens.

Figure 10: Test set up for axial loading.
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more than the mean target strength required for M30.
,ough the mean target strength for M30 grade should be
more than 30MPa, the values obtained for the mix are closer
to 30MPa or slightly more because this project aims to use
industrial sand and the results obtained on using it were
found to be slightly less. Since it was decided to study the

axial load carrying capacity of columns with 100% re-
placement of industrial sand for river sand, the same was
tried with the cubes to check the possible strength, and the
mix showed a promising strength equivalent to that of an
M30 grade.

4.2. Axial Load Resistance of Unwrapped Columns.
Figures 14–Figure 17 show the load vs. deflection details of
the unwrapped columns for different combinations of
GGBS. Control specimens possessed the lowest axial load
resistance. All the specimens with GGBS have possessed a
reasonable increase in axial strength. GG35 specimen, which
possessed better compressive characteristics, has shown
better performance in axial strength resistance too and has
shown a peak resisting value of 375.6 kN which is 10.76%
more than the load resisting characteristics of the control
specimens.

4.3. Axial Load Resistance of Columns Repaired with
Wrapping. ,e load-deflection details of the column
specimens which were tested without wrapping and later
tested once again after rehabilitating them with two layers
of GFRP specimens are illustrated in Figures 14 to 17.
Also, it is observed from the results that there is a sig-
nificant improvement in the load resistance in the column
specimens after wrapping. Even without wrapping, the
columns showed a considerable increase in the axial loads
with the increase in the replacement levels of GGBS; after
being repaired with GGBS sheets, their load resisting
capability increased by 23.7%, 42.2%, 59.6%, and 66.27%
for control, GG15, GG25, and GG35 specimens. It is
understood that the inner core of the concrete has not
been damaged much, and the mix along with GGBS and
industrial sand has put up a better resistance against the
axial load. ,e pozzolanic action of GGBS, proper
bonding of the mix with the aggregates, and better
wrapping techniques have led to the high load resisting
capability for the specimens.

4.4. Axial Compression Test on Columns after Strengthening
with GFRP. Strengthening of the column is a process to
restore or add the ultimate load-bearing capacity of the
column. ,ough strengthening of the column is a process of
adding or restoring the ultimate load capacity of a damaged
reinforced concrete column, the GFRP wrap column
strengthening technique has been adopted in present work
on normal columns before they are subjected to any load
conditions to observe the variations in the load carrying
capacities of a normal column without wrapping and after
strengthening with GFRP. ,e reinforced concrete column
in each mix has been strengthened and tested for ultimate
load failure by giving axial load to the column.,e axial load
carrying capacity has increased as the percentage of partial
replacement of GGBS increases with GFRP wrap. ,e
damaged columns, after being retrofitted with GFRP
wrapping and with partial replacement of GGBS, have
shown a drastic improvement in load carrying capacity. ,e

Figure 11: Column after being subjected to damage.

Figure 12: Column specimens wrapped with GFRP.
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peak load carrying capacities of the columns have increased
to 625.1 kN for GG35 specimens which is the maximum
among all and is 66.42% more than the peak load carrying
capacity of the specimen without any wrapping. Other
specimens have also shown considerable improvement in
load carrying capacity. ,e results are illustrated in Fig-
ures 18 to 21.

4.5. Ultrasonic Pulse Velocity Test. Table 2 shows the ul-
trasonic pulse velocity values of column specimens tested
with wrapping and without wrapping. It is observed that the
UPV values increase with the increase in the replacement
levels of GGBS. Earlier researchers have also confirmed that
use of supplementary materials will help improving the UPV
values as the microcracks developed are properly filled by
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Figure 14: Load-deflection behavior of C specimens before and after wrapping.
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them. Yang et al. [9] reported the compressive strength
results of concrete with oyster shells as fine aggregate and
reported that the concrete showed an increase in com-
pressive strength by 5% without admixture and suggested
that it can be improved to 10% with proper admixture usage
in concrete. ,ey mentioned regarding the UPV values that
it was higher for 5% replacement and stated that the lower

UPV values were due to the weakness of the C-S-H gel. Iam
and Makul [10] in their research stated that the UPV values
usually increased when the concrete is made with supple-
mentary cementitious mineral admixtures as the micropores
in the concrete structures get filled due to the pozzolanic
effect. ,ey also mentioned that better relation existed be-
tween the compressive strength of concrete and UPV of self-
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Figure 17: Load-deflection behavior of GG35 specimens before and after wrapping.
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compacting concrete made with rice husk. ,e same works
well here too that the UPV values are higher for GG35%
which possessed the highest compressive strength in cubes.

,e relation between the compressive strength and ultra-
sonic pulse velocity of the unwrapped column specimens is
presented in Figure 22. A regression analysis has been
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performed and from which a relation between the com-
pressive strength of concrete made with industrial sand and
GGBS and the ultrasonic pulse velocity can be derived.

5. Conclusions

,e following conclusions were derived from the
experiments:

(i) All the specimens cast with the industrial sand have
achieved a strength closer to the mean target
strength required for M30 concrete

(ii) ,e partial replacement of cement with GGBS has
gradually increased the compressive strength up to
35%

(iii) ,e axial load resisting capacity of the columns with
industrial sand as fine aggregate increased with an
increase in the replacement level of GGBS

(iv) A massive improvement was observed in the load
resisting behavior of the columns after they are
retrofitted with GFRP wrapping

(v) Finally, the combined action of the pozzolanic re-
action by GGBS and the effective wrapping by GFRP
provided adequate strength to the concrete to
overcome structural failures

6. Future Scope

,is report presents the discussion on the macrostudies or
the mechanical strength details of concrete columns made
with industrial waste and artificial sand.,e strength of cube
specimens was nearer to the design strength of 30MPa and
not very much greater than that. One of the reasons may be
due to the large replacement of 35% cement with an in-
dustrial waste such as GGBS and another reason may be due
to the utilization of industrial waste fully for the work. ,e
study can further be expanded by performing microstruc-
ture analysis after analyzing the samples from the low- and
high-strength cubes and by suitably modifying the mixed
proportions of cement and GGBS. Further improvement can
also be made by utilizing river sand along with the industrial
sand instead of using industrial sand fully for the research.
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�is paper discusses the possibility of developing a lightweight self-compacting concrete (SCC) with self-curing capabilities. In
this regard, a supplementary cementitious material metakaolin, a presoaked lightweight expanded clay aggregate (LECA), and a
chemical agent, superabsorbent polymer (SAP), were incorporated in developing a self-compacting self-curing concrete pos-
sessing a target strength of 60MPa through experimental investigations, and the results are reported. �e research includes an
analysis of basic material properties of constituent materials including fresh properties of concrete andmechanical properties such
as compressive and splitting tensile strength. It was inferred from the experimental results that utilization of self-curing agents in
SCC has enhanced the mechanical properties when compared with conventional SCC mix. In particular, a combination of 0.3%
SAP and 15% LECA gave the optimum strength values. �e optimum usage limit of both the materials is presented in this study,
and the results prove that SCC can be used as an alternate resource without disturbing the natural resources.

1. Introduction

Self-compacting concrete (SCC) is a special concrete having
notable advantages such as high �owability and self-compac-
tionwith less segregation and is preferred in places of congested
reinforcements. In spite of the advantages that SCC possesses,
the cost involved in preparing it is higher than conventional
concrete as the quantity of cement used is larger and also due to
the usage of chemical admixtures to maintain the �owability
[1]. In this section, a thorough literature review has been
presented in three broad subcategories, namely (i) use of
supplementary cementitious materials in SCC, (ii) signi�cance
of lightweight aggregate in SCC, and (iii) advantages of ini-
tiating self-curing process in SCC.

1.1. Use of Supplementary Cementitious Materials in SCC.
SCC can be prepared economically by replacing partially
cement with industrial wastes, namely �y ash (FA), ground
granulated blast furnace (GGBS) slag, and limestone pow-
der. Not only the supplementary cementitious materials will
make the concrete preparation economical but will also help
in reducing the autogenous shrinkage and higher heat hy-
dration developed due to higher usage of cement in SCC
[2–4].

Mineral admixtures in addition to reducing the total
economywhen used as an alternative cementitiousmaterial in
SCC also enhance the workability and help in reducing the
segregation of concrete [5]. Metakaolin, silica fume, GGBS,
limestone powder, and �y ash are the usual supplementary
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cementitious materials that are used in conventional as well as
SCC mixes. Among the various mineral admixtures available,
metakaolin is preferred by many researchers due to the
benefits it possesses such as less economic than micro-silica,
having a higher alumina and silica content than FA andGGBS
that results in the development of additional C-S-H gel [6].

Metakaolin has been used in the preparation of SCC, and
various researchers have reported the fresh and hardened
properties of concrete made using SCC [7–10]. Özcan and
Kaymak [11] in their research on SCC reported that in-
corporating metakaolin along with calcite improved the
long-term compressive strength and also enhanced the
durability properties. Ashish and Verma [12] have per-
formed an optimal metakaolin-based SCC mix design using
particle packing, efficiency, and compressive strength
methods by varying W/C ratios and reported that it was
possible to produce the target strength up to 120MPa when
tested at early ages. Also, in another report, the same authors
worked using waste foundry sand and metakaolin to prepare
an economical and environmentally friendly SCC and
revealed the advantages of using both in SCC [13]. In the
present investigation also, a suitable SCC is prepared using
metakaolin as an alternative cementitious material for ce-
ment. Investigations of earlier researchers state that the
performance of concrete is indeed improved when meta-
kaolin is used as a substitute for cement in normal and high-
strength conventional concrete [14, 15]. Ashish et al. [16]
have compared the cementing efficiencies of flash and rotary
calcined metakaolin in concrete and reported that the MK
can be replaced up to 30%, and flash calcined metakaolin
showed enhanced strength properties compared with rotary
calcined metakaolin. Kavitha et al. [17, 18] reported that the
incorporation of metakaolin in SCC improves micro and
macro properties and enhances durability. Vivek et al.
[19–22] researched SCC using various mineral admixtures,
namely silica fume, metakaolin, and GGBS in the binary mix
and ternary combinations and also with natural and artificial
fibers, and concluded that mineral admixtures had shown
better performance when compared with control specimen.

1.2. Significance of LightweightAggregate in SCC. .ough the
cement content is reduced with mineral admixtures, the total
cementitious quantity is maintained, and due to this high
powder content, the viscosity is also sustained. .e presence
of high powder content used for modifying the viscosity may
affect its density making it higher than the density of con-
ventional concrete [23]. Replacement of fine or coarse ag-
gregate with a suitable material can make the mix economical
and also environmentally friendly as the natural resources can
be preserved. Qasrawi [4] has tried replacing coarse aggregate
with steel slag, and it was reported that a green sustainable
SCC can be produced using industrial wastes. But the self-
weight of concrete is also significant while designing rein-
forced concrete structures and executing multistorey frames.
Hence, the use of lightweight aggregate in SCC can be a
suitable solution for this problem, and in addition to reducing
the self-weight, they possess further advantages such as re-
ducing size in structural members, reducing heat absorption,

labour requirement, andmore importantly leading to reduced
construction time [24].

Experimental results of earlier research works reveal that
lightweight aggregate in SCC provides a suitable filling effect
with less segregation in concrete [25]; this was confirmed by
Kim et al. [26] who investigated the characteristics of
semilightweight SCC using two different artificial light-
weight aggregates and found that the flowability increased
and segregation decreased. Adhikary et al. [27, 28] presented
detailed reviews on using various materials such as expanded
clay as a lightweight aggregate and aerogel in SCC. Juradin
et al. [29] have researched SCC using silica fume, fly ash, and
filler material to understand the effect on self-compacting
lightweight concrete. .e authors reported that the silica
fume has enhanced SCC fresh properties, and the com-
pressive strength was influenced by the expanded clay and
the crushed aggregate. Ofuyatan et al. [30] implemented
waste utilization in lightweight SCC with palm ash and
reported that using 20% palm ash as partial substitution
yielded optimum results. Nepamuceno et al. [31] proposed a
grading curve of the lightweight aggregates based on the flow
property of mortar. Li et al. [32] proposed a simple design
mix method for using lightweight aggregates in SCC using
ceramsite, a shale-type and spherical-shaped mineral whose
particle size values were satisfactory for being used as a
coarse aggregate. Afzali Naniz and Mazloom [33] discussed
the effect of using lightweight mineral admixtures such as
micro-silica, colloidal nano-silica, and their combinations in
SCC and inferred that 10% silica fume and 3% colloidal
nano-silica showed better fresh and strength properties. In
the present work, lightweight expanded clay aggregate
(LECA) was used as the lightweight aggregate.

1.3. Advantages of Initiating Self-Curing Process in SCC.
Next to the large cement usage and self-weight, the other
problem that the construction industry faces frequently is
requiring sufficient water for curing. Improper curing may
result in strength loss and stability and may also affect the
performance of the reinforced concrete structures. .e in-
ternal curing process could be an appropriate alternative for
conventional curing techniques as it will increase the re-
tention of water within self-compacting concretes with
satisfactory fresh and hardened state concrete properties.
Curing agents escalate the water retaining capability of SCC
by dwindling water evaporation from SCC and help them
possess sufficient hardened concrete properties. By
employing a proper curing agent for concrete, defensibility
and saving in water can be achieved in places of water
scarcity. Azari Jafari et al. [34] reported that the use of
presoaked superabsorbent polymers SAP in nonvibrated
LWC mixtures enhanced the flowability of concrete up to a
certain extent. Ali and Marzieh [35] have researched SCC
using acrylic polymer and micro-SiO2 to investigate the
fresh properties, compressive strength, and water absorption
test. It was inferred that the workability properties were
improved and the high quality of SCC was produced using
acrylic polymer of about 1–2% and 10% of micro-SiO2.

Kamal et al. [36] studied the chances of developing a self-
curing SCC possessing normal and high strength. .e
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authors indicated in their results that it is possible to develop
both normal and high-strength self-curing SCC and both
perform well as structural elements. Chaitanya et al. [37]
tried lightweight clay aggregate as self-curing agents for
water detention and stated that the internal-curing agent
LECA in concrete considerably gave better mechanical
properties to concrete. Doha et al. [38] indicated in their
report that the internal curing of concrete developed a
denser hydrated cement paste and the interfacial transition
zone (ITZ) had undergone suitable changes by becoming
closer and dense, thereby upgrading the strength of concrete.

1.4. Research Gap. Although SCC with metakaolin, light-
weight aggregates, and self-curing agents have been studied
by earlier researchers, from the literature survey, it is clear
that most of the mineral admixtures and lightweight
components were added individually, and the research
works focused on the effect of each mineral admixture in
SCC. Very limited works were done implementing all the
components together to prepare an SCC. So, as an upgrade
to the earlier researches, here, a novel mix is proportioned
using metakaolin, LECA, and a self-curing agent, namely
superabsorbent polymer (SAP), and the physical and me-
chanical properties are discussed in this paper.

1.5. Research Significance. .e novelty of this research is to
prepare self-curing SCCwith LECA as a partial substitute for
fine aggregate to reduce the self-weight along with SAP as an
internal curing agent and partially replace cement at a
constant level of 10% metakaolin to develop a polyblend
combination. LECA acts as an internal storing source in
concrete and increases the water reattaining capability of
SCC. Lightweight aggregates act as water retainers inside the
concrete and ensure sufficient water is available for cement
hydration in concrete. Along with the reduction in self-
weight aspects, self-curing is also attributed to the current
research. Hence, the modern method in today’s construction
process does not need to provide further moisture within
concrete for more efficacious cement hydration along with
lightweight aggregates for weight reduction and does not
need to use conventional curing methods.

2. Material Proportions, Methodology, and
Mix Design

2.1.Materials. OPC 53 grade cement andmetakaolin were the
basic cementitiousmaterials used. Coarse aggregate of 12.5mm
downgraded size and fine aggregate M-sand (zone II) con-
firmed to IS 383-1970 [39] were the natural aggregates utilized
for the current work. Table 1 shows the chemical composition
of cement and metakaolin obtained from the x-ray fluorescent
method. Figure 1 shows the XRD pattern of the metakaolin
used from which it is understood that the sample possesses
amorphous nature mostly though some narrow peaks are
obtained at a certain angle due to the presence of silica. .e
microstructure of the MK used is also shown in Figure 2.
Superabsorbent polymer (SAP) is a copolymer added as an
additive in SCC as it acts as an internal curing agent in concrete.

Table 1: Chemical composition of cementitious materials used.

Formula
Concentration in percentage

Cement Metakaolin
SiO2 25.91 53.67
Al2O3 5.85 43.34
CaO 68.05 0.37
Fe2O3 0.12 0.46
MgO 0.07 0.09
TiO2 — 1.19
SO3 — 0.27
K2O — 0.17
Na2O — 0.12
P2O5 — 0.12
PbO — 0.04
CeO2 — 0.04
V2O5 — 0.04
Cl — 0.02
Cr2O3 — 0.02
ZrO2 — 0.01
Pd — 96 ppm
NiO — 95 ppm
ZnO — 60 ppm
CuO — 56 ppm
SrO — 53 ppm
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Figure 1: XRD image of Metakaolin.

Figure 2: Microstructure of Metakaolin.
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Lightweight expanded clay aggregate (LECA), which is porous,
having less bulk density than the normal aggregate and size less
than 5mm as indicated by the supplier, was used as a partial
substitute for fine aggregate. TEC MIX 640 a polycarboxylic
ethers type superplasticizer (SP) and Glenium-2, a viscosity
modifying agent, were the chemical agents used for main-
taining the workability and flowability..e relevant initial tests
required were conducted on the constituent materials of SCC,
and Table 2 presents these.

2.2.Methodology. .emethodology involves preparing SCC
using constant 10% MK as a partial substitute for cement
and using LECA as a partial replacement for river sand in
various proportions along with an additive SAP. As a
preliminary research study, the physical and chemical
properties of the materials were examined, and their results
were reported. After conducting the basic tests on constit-
uents used in SCC, trial design mixes were prepared in the
laboratory until the desired flowability of the SCC mix was
met as per EFNARC guidelines. While examining fresh
properties the mix proportions, W/C ratio and super-
plasticizer dosages were adjusted, and the slump flow trial
tests were repeated. .e cube and cylinder specimen moulds
were made ready, and the prepared SCC mixes were cast,
cured, and tested at the age of 7 days and 28 days to study the
hardened state properties. Since the lightweight SCC mixes
were prepared and tested, it is significant to compare the
weight of all SCCmixes with respect to the control SCCmix.
.e microstructure studies were performed for the MK and
the optimum SAP and LECA mixes. .e flow chart on the
research methodology adopted is illustrated in Figure 3.

2.3. SCC Mix Design and Material Proportion. Two series of
SCC mixes were developed. In the first series, SAP was added
as an additive in 0.1%, 0.3%, 0.5%, and 0.7% of cement
content, and in the second series, LECA was replaced by fine
aggregate from 0% to 25% in an increment of 5%, and totally
10 mixes were made including the control mix. .e mix
design was done according to IS 10262–2019 [40], and trial
mixes were also conducted in the laboratory by slump flow
test trials. In SCC, the binder content usually ranges between
400 and 600 kg/m3. Here, 600 kg/m3 is used for better flow
and to maintain homogeneity in SCC mixes. W/C ratios have
been adopted from the IS 10262-2019 and are kept as 0.35,
and the target strength for the present mix is 68.25N/mm2.
.e fresh properties tests and mechanical properties tests
were conducted. .e mix proportion is shown in Table 3.

2.4. Trial Mixes. Among the two trial mixes specified in Ta-
ble 4, the T2 ratio has been considered for casting specimens as
it satisfied the requirements of the fresh properties of SCC.

3. Fresh Property Tests

SCC fresh properties tests were performed as per the Eu-
ropean Federation of National Associations Representing
for Concrete (EFNARC) specifications 2002 and 2005

[41, 42]. .e test of the slump was akin to a conventional
slump test, but instead of slump height, the diameter of the
flow was measured to check whether the slump flow spread
diameter is in the range between 650mm and 800mm.
V-funnel and J-ring tests were used to find the fresh
properties of SCC, while the former is used to test the ability
to fill and the latter is used to appraise the passing capacity of
SCC that tends to flow in critical reinforcements and other
hindrances without any separation or blocking. Figures 4–6
illustrate the details.

After performing the fresh properties tests on SCC
mixes, the obtained results were compared with the satis-
factory limits laid by EFNARC guidelines shown in Tables 5
and 6.

3.1. SpecimenDetails. After conducting a fresh property test,
cube specimens of size 100mm× 100mm× 100mm and
cylinder specimens of size 100mm diameter× 200mm
height were cast to test the compressive and split tensile
strength..e specimens were water-cured for the period of 7
days and 28 days to determine the mechanical properties as
per IS 516 [43]. Hence, a total of 10 SCCmixes were cast after
conducting a fresh properties test.

4. Results and Discussion

4.1. Fresh Properties of LECA, SAP, and Combined SCCMixes

4.1.1. Flowability. As per EFNARC guidelines, the slump
flow values shall be between 650mm and 800mm and also
subclassified based on the slump flow (SF) class.

From Figure 7, it is apparent that all SCC mixes except
0.7% SAP have obtained the range specified in EFNARC
guidelines as the slump values of the mixes are between
550mm and 650mm..e reason for the reduction in slump
flow value in the 0.7% SAP mix was due to water demand
that had affected the higher viscosity characteristics affecting
the flowability properties of SCC. On comparing SAP-based
SCCmixes slump flow values with SCC control mixes, it was
inferred that the increase in the percentage of SAP has
shown a reduction in slump flow values..e reason could be
the influence of shear stress and plastic viscosity in the SAP-
based SCCmixes. Among all SAP-based SCCmixes, the mix
containing 0.1% of SAP performed better but the reduction
in slump flow spread diameter values by 1.167%. It was
inferred from Figure 6 that the slump flow spread diameter
values had reduction by the increment of SAP percentages,
which was analogous to the results reported by Azari Jafari
et al. [34]. .e reason for maintaining the flowability of SCC
mixes in the presence of SAP (by varying percentages) was
governed by the metakaolin of 10% (maintained constant)
for all SCC mixes, which was similar to the research per-
formed by Kavitha et al. [17, 18]. .is was due to the
presence of a higher surface area of MK caused better
flowability of SCC mixes.

In LECA-based SCC mixes, a gradual increase in slump
flow can be observed values when LECA is increased up to
10% in SCC beyond which, a reduction in slump flow
values has occurred. .e highest slump flow value was
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obtained for a 10% LECA-based SCC mix when compared
with SAP, and it had a flow spread diameter of about
3.357% when compared with the control SCC mix. .e
reason could be the size effect (less than 10mm), and the
specific gravity of LECA material used in the SCC mix has
influenced the flowability property. As the range of slump
flow values of LECA-based SCC mixes was between
660mm and 750mm, it is categorized as slump flow SF2
class and can be used for concreting of walls and columns.
Hence, in LECA based SCC mixes, it is obvious that an
increase in aggregate content will hinder the flowing
property of SCC slightly as it causes a resistance to the flow
because of very tiny holes inside aggregates, which takes
over the mixing water and the lower density of light ag-
gregates that creates the particle withstand against fluidity
than the control mix. In contrast, LECA SCC mixes had the
highest flowability compared to SAP that was inferred from
the fresh properties results. .e reason could be the
presence of an internal curing agent in SAP-based SCC
mixes that had the enhanced fluidity, which was similar to
the results reported by Kim et al. [26].

.e SAP and LECA blend SCC combinations have
obtained the slump flow value of 680mm, which is slightly
less than the control SCCmix of about 0.73% but higher than

SAP-based SCC mixes of about 0.44%. .is small reduction
in slump flow was mainly due to 0.3% SAP, but the ho-
mogeneity of SCC flow was enhanced by the presence of MK
and LECA as discussed earlier.

4.1.2. T-500 Test. EFNARC guidelines mention that the time
taken for T-500 shall be in the range of 2 to 5 seconds. T-500
test measures the flowability rate or viscosity of SCC since
the flow time has been measured.

From Figure 8, it is clear that for all SCC mixes, the
T-500 time was well within 5 s, whereas for 0.7% of SAP-
based SCC mixes, an increase in time by 5.5 s is observed.
Among all SAP-based SCC mixes, 0.1% SAP had per-
formed better with the increase in time taken as 4.65%
concerning the control SCC mix. Among all LECA-based
SCC mixes, 15% of LECA had performed better than the
control SCC mix of about 20.93% in terms of flow time
gain.

From Figures 7 and 8, a similarity could be observed
between obtained slump flow values and flow rates. An
increase in flow rate is noted in SAP-based SCC mixes,
whereas the flow rate has got decreased in LECA-based
SCC mixes. From EFNARC guidelines, the viscosity class
has been categorized based on the measured time taken in
“seconds.” If the time taken is less than or equal to 2 s, then
it belonged to VS1 class, and the value is more than 2 s is
referred to as VS2 class. Based on the obtained results, all
SCC mixes belonged to VS2 class. Hence, viscosity of SCC
mixes increased, and the time delay occurred. For the
optimum combinations of LECA and SAP-based SCC
mixes, the flow rate has got increased in the mix with the
reduction in viscosity.

4.1.3. V-Funnel Test. .e V-funnel test measures the flow
time in SCC mixes. As per EFNARC guidelines, the flow
time ranges between 6 and 12 seconds. .e V-funnel test is
also used to assess the viscosity and filling ability of SCC
mixes. From the obtained results shown in Figure 9, all
values are well within the EFNARC specifications.

About 0.7% of SAP-based SCC mixes possessed higher
viscosity that increased the flow time by 25.93% compared
with the control SCCmix, whereas 15% of LECA-based SCC
mix has shown a time gain of about 7.41%. All SCC mixes
belonged to the VF2 class whose flow time is more than 8
seconds and between 9 and 25 seconds. Hence, the viscosity
is more pronounced in SAP-based SCC mixes when com-
pared to other SCC mixes.

Table 2: Material characteristics.

S. no. Materials Size Water absorption (%) Specific gravity
1 Cement — — 3.15
2 M-sand (fine) 4.75mm 0.9 2.36
3 Coarse aggregate 12mm 1.275 2.75
4 Metakaolin 1.5–2.5 microns — 2.6
5 LECA Below 10mm 25 1.07
6 SAP 230–100 mesh 350–500 g/cc —

Physical and chemical properties tests of the materials used

Developing mix with i) Cement +10%MK +SAP ii) Cement
+10%MK+LECA (different proportions for fine aggregate)

iii) Cement +10%MK+LECA+SAP

Slump flow trial tests for Slump flow to fix the optimum
SCC design mix

Fresh property test for all prepared SCC-SAP & LECA mixes

Mechanical properties tests for all SCC mixes

Microstructure analysis for optimum mix samples

Figure 3: Methodology adopted.

Advances in Civil Engineering 5



4.2. Compressive Strength of LECA, SAP, and Combined SCC
Mixes. Figure 10 illustrates the compressive strength for
SAP, LECA, and their combinations along with the control
SCC mix. About 0.3% SAP has obtained the highest com-
pressive strength of about 33.65MPa and 64.92MPa when
tested at the age of 7 days and 28 days with a strength gain of
about 2.59% and 1.23% more than the control SCC mix. .e
reason could be the internal curing process namely copo-
lymerization exhibited because of the addition of superab-
sorbent polymer in the SCC mix. Among all SCC mixes,
SAP-based SCC mixes performed better than the LECA and
control SCC mixes. From Figure 10, it is clear that beyond
the addition of 0.3%, SAP has shown a gradual decrease in
compressive strength, which was similar to the results re-
ported by Afzali Naniz and Mazloom [33]. .e reason was
due to the SAP reduced shrinkage that had resulted in the
strength loss, which was attributed analogous to the research
reported by Chaitanya et al. [37]. In SCC, the polymer
blended with mineral admixture had shown a high strength

Table 3: Mix proportions.

Sl. no Mix ID C (kg/m3) MK
(kg/m3) FA (kg/m3) LECA (kg/m3) SAP (kg/m3) CA (kg/m3) SP (l/m3) VMA (l/m3)

1 Control SCC 600 — 930 — — 804 7.2 0.6
2 0.1% SAP 540 60 930 — 0.6 804 7.2 0.6
3 0.3% SAP 540 60 930 — 1.8 804 7.2 0.6
4 0.5% SAP 540 60 930 — 3 804 7.2 0.6
5 0.7% SAP 540 60 930 — 4.2 804 7.2 0.6
6 5% LECA 540 60 883.5 46.5 — 804 7.2 0.6
7 10% LECA 540 60 837 93 — 804 7.2 0.6
8 15% LECA 540 60 790.5 139.5 — 804 7.2 0.6
9 20% LECA 540 60 744 186 — 804 7.2 0.6
10 0.3% SAP+ 15% LECA 540 60 790.5 139.5 1.8 804 7.2 0.6

Table 4: Trail mix proportions as per IS 10262-2019 code of practice.

Mix ID Cement Metakaolin Coarse aggregate Fine aggregate W/P SP (%) VMA (%) Remarks
T1 0.85 0.15 1.34 1.55 0.35 0.9 0.1 Flow is not satisfied <650mm
T2 0.85 0.15 1.34 1.55 0.33 1.2 0.1 Flow is satisfactory >650mm

Figure 4: Slump flow test. Figure 5: J-ring test.

Figure 6: V-funnel test.
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and quality, which was similar to the results reported by
Azari Jafari et al. [34].

In the second series of mixes consisting of LECA-based
SCC, 15% LECA has attained the highest compressive
strength among other LECA-based SCCmixes. But it has got
a strength reduction of about 11.19% and 2.62% at the age of
7 days and 28 day concerning control SCC mix. .e reason
for the strength reduction was the fine aggregate replace-
ment. In an SCC mix, the main constituents are the fine
aggregates that induce flowability and strength also. .e

trend obtained here was similar to the results inferred by
Chaitanya et al. [37].

Finally, the optimum percentages of 0.3% SAP and 15%
LECA have been blended to study the mechanical properties.
From Figure 7, it was inferred that there is a slight strength
reduction of about 3.45% and 0.70% at 7 days and 28 days
with respect to control SCC. Figures 11–13 show the mi-
crostructure of selected optimummixes. Sincemuch variation
was not found in the compressive strengths, the micro-
structure also did not show much variation; the presence of
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Figure 7: Slump flow spread diameter of all SCC mixes.

Table 5: SCC fresh properties tests: satisfactory Limits as per EFNARC 2005 guidelines.

Test methods Unit .e typical range of values
Slump flow test by Abrams cone mm 650 800
J-ring test mm 0 10
T50 cm slump flow s 2 5
V-funnel test s 6 12
L-box test H2/H1 ratio 0.8 1.0
U-box test H2–H1 (mm) 0 30

Table 6: SCC fresh properties tests: consistency class as per EFNARC 2005 guidelines.

Test methods Unit Consistency class .e typical range of values

Slump flow test mm

Slump flow class:
SF1 550–650
SF2 660–750
SF3 760–850

T-500 test s
Viscosity class:

VS1 ≤2
VS2 >2

V-funnel test s
Viscosity class:

VF1 ≤8
VF2 9 to 25

L-box test H2/H1 ratio
Passing ability class:

PA1 ≥0.80 with 2 rebars
PA2 ≥0.80 with 3 rebars
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voids in 0.3% SAP and 15% LECA was less when compared
with the control SCC specimen. Ettringite crystals were also
not seen much in the mixes. From the results, it is understood
that an equivalent concrete specimen can be made with target
strength of about 60MPa using SAP and LECA instead of
normal aggregate in blended combinations along with MK.

4.3. Tensile Strength of LECA, SAP, andCombined SCCMixes.
Control SCChas obtained the highest tensile strength in concern
to SAP, LECA, and their blended combinations, which is evident
from Figure 14. Here also, much variation is not noted among
the tensile strength values, and the same trend observed in
compressive strength values followed here too. From Figures 10
and 14, it was inferred that for SAP and LECA SCC mixes, the
average percentage ratio between the tensile strength and
compressive strength ranges between 6.54 and 8.10 at the age of
28 days and 7 days, respectively. .e obtained average com-
pressive strength results for SAP and LECA SCC mixes were

12.4 and 15.4 times more than the respective average tensile
strength at the age of 7 days and 28 days, respectively. Also, as the
compressive strength increased in the series of mixes, the tensile
strength would increase proportionately.

In SAP-based SCC mixes, 0.3% of SAP has the highest
tensile strength among other SAP-based SCC mixes. But
there is a strength reduction of 6.63% in 28 days compared
with the control SCC mix. About 15% of LECA has the
highest tensile strength among other LECA-based SCC
mixes. A reduction in strength of about 14.86% from the
control SCCmix in 28 days was observed. In SAP and LECA
blended SCC mixes, at 28 days, the strength reduction noted
was about 9.84% compared with the control SCC mix.

4.4. Unit Weight of SCC Mixes. .e unit weight of normal
weight concrete mixes lies between 2,400 and 2,500 kg/m3,
and that of other lightweight concrete mixes almost lies
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Figure 8: T-500 time of all SCC mixes.
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Figure 9: V-funnel time of all SCC mixes.
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between 1,400 and 1,900 kg/m3 as specified by the code
ASTM C 330 [44] and ASTM C 567 [45–54].

Figure 15 shows the unit weight of all SCC mixes. .e
control SCCmix was analogous to the conventional concrete
that obtained a unit weight of 2,562 kg/m3. .e first series of
mixes containing SAP-based SCC mixes had the unit weight
in the range between 2,444 kg/m3 and 2,533 kg/m3. Hence, a
slight reduction of about 4.62% in unit weight was attained
in SAP-based SCC mixes compared with the control SCC
mix. It is also understood that as the percentage of SAP
increased from 0.1% to 0.7% in SCC mixes, a gradual de-
crease in the unit weight took place. In the second series of
SCC mixes, when the fine aggregate was substituted with
LECA from 5% to 20%, the unit weight had the range be-
tween 1,891 kg/m3 and 2,396 kg/m3. .e average unit weight
of SAP and LECA SCC mixes were 2,293 kg/m3 was 10.5%
less than the unit weight of the control SCC mix, in which
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Figure 13: Microstructure of 15% LECA.
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the least unit weight was obtained by 0.3% SAP and 15%
LECA concerning the control SCC mix. .us, the unit
weight of concrete was reduced by 26.2% when the fine
aggregate was replaced by 25% of LECA in the SCC mix. In
SAP and LECA blended SCC combinations, the unit weight
was also reduced drastically by 15.46% concerning the
control SCC mix.

5. Conclusions

.e results obtained from the experimental investigations
done on the SCC mixes with SAP and LECA individually
and together are summarized below:

(i) .e fresh properties test results of mixes made with
all combinations indicate that the SCC mixes are
well within the specifications of IS code guidelines.
In general, it was noted that higher usage of LECA
and SAP caused segregation and blocking effects in
rheological properties.

(ii) Among the mixes made with SAP, 0.3% SAP
registered the highest strength 28 days strength
value with an increase in strength by 1.23% to the
control specimen.

(iii) LECA-based mixes showed higher strength for
15% addition, which was less by 2.62% than the
control mix.
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Figure 14: Tensile Strength of all SCC mixes.
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Figure 15: Unit weight of all SCC mixes.
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(iv) .e combined use of SAP and LECA in 0.3% and
15% showed a considerable reduction in weight,
but the strength values were nearer to that of the
specimens made with 0.3% SAP and 15% SAP
separately, and the addition of SAP or LECA either
individually or in combined form did not affect the
strength.

(v) .e split tensile strength of SAP mixes 0.3% SAP
had the highest tensile strength that showed an
increase in strength by 6.62%. About 15% of LECA
mixes registered the highest tensile strength among
the LECA-based mixes. But both values are less
than the control specimen. .e combined mix also
registered a decrease in values compared to control
by 9.84% after 28 days.

(vi) Also, though the differences in strength values of
the SCC mixes prepared were less, it is to be noted
that the strength values can be maintained even if
part of the fine aggregate is replaced with a
lightweight aggregate, and practically, it will be
beneficial in saving the natural resources being
depleted and in reducing the overall weight of the
structure.

(vii) A considerable reduction in the unit weight of the
specimensmade with SAP and LECAwas observed
without affecting the strength properties. So, it is
apparent that such a mix can be most preferred for
multistorey structures.

(viii) .e optimum blended mix (0.3% SAP and 15%
LECA; lightweight) possessed better mechanical
properties, and it is apparent from the results that
SCC could be produced with both lightweight and
self-curing properties.

(ix) Finally, it is understood SCC specimens can be
made with a target strength of about 60MPa using
SAP and LECA instead of normal aggregate in
blended combinations along with MK without
much affecting the strength due to loss in weight.
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[11] F. Özcan and H. Kaymak, “Utilization of metakaolin and
calcite: Working Reversely in workability Aspect—as mineral
admixture in Self-compacting concrete,” Advances in Civil
Engineering, vol. 2018, Article ID 4072838, 2018.

[12] D. K. Ashish and S. K. Verma, “Robustness of self-compacting
concrete containing waste foundry sand and metakaolin: a
sustainable approach,” Journal of Hazardous Materials,
vol. 401, Article ID 123329, 2021.

[13] D. K. Ashish and S. K. Verma, “Determination of optimum
mixture design method for self-compacting concrete: Vali-
dation of method with experimental results,” Construction
and Building Materials, vol. 217, pp. 664–678, 2019.

[14] B. Karthikeyan, S. K. Selvaraj, G. Dhinakaran,
G. Sundaramali, N. Muthuswamy, and V. Paramasivam, “A
comparative analysis by experimental investigations on
normal and ground ultra-fine mineral admixtures in arresting
permeation in high strength concrete,” Advances in Civil
Engineering, vol. 2022, pp. 1–11, Article ID 3831580, 2022.

[15] B. Karthikeyan and G. Dhinakaran, “Effect of ultra-fine SiO2
and metakaolin on high Strength concrete in Aggressive
environment,” Scientia Iranica, vol. 24, pp. 1–10, 2017.

[16] D. K. Ashish, S. K. Verma, and S. K. Verma, “Cementing
efficiency of flash and rotary-calcined metakaolin in con-
crete,” Journal of Materials in Civil Engineering, vol. 31, no. 12,
2019.

[17] O. Kavitha, V. Shanthi, G. Prince Arulraj, and P. Sivakumar,
“Fresh, micro and macrolevel studies of metakaolin blended
self-compacting concrete,” Applied Clay Science, vol. 114,
pp. 370–374, 2015.

Advances in Civil Engineering 11



[18] O. Kavitha, V. Shanthi, G. P. Arulraj, and V. Sivakumar,
“Microstructural studies on eco-friendly and durable Self-
compacting concrete blended with metakaolin,” Applied Clay
Science, vol. 124-125, pp. 143–149, 2016.

[19] S. S. Vivek and G. Dhinakaran, “Durability characteristics of
binary blend high strength SCC,” Construction and Building
Materials, vol. 146, pp. 1–8, 2017.

[20] S. S. Vivek, R. S. Narayanan, and G. Dhinakaran, “Com-
parative study on flexural behaviour of RCC beam and SCC
ternary beams with mineral admixtures,” Construction and
Building Materials, vol. 152, pp. 57–64, 2017.

[21] S. S. Vivek and G. Dhinakaran, “Fresh and hardened prop-
erties of binary blend high strength self-compacting con-
crete,” Engineering Science and Technology, an International
Journal, vol. 20, no. 3, pp. 1173–1179, 2017.

[22] S. S. Vivek, “Fresh and hardened State properties of ternary
blend Self compacting concrete using Silica fume and ground
granulated blast furnace Slag,” Romanian Journal of Materials,
vol. 51, no. 3, pp. 414–422, 2021.

[23] A. H. Nahhab and A. K. Ketab, “Influence of content and
maximum size of light expanded clay aggregate on the fresh
strength and durability properties of self-compacting light
weight concrete reinforced with micro steel fibers,” Con-
struction and Building Materials, vol. 233, Article ID 117922,
2020.

[24] K. K. Sideris and N. S. Anagnostopoulos, “Durability of
normal strength self-compacting concretes and their impact
on service life of reinforced concrete structures,” Construction
and Building Materials, vol. 41, pp. 491–497, 2013.

[25] S. H. Muller and M. Haist, “self-compacting light weight
concrete,” Bentonwerk und Fertigteil-Technik, vol. 12, pp. 8–7,
2004.

[26] Y. J. Kim, Y. W. Choi, and M. Lachemi, “Characteristics of
self-consolidating concrete using two types of lightweight
coarse aggregates,” Construction and Building Materials,
vol. 24, no. 1, pp. 11–16, 2010.

[27] S. K. Adhikary, D. K. Ashish, and Ž. Rudžionis, “Expanded
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Nowadays, researchers have been on the lookout for eco-sustainable additives such as agro/industrial waste in concrete in order to
o�set the carbon footprint created by cementmanufacturing. However, it has been said that the use of agro/industrial-waste-based
cementitious materials in concrete improves its quality. However, this study compared the performance of hydrated lime and
cement concrete replaced with 5% and 10% Costus englerianus bagasse ash and bagasse �bre for determining the mechanical
properties (compressive and �exural strength). Moreover, compressive strength was evaluated on cubical specimens and �exural
strength was evaluated on beam samples at 7, 14, and 28 days, respectively. Results showed that the compressive strength and
�exural strength of the concretes increased with an increase in the curing age. Also, the compressive and �exural strengths of
cement concrete were recorded by 65.38MPa and 10.86MPa at 0% bagasse ash or �bre, which performed better than concrete
replaced with 5% and 10% bagasse ash and �bre at 28 days, respectively. Besides, the compressive strength of concrete was noted
by 53.85MPa and 48.92MPa at 10% bagasse ash and 10% bagasse �bre, respectively, while the �exural strength was calculated by
6.86MPa and 5.54MPa at 10% bagasse ash and 10% bagasse �bre, respectively, which were higher than that of concrete produced
with hydrated lime alone at 28 days. �us, bagasse ash performed better than bagasse �bre ash as a partial replacement of cement
or hydrated lime in concrete production. �erefore, Costus englerianus bagasse ash or bagasse �bre improved the performance of
hydrated lime concrete at 5–10% replacement, but higher concrete strength would be obtained in cement replacement than
hydrated lime.

1. Introduction

Concrete is only second to water as the most widely used
materials in the world, which was estimated at 30 billion tons
per yearly consumption [1]. �e demand for high-strength
concrete in building infrastructures has been on the increase,
but increasing the strength of concrete could equally in-
crease its brittleness, which ultimately may lead to crack and

failure of concrete structures [2–6]. However, the devel-
opment of new cementitious materials could improve the
safety, durability, and sustainability of concrete [7–10]. �e
addition of pozzolan materials in cement enhanced the
mechanical properties of concrete, such as compressive,
tensile, and �exural strength [11, 12].

Lime, as binding material, yields concrete with low
strength, which may not be useful in certain areas of
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construction [13–17]. In a study by Salman and Muttar [18],
the optimum compressive strength of Portland cement
concrete obtained at 28 days of curing was 26.96N/mm2, but
just 6.12N/mm2 was recorded at 28 days of curing for lime
concrete and only increased by 50% (13.15N/mm2) when the
curing period was increased to 90 days. However, Awodiji
et al. [14] recommended the addition of pozzolanic materials
in lime concrete to increase the lime concrete strength
designed for construction purposes. Brzyski [19] reported an
increase in the strength of concrete by adding 10% meta-
kaolinite, micro silica, and zeolite, independently, in lime
concrete, which doubled the strength by 20%.

)e use of agricultural waste ash as a cement substitute is
gaining popularity among academics owing to its eco-
friendliness, sustainability, and economic benefits [20–22].
Portland cement (PC) concrete is utilized in a wide variety of
structural applications, and modern and complex designs
need a substantial amount of PC [23]. But PC production is
one of the most energy-intensive processes in concrete
[24–27], and it also produces carbon dioxide which has been
a cause of discomfort for the atmosphere. PC manufacturing
accounts for between 5% and 7% of industrial carbon di-
oxide emissions [28–31]. Additionally, affordable housing
has grown more difficult to get for many low-income
workers in a number of developing nations owing to the high
cost of construction ingredients, notably cement. Without
impacting the performance of concrete buildings, the
amount of Portland cement must be lowered to help limit
emissions of carbon dioxide and offer sustainable building
materials [32, 33]. However, a partial replacement of PC
using combined cement replacing materials (CRMs) is fa-
vorable in terms of economics, mechanical properties, and
microstructure. )ere are various commonly produced
CRMs that could be used in concrete. Millet husk ash
(MHA), sugarcane bagasse ash (SCBA), coconut shell ash
(CSA), groundnut shell ash (GSA), silica fume (SF), maize
cob ash (MCA), wheat straw ash (WSA), and rice husk ash
(RHA) are among the most commonly used products
[34, 35]. Reusing these CRMs offers a practical solution to
contamination, waste management, and excessive cement
costs. )erefore, Costus englerianus bagasse ash and bagasse
fibre are used as cementitious material in this experimental
work. Moreover, Costus englerianus bagasse is a family of
sugarcane bagasse that mostly grows in the bush with
stronger fibres than sugarcane bagasse. Costus englerianus
bagasse has not attracted wide attention as a partial re-
placement of cement in concrete production. On the other
hand, sugarcane bagasse ash as pozzolan materials has
shown effectiveness in the enhancement of mechanical
properties and durability of concrete [36–38]. Malyadri and
Supriya [39] reported a 5% increase in concrete strength
using sugarcane bagasse ash as a partial substitute for ce-
ment. A similar observation was also reported byMangi et al.
[40]. Between 5% and 20% sugarcane bagasse ash replace-
ment, an acceptable strength of concrete can be obtained
[41, 42]. Other studies have shown that sugarcane bagasse is
a good replacement material for concrete production
[43, 44]. Also, 5 to 15% sugarcane bagasse ash increased the
compressive strength and workability of concrete [45–47],

while other authors have recorded compressive strength
produced from sugarcane bagasse ash that was higher than
cement concrete alone at 5% replacement or more [48–51].
An excessive increase in the percentage replacement of
bagasse ash could result in reduced strength of concrete
[52–55].

Furthermore, some studies were performed on the
concrete blended with cement and lime as cementitious
material. But no experiments were performed on concrete
incorporating the combining influences of PC and lime
replaced with Costus englerianus bagasse ash and fibre for
determining the mechanical properties of concrete. )ere-
fore, this research is performed to determine the mechanical
properties of concrete blended with PC and lime replaced
with Costus englerianus bagasse ash and fibre in the mixture,
respectively.

2. Materials and Methods

2.1. Materials. )e materials used in the study include
hydrated lime and limestone cement (Dangote cement) as
the binder, Costus englerianus bagasse ash and bagasse fibre
as pozzolan materials, granite chipping as coarse aggregates,
river sand as fine aggregates, clean tap water, and super-
plasticizer. However, the stems of Costus englerianus bagasse
were collected from bushes in the Odiokwu community,
Ahoada West Local Government Area of Rivers State,
Nigeria, and sundried for 72 hours at atmospheric tem-
perature to remove the moisture content. Parts of the dried
samples were burnt to ashes in open air and sieved to remove
the carbonaceous material. )e free carbonaceous burnt
ashes (bagasse ash) were ground to fine particle sizes, while
the remaining parts of the dried samples (bagasse fibre) were
also ground to fine particle sizes. )e ground fine particles of
the bagasse ash and bagasse fibre were sieved to 90 μm
uniform sizes and stored in airtight containers. )e lime-
stone cement (Grade 42.5R) and hydrated lime were pur-
chased from a building material shop in Port Harcourt,
Rivers State. )e chemical composition and properties of
cement, bagasse ash, and bagasse fibre are shown in Table 1.
River sand was collected from the Sombrero River in Ahoada
East Local Government Area of Rivers State and poorly
graded to <5mm in size which was used for this research.
Besides, granite chippings were used as coarse aggregates
(CA) having 20mm in size which were bought from a re-
tailer in Rivers State. In addition, polycarboxylate polymer
superplasticizer (SP) (Auracast 200) was obtained from a
building material store in Port Harcourt, while tap water was
collected from the laboratory.

2.2.MixProportions. )e bagasse ash and bagasse fibre were
prepared at replacement percentages of 5% and 10% and
mixed with cement, fine and coarse aggregates. Concrete
cubes including 0% bagasse content (with only cement or
hydrated lime) from the mix proportions were cast with the
following dimensions: 150mm× 150mm× 150mm to test
for compression strength, while the test for flexural strength
was conducted on casted beams (including sample with only
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cement or hydrated lime) with the following dimensions:
500mm× 100mm× 100mm. )e samples were mixed at a
water binder ratio of 0.32 and cement content of 550 kg/m3.
)e cubes and beams were cured for 7, 14, and 28 days by
immersion in a water tank at room temperature. )e mix
proportions of concrete are shown in Table 2.

2.3.TestingMethods. )emechanical properties are in terms
of compressive and flexural strength. However, the com-
pressive strength test was carried out according to BS EN
12350-3:2009 [56], in which the specimens were crushed at a
15N/mm2 constant rate increase in stress using the universal
crushing machine. )e cubes were centrally placed on the
crushing machine with a smooth surface and allowed to fail
under direct axial compressive load. Similarly, the flexural
strength test was carried out according to BS EN 12390-5:
2009 [57]. )e load under which the specimen failed was
recorded fromwhich the flexural strength was calculated. All
these tests were cured at 7, 14, and 28 days respectively.

3. Results and Discussions

)e comparative results obtained for compressive and
flexural strength of cement and hydrated lime concrete
replaced at 5% to 10% Costus englerianus bagasse ash and
bagasse fibre are presented and discussed in this section.

3.1. Compressive Strength. )e comparative analysis of com-
pressive strength of concrete produced from the bagasse ash and
bagasse fibre as partial replacement of cement and hydrated lime
was investigated at curing age of 7, 14 and, 28 days with a
percentage replacement of 5%, 10%, 15%, and 20% bagasse ash
and bagasse fibre. It has been observed that the experimental
work is performed by using cement and hydrated lime as
binders, and these binders are replaced with various proportions
of bagasse ash and bagasse fiber for determining the compressive
strength of concrete respectively.)e profiles of the compressive
strength of concrete produced from the two types of binders are
shown in Figures 1–4. Figure 1 shows the profiles for com-
pressive strength comparison of cement and lime concretes

produced at 5%bagasse ash and bagasse fibre between the curing
age of 7 and 28 days. )e profiles showed that the compressive
strength of bagasse ash at 5% replacement was higher than that
of bagasse fibre at 5% replacement for both cement and lime
concretes. Also, the compressive strength of 0% bagasse (cement
only) concrete was greater than the strength of concretes pro-
duced with 5% bagasse ash and bagasse fibre, while the strength
of concrete with 5% bagasse ash was higher than that of 0%
bagasse lime (lime alone) concrete. Furthermore, compressive
strength at 5% bagasse ash and bagasse fibre increased with an
increase in curing age. )us, compressive strength between 7
and 28 days increased from 56.74 to 65.38N/mm2 for concrete
with cement only, while with only lime or zero per cent bagasse,
the compressive strength ranged from 38.01 to 46.47N/mm2.
Similarly, the compressive strength between 7 and 28 days in-
creased from 53.86 to 63.95N/mm2 at 5% cement replacement
with bagasse ash compared to 39.12–44.87N/mm2 increase in
lime concrete with 5%bagasse ash content. Alsowith 5%bagasse
fibre, compressive strength ranged from 51.08 to 59.65N/mm2

and 37.19 to 45.53N/mm2 for cement and lime concretes,
respectively.

Similarly, the profiles comparing the compressive strength
of cement and lime concrete replaced with 10%, 15%, and 20%
bagasse ash and bagasse fibre are shown in Figures 2–4, re-
spectively. )e analysis showed that compressive strength
increased with an increase in curing age. In addition, the
compressive strengths of cement and lime concrete replaced
with bagasse ash were higher than those replaced with bagasse
fibre. Again, the compressive strengths of cement concrete
replaced with bagasse ash and bagasse fibre were higher than
those produced with lime concrete at any percentage re-
placement (see Figures 2–4). )is implied that cement is a
better binding material for concrete compared to hydrated
lime. Previous investigations on the performance of cement
and hydrated lime concrete or mortar also showed that the
compressive strength of cement concrete performed better
than lime concrete [14, 15, 18], whichwas attributed to the slow
rate of the hydration process in lime concrete [15].

)e study also showed that the compressive strength of
hydrated lime was improved when 10% to 15% bagasse ash
and bagasse fibre was added to the mix. Ordinarily, the

Table 1: Chemical and physical properties of lime and Costus englerianus bagasse.

Composition (%) Limestone cement Bagasse ash Bagasse fibre
SiO2 20.36 64.85 56.78
Al2O3 5.15 5.36 6.73
Fe2O3 2.98 4.72 7.52
CaO 64.07 1.78 5.31
MgO 1.33 1.23 4.65
K2O 0.52 6.41 8.92
Na2O 0.2 1.02 4.17
MnO — 0.05 0.94
TiO2 0.22 — —
H2O 0.52 0.2 3.76
SO3 2.03 0.18 1.03
LOI 2.76 10.48 7.4
SiO2 +Al2O3 + Fe2O3 — 74.93 71.03
Density (g/cm3) 3.11 2.16 2.25
Specific surface area (cm2/mg) 3586 4727 2850.8
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compressive strength of the lime concrete would result in
low compressive strength that may not be suitable for
structures that require high-strength concrete, but with the
addition of other pozzolan materials [18, 58] or inclusion of
superplasticizer [59–61], the compressive strength of lime
concrete can be improved significantly. )us, the com-
pressive strengths recorded in this study were very high
compared to other studies using sugarcane bagasse ash
[2, 49, 51], which is attributed to the addition of a
superplasticizer.

3.2. Flexural Strength. )e flexural strength of concrete
produced from limestone cement and hydrated lime was also
investigated at only 5% and 10% bagasse ash and bagasse
fibre replacement. )e test results are presented for 5% and
10% bagasse ash and fibre as shown in Figures 5 and 6,

respectively. However, Figure 5 shows the flexural strength
of cement and hydrated lime concretes produced with 5%
bagasse ash and bagasse fibre replacement for 7, 14, and 28
days of curing age, while Figure 6 shows 10% bagasse ash and
bagasse fibre replacement. Similar to compressive strength,
the flexural strength of concrete increased with an increase
in curing age. Also, the flexural strength of cement concrete
with 0% bagasse ash or bagasse fibre (cement only) was more
than that of concrete mixed with 5% bagasse ash or bagasse
fibre. On the contrary, the flexural strength of lime concrete
with 0% bagasse ash or bagasse fibre (lime only) was less than
that of concrete mixed with 5% bagasse ash and slightly
greater than concrete with 5% bagasse fibre replacement.
)us, between 7 and 28 days of the curing age, the flexural
strength obtained for concrete mixed with cement ranged
from 9.64–10.86N/mm2 compared to 3.15–5.31N/mm2

35

40

45

50

55

60

65

70

0 5 10 15 20 25 30

Co
m

pr
es

siv
e S

tr
en

gt
h 

(N
/m

m
2 )

Curing Age (Days)

Cement
Lime
5% A-Cem

5% A-Lime
5% F-Cem
5% F-Lime

Figure 1: Compressive strength of cement and lime with 5%
bagasse ash and fibre.
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Figure 2: Compressive strength of cement and lime with 10%
bagasse ash and fibre.

Table 2: Mix proportions of concrete.

Mix ID Cement Lime (%) Ash (%) Fibre (%) Sand (%) CA (%) Water/cement ratio SP (%)
Cement 100 0 0 0 100 100 0.32 1
5% A-Cem 95 0 5 0 100 100 0.32 1
10% A-Cem 90 0 10 0 100 100 0.32 1
15% A-Ceme 85 0 15 0 100 100 0.32 1
20% A-Ceme 80 0 20 0 100 100 0.32 1
5% F-Cem 95 0 0 5 100 100 0.32 1
10% F-Cem 90 0 0 10 100 100 0.32 1
15% F-Cem 85 0 0 15 100 100 0.32 1
20 F-Cem 80 0 0 20 100 100 0.32 1
Lime 0 100 0 0 100 100 0.32 1
5% A-Lime 0 95 5 0 100 100 0.32 1
10% A-Lime 0 90 10 0 100 100 0.32 1
15% A-Lime 0 85 15 0 100 100 0.32 1
20% A-Lime 0 80 20 0 100 100 0.32 1
5% F-Lime 0 95 0 5 100 100 0.32 1
10% F-Lime 0 90 0 10 100 100 0.32 1
15% F-Lime 0 85 0 15 100 100 0.32 1
20 F-Lime 0 80 0 20 100 100 0.32 1
Note: A� ash, F� fibre, CA� coarse aggregates, and SP� superplasticizer.
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recorded for the mix with lime only. Also at 5% bagasse ash
replacement, the flexural strength ranged from 9.29 to
10.55N/mm2 for cement and 3.76 to 5.94N/mm2 for hy-
drated lime. Similarly, at 5% bagasse fibre replacement, the
flexural strength ranged from 7.58 to 8.68N/mm2 for cement
and 2.88 to 4.85N/mm2 for hydrated lime.

Similarly, the flexural strength of concrete with cement
only was more than that of concrete replaced with 10%
bagasse ash and bagasse fibre, but the flexural strength of
lime concrete replaced with 10% bagasse ash or bagasse fibre
was greater than the flexural strength produced from con-
crete with lime only (Figure 6). Again, the flexural strength
of concrete with bagasse ash performed better than bagasse
fibre. )e flexural strength obtained for limestone cement
replaced by Costus englerianus bagasse ash or fibre was
within the range reported in previous studies for sugarcane
bagasse ash [2, 51, 61–63].

4. Conclusion

)e following conclusions were observed from the com-
parison of the performance of Costus englerianus bagasse ash
and bagasse fibre as a partial replacement of cement and
hydrated lime for the production of concrete suitable for use
in the construction industry [63].

(i) )e compressive strengths of concrete were mea-
sured by 63.95MPa, 58.34MPa, 53.34MPa, and
50.15MPa at 5%, 10%, 15%, and 20% of PC replaced
with Costus englerianus bagasse ash while the
compressive strength of concrete was noted by
59.65MPa, 56.71MPa, 51.72MPa, and 47.48MPa at
5%, 10%, 15%, and 20% of Costus englerianus
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Figure 3: Compressive strength of cement and lime with 15%
bagasse ash and fibre.
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Figure 5: Flexural strength of bagasse ash concrete at 5%
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bagasse fibre as the cementitious material at 28 days,
respectively.

(ii) )e compressive strengths of lime concrete were
measured by 48.66MPa, 53.85MPa, 50.18MPa, and
45.24MPa at 5%, 10%, 15%, and 20% of lime
replaced with Costus englerianus bagasse ash at 28
days, respectively. Besides, the compressive strength
of lime concrete was noted by 45.53MPa,
48.92MPa, 47.57MPa, and 43.51MPa at 5%, 10%,
15%, and 20% of Costus englerianus bagasse fibre as
the cementitious material at 28 days, respectively.

(iii) )e flexural strengths of concrete were measured by
10.55MPa and 9.34MPa at 5% and 10% of PC
replaced with Costus englerianus bagasse ash while
the flexural strength of concrete was noted by
8.68MPa and 7.91MPa at 5% and 10% of Costus
englerianus bagasse fibre as the cementitious ma-
terial at 28 days, respectively.

(iv) )e flexural strengths of lime concrete were mea-
sured by 5.94MPa and 6.86MPa at 5% and 10% of
lime replaced with Costus englerianus bagasse ash at
28 days, respectively. Besides, the flexural strength of
lime concrete was noted by 4.85MPa and 5.54MPa
at 5% and 10% of Costus englerianus bagasse fibre as
the cementitious material at 28 days, respectively.

(v) Compressive and flexural strengths of concrete
replaced with 5% and 10% bagasse ash and 10%
bagasse fibre were higher than the compressive
strength obtained from concrete produced with
hydrated lime alone. Bagasse ash performed better
than bagasse fibre ash as a partial replacement
material for concrete production.

(vi) Based on the compressive flexural strengths results,
Costus englerianus bagasse ash or bagasse fibre
proved to be a promising partial replacement ma-
terial for cement and hydrated lime in concrete.
However, the performance of Costus englerianus
bagasse ash or bagasse fibre will be enhanced as a
partial replacement of cement than hydrated lime.
)erefore, it has been recommended that the use of
Costus englerianus bagasse ash or bagasse fibre up to
10% in the cement concrete or lime concrete pro-
vides good results for application in civil engineering.
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-emost commonly used buildingmaterial in the construction industry is concrete. However, the weak features of concrete are its
low ductility and limited tension capacity and hence crack development with the increase in load.-ese cracks get more worsened
by the intrusion of water and salt present in the composition and hence causing deterioration and reducing the longevity of the
material. -is study focuses on an innovative approach to mitigate concrete’s fractures and flaws by utilizing microbiologically
induced calcite (CaCO3) precipitation (MICP) excited by Escherichia coli (E. coli) bacteria to improve the performance of
cementitious building materials.-e study investigated the development of microbiological concrete in plain water using only one
culture density (OD600 0.5± 0.1). In this study, two water-to-bacterial mix ratios (75 : 25 and 50 : 50) were used and compared to
the conventional concrete (100 : 0). 100-mm cube-sized specimens cured for a period of 7, 28, 90, and 365 days were tested for
compressive strength, water absorption capacity, ultrasonic pulse velocity (UPV), and SEM analysis, which were performed on the
samples at regular intervals. According to the results of these experiments, microbial concrete with the 50 : 50 ratio exhibited the
highest strength for all curing times. From the water absorption test of samples, it is found that the absorption of the materials got
reduced due to the infusion of microorganisms in concrete. On the other hand, the UPV test showed high velocity than the control
samples for specimens with an OD600 0.5± 0.1. Scanning electron microscope (SEM) analysis performed on distinct concrete
groups at the age of 28 days showed fewer voids in the concrete lumps due to the increase in water substitution rate caused by
microbial culture.

1. Introduction

Concrete is recyclable, and it is a widely accepted and
universally used construction material. It is a durable,
strong, locally available, versatile, and has superb resistance
to compressive loads until a limit. However, the cracking
load in concrete is lower than the failure load [1], and it is
acceptable until a certain limit [2].-e reinforcement is used
in concrete to transmit the strength, and if the crack is
present, it causes corrosion [3,4]. In practice, cracks in
concrete also reduce the durability, permeability, and
strength of the concrete. In the extreme winter situation, the
situation also gets deteriorated as water seeps through these
cracks and freezes, and causes a widening of gaps [3]. It is
always necessary to repair those cracks because tiny little

cracks can lead to massive-sized shots and shorten the
concrete’s serviceability limit. Fixing problems can be
complicated if damage occurs in places, which is difficult to
reach. For repairing cracks in concrete, several traditional
repairing systems are introduced, but they are very costly
and not naturally available.

Self-healing concrete is a new type of concrete that has
the ability to repair its cracks automatically. It is like healing
of body wounds by secretion of some sort of body fluid.
Among various methods of self-healing, the most common
methods are biological self-healing, natural self-healing, and
chemical self-healing process. Biological self-healing can be
achieved by adding bacteria to the concrete. In self-healing
concrete, bacteria are used along with calcium nutrients
known as calcium lactate. -is product is then added while
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preparing the concrete mix in wet condition. -ese induced
bacteria can be in inactive stages for up to 200 years and
become active as soon as it comes in contact with water
seeping through the cracks in concrete. -is initiates the
germination of bacterial spores, which feeds on the calcium
lactate consuming oxygen. -is process transforms the
soluble calcium lactate into insoluble limestone. When this
limestone gets hardened, the crack is being filled up [4]. -is
method of adding bacteria to concrete is known as direct
method and is the most common method of preparing self-
healing concrete. -is is the easiest and cheaper method
compared to other methods, namely, encapsulation method,
although the cost of self-healing concrete is usually high;
however, concrete with self-healing mechanisms can min-
imize costing by eradicating the need for either costly repair
of concrete or new concrete and increase the structure’s
durability. Various physical and chemical treatments have
been experimented so far to protect the concrete from
damage, but very few of them proved to be fully compatible
in terms of nonreversible action and sustainability. -ere-
fore, the use of biological techniques could be focused on [5].
Microbiologically induced calcite precipitation (MICP) is a
method that could be adopted to solve the cracking problem,
which can help to get long-lasting and eco-friendly concrete
[6].

Figure 1 shows the actual imagery with a different in-
terval of the crack healing process, which shows a gradual
reduction of crack width with the time (0 day, 1 week,
2weeks, etc.) reported by Wang et al. [7]. -e crack had
nearly healed fully by 3weeks. Cracks up to 1mm width can
be independently screened, depending on the dose of bac-
teria and lactate-based nutrients. -e autonomous water-
proofing of 0.4-mm large cracks is sufficient for a dose of
15 kg/m3 of the auto-healing agent per m3 of the concrete
mix (Figure 2).

Self-healing concrete can be illustrated as concrete,
which has the capability of repairing itself back to the
original state. It is a green technology that embeds self-
activating bacteria into concrete and fixes its cracks. Since
the material used for this technique can be grown in the
laboratory, it does not pose a risk to natural resources.
Hence, this method can be an effective technology for the
improvement of the strength of concrete [9].

Bacterial impacts on the crack and self-healing treatment
offer cleaner, more sustainable, longer-lasting material and
reduce the cost of repairing the cracks in long term. By
reducing absorption, permeability, and diffusion as the key
mechanisms for carrying concrete, the durability of concrete
can be increased [10]. Several studies have documented the
effect of bio-based healing agents on the permeability and
water absorption of concrete. Cracks in concrete structures
can be reduced by the presence of bacteria as can be seen
from previous literature as described later. Sarker et al. [11]
used E. coli bacterial strain on concrete mix and suggested
from the mortar test that it enhances concrete strength and
the cement quantity can be reduced by using microbes
without compromising the strength.

Safiuddin et al. [12] studied the effect of mixing Bacillus
subtilis and Escherichia coli on the time required for crack

the mitigation and mechanical properties of concrete by
mixing them with a percentage by weight of cement. -e
result shows that 3% Bacillus subtilis is the optimum dosage
for self-healing of concrete, whereas Escherichia colimixed at
the dose of 3% by weight of cement can increase the strength
up to 60%.

-e application of microbial concrete has been a research
issue since long [13–15]. Xu et al. [16] used porous ceramsite
particles as microbial carrier applying heat treatment and
NaOH soaking and found that heat treatment can improve
the loading content of ceramsite without reducing the
concrete strength.

Zhang et al. [17] studied the concrete crack healing
capacity using two microbial consortia under anaerobic
(MC-Aa) and anoxic (MC-Ao) conditions and neurolytic
pure-culture bacteria (Bacillus cohnii). Feng et al. [18]
performed 3-point bending test by forming 0.3 mm width
cracks on the beam bottom and found that the microcracks
were healed by calcite precipitation due to the bacterial
metabolic activity. Mondal and Ghosh [19] studied different
levels of bacterial concentration of Bacillus subtilis and
concluded that as the bacterial dose increases, crack healing
also improved. Algiafi et al. [20] studied the factors influ-
encing urea hydrolysis and bacterial growth so that the
calcium carbonate precipitation inside concrete fissures can
be modeled exactly. -e authors also concluded that self-
healing bacteria can be a future sustainable strategy to ex-
tend concrete life span. Vijay and Murmu [21] studied the
effect of Bacillus subtilis strain bacterial concrete on the
addition of calcium lactate. Nirala et al. [22] used Escherichia
coli bacteria with 5%, 10%, and 15% by mass and observed a
healing of fissures and improvement in compressive and
tensile strength at the curing period of 7 days. Sumathi et al.
[23] achieved a notable amount of healing in cracks at the
age of 1 month using Bacillus subtilis bacteria. On the
contrary, Balam et al. [24] achieved about 90 percent of
surface healing at the age of 28 days using Bacillus cohnii
culture by at the rate of 105 cells/mL. Vahabi et al. [25] used
higher grade concrete with Bacillus subtilis bacteria with a
concentration of 10ml, 20ml, and 30ml and observed
healing properties of concrete. Xu et al. [26] used Spor-
osarcina pasteurii at the concentration of 105 cells/ml and
showed that the water absorption is reduced by four times
when S. pasteurii is present. Bacterial calcite deposition
resulted in a roughly eightfold reduction in chloride per-
meability, extending the life of concrete. Xu et al. [27]
studied the effect of crack healing potential of reinforced
concrete incorporated with ureolytic microbial self-healing
agents immobilized in porous ceramsite particles and found
that bacteria can heal up to 450 µm cracks within 120 days.

In microbially induced calcium carbonate precipitation
(MICCP) or microbiologically induced calcite precipitation
(MICP) via urea hydrolysis, substantial amounts of car-
bonates are produced rapidly through ureolytic microbes.
Urea hydrolysis via the enzyme urease inside a calcium-rich
atmosphere is investigated commonly because of its
simplicity.

-e decomposition of urea into carbonate and ammo-
nium is amplified by the microbial enzyme going through
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the chemical process as in equations (1) and (2). It is obvious
from the chemical reaction that one mole of urea is hy-
drolyzed intracellularly to produce one mole of ammonia
and one mole of carbamate, which then hydrolyzes naturally
to generate one mole of ammonia and carbonic acid.

CO NH2( 􏼁2 + H2O⟶
BACTERIANH2COOH + NH3 (1)

NH2COOH + H2O⟶ NH3 + H2CO3 (2)

When it comes in contact with water, the pH levels
increase as these molecules then split into bicarbonate and
hydroxide ions:

H2CO3⟶ 2H+
+ 2CO2−

3 (3)

-e series of events occurring during this ureolytic
calcification was observed by Hammes and Verstraete [28]
and emphasized more on the role of pH and calcium
metabolism. Various physiological processes [28] create an
alkaline atmosphere by the stimulation of the bacteria.
Figure 3 depicts the series of events occurring throughout
microbially induced carbonate precipitation (MICP). Posi-
tively charged cations (e.g., Ca2+ and Mg2+) get adsorbed
upon the cell surface due to the nucleating area created by
the heterogeneous electronegativity loaded bacterial cell
membrane. Neutral pH environments facilitate the presence
of various anionic (negative charge) groups, and these an-
ionic charges get dominant over the bacterial cell surface
resulting in the secretion of divalent cations (positively
charged) on interaction. As shown by Eqs 4-5, the bacterial
cell membrane plays a vital role in the CaCO3 precipitation
like a nucleation site.

Ca2+
+ Cell⟶ Cell − Ca2+ (4)

Cell − Ca2+
+ CO2−

3 ⟶ Cell − CaCO3 (5)

-e microbes serve as a nucleation site, assisting in the
formation of calcite that can gradually seal cracks and pores
throughout concrete, improving its durability. -is micro-
biologically induced calcite precipitation (MICP) is the
product of a complicated sequence of biological processes.
-is process leads to the formation of CaCO3 crystal form,
which expands and develops as the bacteria produce calcium
lactate nutrition.-e crystal formation grows until the entire
void is filled. Hence, this natural and biochemical method
increases the sustainability of concrete.

However, the subject of bacterial precipitation is still
dubious. Several researchers argue that precipitation is in-
deed the by-product of metabolism that happened acci-
dently. Wherever others consider, this is a distinct
environmental phenomenon that can be beneficial for
humans [29, 30].

Nevertheless, based on the past studies as summarized
earlier, the current study presents the crushing of concrete
with the results obtained from UPV and water absorption
test including SEM analysis for E. colimicrobial culture ratio
mixed with water in comparison with normal water. In
direct application method of bacteria, bacterial spores and
calcium lactate are added into concrete directly whenmixing
of cement is completed. -e utilization of these microor-
ganisms and calcium lactate does not change the typical
properties of cement. At the point when water interacts with
these microscopic organisms, they develop and feed on
calcium lactate and deliver limestone. Consequently, the
cracks are fixed. But in the case of an encapsulation method,
bacterial spores are added with encapsulated nutrients in a
concrete matrix. Hence, direct application method is chosen
for this study for its easiness in use.

On the other hand, Escherichia coli, otherwise called
E. coli, is a micrometer Gram-negative, non-spore-forming
bacteria that are ordinarily found in the lower digestive tract
of warm-blooded life forms.-e primary benefit of inserting
E. coli bacteria in concrete is that it continually hastens
CaCO3. Positive increments in compressive strength test
results due to the addition of E. coli in concrete were also

Figure 1: Phase of crack healing with respect to time [7].

t=0 t=24d t=58d

Figure 2: Self-healing of a 0.8mm wide crack in concrete [8].
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reported by past researchers including Vijay et al. [3]. Hence,
E. coli bacteria are used in this study and two arbitrary ratios
(75 : 25 and 50 : 50) of plain water to microbial culture were
chosen to find out the effectiveness of E. coli bacteria in
concrete. -e study aims to see the effect of bacterial in-
jection in concrete to improve cracks and to maintain good
compressive strength.

2. Materials

Ordinary Portland cement (OPC) ASTM type 1 complying
with ASTM C-150 has been chosen as the cementitious
material in the experimental work. Locally available natural
sand passing through 4.75-mm sieve and retaining on 0.075-
mm sieve has been used as a fine aggregate, and crushed
stone with a nominal size of 12.5mm has been chosen as a
coarse aggregate in this experiment.

-is study uses Escherichia coli (E. coli) bacteria that feed
on carbon dioxide instead of traditional feed like sugar and
other organic matter. E. coli is a well-known bacterium
which has many other uses in the real world like synthesizing
useful chemicals such as insulin, creating synthetic forms of
human growth hormone. -is bacterium can intrude into
concrete cracks and can remain dormant for many years
even at high temperatures. It is a nontoxic bacterium that
reproduces quickly by splitting method, according to re-
search. -erefore, one of the advantages of this bacterium is
its easy culture within a short time. Plain water with a pH
value of 7 and zero turbidity was used for the study. Sylhet
sand with an absorption capacity of 2.78% and specific
gravity of 2.51 is used as fine aggregates, whereas locally
available stones with a specific gravity of 2.74 and absorption
capacity of 2.33% are used as coarse aggregates.

3. Experimental Procedure

3.1. Preparation of Bacterial Culture. Escherichia coli
bacteria had been used in this experiment, which was col-
lected from the Microbiology Department of another local
university. -e media used was nutrient broth, which was
made from peptone, beef extract, and a slight amount of
NaCl. All composition materials were taken in a 300ml
conical flask in proper quantity and then mixed with water
and stirred slowly for the preparation of nutrient broth. To
make the media germ free, the media was sterilized for

exactly two hours in sterilization autoclaves. Escherichia coli
spores were then injected into the prepared media by using a
needle. -e spore-injected media was then settled in the
refrigerator by maintaining an ambient temperature. -is
process allows the bacteria to germinate in a binary fission
manner. -e growth period of bacteria and germination
time helps to determine the bacterial concentration.

-e next stage was to investigate different bacterial
groups. However, before those steps, the properties of these
prepared samples had been determined. Optical density
(OD) measurement of bacterial cultures is a common
technique used in microbiology. Spectrophotometers are
used typically to measure the optical density, which actually
measures how much light is scattered by the culture. Pre-
vious literature indicated that the concrete with a bacterial
culture having an optical density of OD600 0.5± 0.1 yields
better strength [31]. Based on those studies, this research
work used an OD value of 600 0.5± 0.1.

Generally, in spectrophotometer, the wavelength can be
set from 420 to 660 nm. In this study, a wavelength of
600 nm has been set to track the growth of E. coli. It is crucial
that the cells are in an excellently physiological process of
growth. -e estimated relationship between absorbance and
colony-forming units (CFU) (the number of viable bacteria
within a sample) may differ as the cell size differs with
growth phase (lag, log, and stationery). -e concentration of
cells differs from the optical density and was therefore es-
timated using the following relation:

Y � 8.59E107X1.362
, (6)

where X is reading at optical density 600 nm, and Y is cell
concentration per ml.

Figure 4 represents the whole procedure related to
preparation of the bacterial culture.

3.2. Concrete Specimen Preparation. Cube samples of size
100mm× 100mm× 100mm were made following ASTM
standard procedure using the mix proportions as obtained
from the proper mix design. Mix design was performed for
two strength requirements: 25MPa and 35MPa. Cement:
fine aggregate: coarse aggregate ratios for the two-strength
category are 1 : 2.091 : 2.276 and 1 :1.43 :1.8 with water ce-
ment ratios of 0.5 and 0.395, respectively. Bacterial culture
media containing the required number of microorganisms
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Figure 3: Key roles of pH and calcium metabolism in microbial carbonate precipitation [16].
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mixed with water were used as the liquid substance. Two
water: microbial culture ratios were 75 : 25 (75% of water and
25% of microbial culture) and 50 : 50 (50% of water and 50%
of microbial culture). Prepared concrete is poured into mold
for casting and removed from the mold after 24 hours. After
preparing the samples, they were cured in plain water for
various time spans.

3.3. Concrete Strength Using Ultrasonic Pulse Velocity (UPV)
Measurement. -e interior quality of concrete samples can
be assessed using the UPV test. High velocity indicates
strong concrete consistency, which can be attributed to
density, uniformity, homogeneity, and other factors. On
cube specimens, the UPV test was performed by putting a
pulse transmitter on one side of the cube and a receiver on
the other. Conventional relation between speed, distance,
and time as shown below is used to compute the ultrasonic
pulse velocity

UPV �
L

T
, (7)

where L is distance between transducers, and T is transit
time.

3.4. Absorption of Water by Immersion Method. Water ab-
sorption tests of concrete samples were measured using
ASTM C1585 and ASTM C642 method.

water absorption in percentage �
W1 − W2( 􏼁

W2
􏼢 􏼣∗ 100, (8)

where W1 is SSD weight of the sample, and W2 is oven-dry
weight.

3.5. Analysis Using Scanning Electron Microscopy (SEM).
SEM analyses were performed to observe and analyze the
microstructural changes between conventional concrete and
E. coli generated concrete. Powdered samples were taken
from the core of each sample for SEM examination.-e SEM
analysis was carried out according to the guideline. -e
interfacial transition zone (ITZ) was utilized in SEM re-
search to observe bacterial mineral formation, which creates
a filler effect in the concrete mixture.

4. Results and Discussion

4.1. Compressive Strength Test Result. Compressive strength
results of various concrete mixes at different curing ages are
presented in Figure 5(a).

-e compressive strength test results at various ages
show the trend as expected where compressive strength
increases with ages. -is strength gain may be attributed to
the formation of more hydration products as the time
progresses, which improves the bonding between the par-
ticles. But the rate of strength gain is not same for all

(a) (b) (c)

(d) (e)

Figure 4: Preparation of the bacterial culture. (a) Materials. (b) Materials poured into flask for Luria–Bertani media. (c) Preparation of
media for sterilization. (d) Media kept in refrigerator for germination. (e) Prepared bacterial solution.
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specimens and variation is obvious since the design and
material proportions are not same.

As obvious from the plot in Figure 5(b), the highest strength
gain is observed in between 7 and 28days. Subsequently, the
strength increment becomes gradual. -e graph also implies
that the strength of 25MPa concrete increases more than the
35MPa concrete. However, when the concrete samples were
cured for 90 or 365 days of curing, the strength of 35MPa
concrete increases more than the 25MPa concrete. For 35MPa
grade, the compressive strength increases up to 21.5% for
Escherichia coli (50% bacterial culture). On the other hand, the
strength increase is higher for water: bacterial media ratio of 50 :
50 than water: bacterial media ratio of 75 : 25 concrete.

However, in all cases, the strength of bacterial concrete is higher
than normal concrete, which most probably is the result of the
filling of the pores inside the concrete matrix by the precipi-
tation of calcite due to the bacterial injection.

4.2. Ultrasonic Pulse Velocity Test. Figure 6(a) shows UPV
results on different curing ages for designed concrete
strength of 25MPa and 35MPa. Similar to compressive
strength, UPV values of all specimens rise with increase
in age irrespective of the bacterial doses. As such, the
average gain in UPV values at 365 days curing corre-
sponding to its value at 28 days varies from 6.15 to 16.21%
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Figure 5: Variation of compressive strength for various concrete under increasing curing period.
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Figure 6: Variation of UPV test results and curing periods for 25MPa concrete and 35MPa concrete.
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for control specimen. In bacterial concrete, the long-term
UPV improvement varies from 4.49 to 16.49% for C25
concrete, whereas it is 3.81–9.39% for C35 concrete at
365 days compared with 28-day UPV values. For samples
with longer curing period, the concrete mix is filled with
more hydration products, C-S-H, and this leads to more
solid and compact internal structures.

-is in turns increases the velocity since the time re-
quired to travel the pulse is decreased.

According to the guideline of concrete quality, UPV
above 4.5 km/sec implies excellent quality concrete, whereas
UPV ranging 3.5–4 km/sec specifies good quality; UPV
ranging 3–3.5 km/sec specifies medium quality; and below
that value concrete is of doubtful quality.

From Figure 6(b), it is obvious that concrete samples are
of medium quality for normal as well as microbial concrete
for curing ages of 7 days and 28 days. On the other hand as
the curing age increased (90 days and 365 days), the concrete
quality raises from medium to good quality concrete for
25MPa concrete group. However, for 35MPa concrete, it
remains still in the medium-quality range except for BC 50 :
50–35MPa at the age of 365 days. Another trend that is
observed is that the UPV value of microbial concrete is
higher than normal concrete, which implies the dense nature
of microbial concrete than normal one.

4.3. Water Absorption Capacity Test by Immersion Method.
Test results of water absorption are shown in Figure 7.

From Figure 7(a), it can be said that the use of micro-
organisms in concrete reduces the absorption of the ma-
terial. When the water absorption rate is observed as a
function of curing days as in Figure 7(b), it can be said that
the water absorption decreases as the time increases. -e
lowest water absorption is observed for BC 50 : 50 35MPa
concrete, which suggested that as the bacterial concentration
increases, there is a reduction in water absorption. -at
means microorganisms help concrete make more durable.
-e maximum reduction in water absorption is found to be
17.60% for Escherichia coli (50% bacterial culture).

4.4. Analysis of Scanning Electron Microscope (SEM).
Changes in the microstructure of concrete due to the ad-
dition of E. coli bacteria can be studied by SEM analysis
caused. Concrete specimens with a standard curing period of
28 days were taken from all types of samples (with and
without culture for 25MPa and 35MPa mix) and studied at
various magnifications. Figures 8 and 9 show the SEM
morphology of the three concrete groups at 28 days. It shows
that the bacterial inclusion has a significant impact on the
microstructure of concrete. Conventional concrete (Fig-
ure 8) shows significant amounts of voids among the
concrete samples. Voids decreased as the rate of water
substitution by microbial culture rises.

-e intrusion nature of bacterial concrete might be at-
tributed to the compact microstructure. And it is obvious
that the microstructure of concrete had a considerable
impact on the hardness and durability properties of the
material. Reduction in voids in microbial strain-infused

concrete mixtures was indeed the primary cause for its better
strength and durability properties when compared to the
plain concrete group.

-e cause for the high compactness of concrete
containing microbial strains was also validated by SEM
analysis. It exhibited the presence of calcite precipitation
in bacterial concrete, which implies the presence of fewer
cavities and more compact concrete. Calcite precipitation
was detected as the white patches of areas in these images.
-e density of white patches seen in these photographs
increased as the concentrations of microbes increased. As
a result, it can be stated that the denser microstructure of
concrete mixture is primarily responsible for the increase
in strength and durability of concrete with the inclusion
of microbial strain.

4.5. Comparison between Destructive and Nondestructive
Testing Results. -e common destructive test to determine
the strength of concrete is the crushing of sample. On the
other hand, UPV is the easiest nondestructive test to de-
termine the compressive strength. -e comparison in
strength obtained from these two methods is presented in
this section.

-e test results show that the UPV and compressive
strength of concrete mix are significantly affected by
bacterial doses and curing age. -e experimental inves-
tigation was carried out at curing ages of 7, 28, 90, and
365 days. To establish the relationship between UPV and
compressive strength, all the data points are merged
together and plotted as shown in Figure 10. Plotting of
test results shows that compressive strength is linearly
correlated with UPV. -e coefficient of determination R
of general relationships was 0.88 for both C25 and C35
concrete mix proportions. -is represents that the var-
iation in compressive strength with UPV is accounted
well by linear relationship.

4.6. Prediction Model for Compressive Strength. A nonlinear
regression analysis with 95% confidence level was carried out
to determine the strength of concrete specimens for various
ages and for different ratios of water to bacterial media.

-e empirical relation found from the analysis is as
follows:

z � a + bx + cln(y) + dxln(y) + eln (y)2, (9)

where z is compressive strength in MPa, x is the ratio of
water to bacterial media, and y is the age of the specimen
in days. Since there are two different types of mix design,
the analysis is carried out for two sets of data separately
and the coefficients are a � 2.84, b � 7, c � 9.18, d � −0.395,
and e � −0.754 for 25MPa concrete and a � 2.25, b � 12.03,
c � 13.4, d � −1.16, and e � −1.11 for 35MPa concrete. -e
percent of error is found to be 1.6%, which is clearly
below 5%. -e actual vs predicted strengths for both cases
are shown in Figure 11. Figure 12 shows the response
surface for both cases, which has been developed using
MATLAB software.
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Figure 7: Variation of water absorption test results for various curing periods for 25MPa concrete and 35MPa concrete.
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Figure 9: SEM imaging of E coli-induced concrete. (a) 25MPa microbial concrete. (b) 35MPa microbial concrete.
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Figure 8: SEM imaging of conventional concrete. (a) 25MPa plain concrete. (b) 35MPa plain concrete.
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Figure 10: Relationship between compressive strength and UPV.
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-e goodness of fit of the model can be accessed by
accessing the coefficient of determination (COD), that is, R
squared (R2) value.

If a data set has n values marked y1, . . ., yn (collectively
known as yi) and each of them is associated with a predicted
value f1, . . ., fn (known as fi), then the residual can be written
as

ri � yi − fi. (10)

-e mean of the observed data y is

y �
1
n

􏽘

n

i�1
yi. (11)

-en, R2 value can be obtained using the following
formula:

R
2

� 1 −
􏽐i yi − fi( 􏼁

2

􏽐i yi − yi( 􏼁
2. (12)

-e COD value is found to be 0.99 for the fit, and a value
close to 1 indicates the higher efficiency and low discrepancy
of the model from the actual.

Residual sum of squares (RSS) is another measure for the
good of a regression curve. It is the sum of the squared

estimates of errors [21] or the difference between the actual
data and an estimation model as expressed in (13). A small
RSS refers to the tight fit of the model.

RSS � 􏽘
i

yi − fi( 􏼁
2
. (13)

For the current prediction model, the average value of
RSS (5.4) confirms that the model is effective in predicting
the compressive strength.

5. Conclusions

-e main aim of this study was to study the properties of
microbial concrete using E. coli bacteria in the concrete
mixture, which has self-healing capacity and hence can be a
good solution for durable concrete.

-e inclusion of bacterial cultures did not show any
adverse effect on the crushing compressive strength as they
were found higher than normal concrete in the current study
for the investigated parameters. In terms of the optimum
ratio of water to bacterial culture media, it is found that the
higher the amount of bacterial dose, the better the perfor-
mance and 50% bacterial culture media exhibits better re-
sults than 25% bacterial culture.
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Figure 11: Plot of actual vs predicted strength.
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On the other hand, the nondestructive UPV test also
indicates that microbial groups are more compact than
normal concrete, which means the microorganism was ef-
fective in producing dense concrete structures. -e results
obtained from water absorption test also supported this
finding, which shows that the use of microorganisms in
concrete reduces the absorption of the material, which
means less porosity and hence denser concrete structures.
-e calcium carbonate formed due to chemical action
precipitated in the voids making the surface more compact,
and hence, this also improves the stability of the structure
since the liquid and ion absorption causing reinforcement
corrosion were prevented.

-e SEM test also exhibited less voids in the micro-
structure for concrete with high bacterial culture media.

A linear relationship is established between the com-
pressive strength found from destructive test and the ve-
locity found from nondestructive UPV test. From the results
of the two proportions of bacterial injections, it can be said
that the use of Escherichia coli (50% bacterial culture) having
OD600 0.5± 0.1 has performed better and the use of this
ratio will facilitate the production of durable concrete, which
in turn can minimize the cost as it eliminates the need for
casting new concrete. -e investigational data for strength
are supported through a prediction model and the fit of the
model is found to be acceptable for practical purposes.
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Geopolymer materials have several obvious advantages such as energy conservation, emission reduction, and waste reuse, so they
can become substitutes for cement materials. In this study, geopolymer mortars made from blast furnace slag and steel slag
reinforced by basalt fibre and polyvinyl alcohol (PVA) fibre were prepared to explore the effect on their strength and shrinkage
properties. Scanning electron microscopy (SEM) was employed to characterize the reaction mechanism of the geopolymer
mortars. *e results show that both PVA fibre and basalt fibre can improve the mechanical properties of geopolymer mortars
during the late curing period. *e geopolymer reinforced by basalt fibre manifested a better toughness. A proper content of PVA
fibres and basalt fibres can effectively reduce the drying and autogenous shrinkage of geopolymer mortars. *e optimal content of
basalt fibres and PVA fibres to reduce the drying shrinkage was 0.4%.*e SEM results show that the fibres can effectively alleviate
the stress concentration and prevent crack propagation.

1. Introduction

In recent years, cement mortar has been widely used in
concrete repair and reinforcement materials due to its ad-
vantages of low cost, convenient construction, and stable
properties. However, the large-scale use of cement has
produced increasingly serious problems such as energy
consumption, resource consumption, and environmental
pollution. Geopolymers are a new type of nonmetallic
material prepared from natural Si-Al-containing materials
or industrial slags such as slag, fly ash, and steel slag [1–3].
Geopolymers exhibit excellent characteristics including high
strength, low CO2 emissions, excellent corrosion resistance,
and durability compared to traditional cementitious binders
[4–6].

*erefore, many researchers have used geopolymer
materials to prepare mortars and made great efforts to
improve their properties. Helmy [7] suggested that inter-
mittent curing proved an increase in compressive strength of

all geopolymer mortars prepared by fly ash at the end of each
curing step. Atis et al. [8] believed that an increase in heat
curing temperature and heat curing durations was beneficial
to enhance the compressive strength of geopolymers. Fly-
ash-based geopolymer pastes reached 120MPa when acti-
vated with 14% NaOH and cured at 115°C for 24 h. Ilken-
tapar et al. [9] found that the water absorption of fly ash-
based geopolymer mortars increased with increasing heat
curing duration. An extra rest period of curing after heat
curing increases the water absorption. Yang et al. [10] found
that the substitution of fly ash decreased the reactivity of the
solid precursors of metakaolin-based geopolymer mortars,
which resulted in a lower reaction rate, a longer reaction
time, and an obstruction of water evaporation from pore
networks. Elyamany et al. [11] explored the effect of sodium
hydroxide molarity on the setting time of geopolymer
mortars. Some results showed that the setting time decreased
with increasing NaOH solution molarity possibly because
increasing the NaOH molarity can improve the dissolution
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rate of the aluminosilicate precursors and enhance the
geopolymerization process. Chen et al. [12] revealed that
when the replacement ratio of GGBS reached 30%, the
mortar had better compressive strength (75.9MPa), flexural
strength (12.2MPa), and bond strength (6.4MPa) than
many pavement repair materials.

However, geopolymer mortars have disadvantages of
high brittleness, low toughness, and low deformation
resistance, which is similar to cement mortars. However,
the addition of various fibres can significantly improve
these properties. For example, Zhang et al. [13] experi-
mentally concluded that the compressive strength and
fracture energy of geopolymer mortars could be improved
by mixing a certain amount of PVA fibre. Malik [14]
suggested that the structural properties and durability of
geopolymers were improved by incorporating 5% PVA
fibres. Microstructural studies confirmed that PVA fibres
in geopolymer matrices were well distributed to develop a
fibre-bridging texture with improved performance. Guo
[15] found that basalt fibres could also significantly im-
prove the 28-d compressive and flexural strength of
geopolymer mortars and effectively prevent cracking and
crack propagation, as shown in scanning electron mi-
crographs. Punurai [16] found that basalt fibre could make
geopolymer pastes more uniform and denser with a
smaller total porosity. *erefore, PVA fibres or basalt
fibres can be used to enhance the toughness and durability
of geopolymer mortars.

*e obvious shrinkage during the setting and hardening
processes is another important factor that affects the wide-
area applications of geopolymers [17, 18]. Excessive
shrinkage will result in cracking, which further reduces the
strength, stiffness, and service life of the structure
[10, 19, 20]. Much effort has been made by scholars to study
the shrinkage properties of geopolymers. Studies have
shown that an increase in the addition of fly ash can sig-
nificantly reduce the drying shrinkage of geopolymers due to
the microaggregate filling effect of fly ash [21, 22]. In ad-
dition, the NaOH concentration has a serious effect on the
drying shrinkage of geopolymers.*e geopolymers prepared
by a higher NaOHmolarity showed a lower drying shrinkage
and a higher autogenous shrinkage [23]. Ridtirud et al. [24]
found that the curing temperature and solid/liquid ratio
played key roles in determining the drying shrinkage of fly-
ash-based geopolymers. Duan et al. [25] believed that the
incorporation of TiO2 nanoparticles into geopolymers could
improve the carbonation resistance of geopolymers and
reduce drying shrinkage.

In this article, steel slag and slag are used as rawmaterials
to prepare geopolymer mortar. Steel slag and slag can
promote each other under the action of an alkaline exciter
due to the difference in activity. Due to the rapid reaction in
the early stage and lack of Ca2+ in the later stage, while the
steel slag has a high CaO content, Ca(OH)2 generated by the
reaction can be absorbed by the slag to promote the hy-
dration of the slag. *e absorption of Ca2+ by the slag
promotes the dissociation hydration of the steel slag and
generates products such as hydrated calcium aluminosilicate
and zeolite to fill the pores, which form in the early stage of

the reaction. In addition, mixing the fibre material is ex-
pected to improve the toughness and reduce the shrinkage of
the geopolymer. *us, further research on restricting the
shrinkage of geopolymer mortars by adding PVA fibre or
basalt fibre is meaningful, but relevant research remains
insufficient. Geopolymers made from slag and steel slag with
various mixed volume ratios of PVA fibres and basalt fibres
are prepared to explore the effect on the shrinkage and
mechanical properties of geopolymer mortars.

2. Experimental

2.1. Materials. Blast furnace slag and steel slag were used
as the raw materials to prepare geopolymer binders, and
quartz sand with a particle size of 40–70mm was used as
the fine aggregate. *e specific surface area of the blast
furnace slag powder is 436m2/kg. *e blast furnace slag
mainly consisted of 37.2% CaO, 30.0% SiO2, and 16.6%
Al2O3, as shown in Table 1. Steel slag is a type of solid
waste discharged from steelmaking, and its chemical
composition is affected by factors such as the iron ore
source, slagging material, and steelmaking methods. *e
chemical composition of steel slag in this study is mainly
composed of 30.1% CaO, 15.3% SiO2, 33.2% Fe2O3, and
15.0% MgO, as shown in Table 1, with a specific surface
area of 420m2/kg.

*e chosen modulus of the sodium silicate solution
(M� n (SiO2)/n (Na2O)) was 3.2, which was adjusted by
NaOH and used as a composite alkali activator.*emodulus
of the composite alkali activator was 1.2. *e solid contents
of Na2O and SiO2 were 8.5% and 26.8%, respectively.

Polyvinyl alcohol fibres (PVA fibres) 12mm in length
and 15 μm in diameter and basalt fibres (BF) 12mm in
length and 13 μm in diameter were used. *eir technical
indicators are shown in Table 2.

2.2.MixProportionsofGeopolymerMortars. Table 3 presents
the mix proportions of the geopolymer mortars. *e ratio of
water to binder was 0.55 (including the water in activator),
the ratio of binder to sand was 0.60, and the equivalent of
Na2SiO3 in activator to the binder material was 22%. *e
addition of 0.1%, 0.2%, 0.3%, and 0.4% PVA fibres (PVA-1,
PVA-2, PVA-3, and PVA-4, respectively) was selected for
comparison with the control sample (PVA-0), and all
proportions were expressed in volume ratio (%). Samples
mixed with a 0.1–0.4% volume ratio of basalt fibres (named
BF-1, BF-2, BF-3, and BF-4) were also prepared.

2.3. Preparation of Geopolymer Mortars. *e geopolymer
mortars had a similar preparation process to cement pastes.
First, the fibres were put into activators and mixed to be well
distributed, and the mixture was poured into a cement
mortar mixer with water, blast furnace slag, steel slag, and
quartz sand. *en, the mixture was stirred for 120 s at low
speed in the mixer prior. After 180 s of stirring at high speed,
the geopolymer mortars were poured into moulds with
dimensions of 70.7× 70.7× 70.7mm and 40× 40×160mm.
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2.4. Testing Methods

2.4.1. Mechanical Properties. According to the standard of
cement test methods to determine the strength (ISO 679 :
2009), the compressive strength (70.7× 70.7× 70.7mm) and
flexural strength (40mm× 40mm×160mm) of the speci-
mens were tested at curing ages of 3 d, 7 d, and 28 d in a
microcomputer-controlled pressure testing system. *e
samples were cured in a standard curing box (20°C and
>95% RH) until the specified age was reached. *e com-
pressive strength and flexural strength were the averages of
six separate tests. Data deviating by more than 10% of the
mean were eliminated.

2.4.2. Drying Shrinkage. According to the standard test
method (JC/T 603–2004), the drying shrinkage was re-
ported by measuring three specimens to obtain an average
value. After demoulding, the samples were further cured
in a 20°C water bath for 2 days and subsequently removed.
*e water on the surface of the specimens was wiped, and
the initial length was measured with an accuracy of
0.001mm, as shown in Figure 1. Afterwards, the samples
were put into a drying and shrinking box to cure at a
temperature of 20 ± 2°C and a relative humidity of
60 ± 5%. *e length of the samples after curing was tested
with an accuracy of 0.001mm. Drying shrinkage is de-
termined as follows:

ε �
L0 − L d

160
× 100%, (1)

where ε is the drying shrinkage, L0 (mm) is the demoulded
length, Ld (mm) is the measured length, and 160 (mm) is the
effective length of the specimens without two head nails.

2.4.3. Autogenous Shrinkage. *e autogenous shrinkage test
was performed using a beam specimen with a size of
40× 40×160mm. After 24 h of moulding, the specimens
were removed from the mould, immediately sealed with
polyethylene film, and wrapped with a layer of self-adhesive
tin foil. Autogenous shrinkage is determined as follows:

σ �
L1 − Lt

160
× 100%. (2)

*e initial length L1 was measured with a length-ratio
metre, and Lt was measured after setting to the specified age.

Figure 1: Comparator and dial indicators.

Table 1: Chemical composition of blast furnace slag and steel slag.

Materials
Chemical composition (wt%)

CaO SiO2 Al2O3 MgO SO3 Fe2O3

Blast furnace slag 37.20 30.03 16.58 9.17 3.92 0.76
Steel slag 30.12 15.32 3.80 15.00 1.09 33.24

Table 2: Technical indexes of PVA and basalt fibre.

Type Length (mm) Diameter (μm) Tensile modulus (MPa) Initial modulus (GPa) Density (g/cm3)
PVA fibre 12 15 1830 40 1.29
Basalt fibre 12 13 4500 101 2.64

Table 3: Mix proportions of geopolymer mortars.

Samples Slag
(%)

Steel slag
(%)

Activator
modulus

Activator concentration
(%)

Water binder
ratio

Binder sand
ratio

Fibre content
(%)

PVA-0 70 30 1.2 22 0.50 0.60 0
PVA-1 70 30 1.2 22 0.50 0.60 0.1
PVA-2 70 30 1.2 22 0.50 0.60 0.2
PVA-3 70 30 1.2 22 0.50 0.60 0.3
PVA-4 70 30 1.2 22 0.50 0.60 0.4
BF-1 70 30 1.2 22 0.50 0.60 0.1
BF-2 70 30 1.2 22 0.50 0.60 0.2
BF-3 70 30 1.2 22 0.50 0.60 0.3
BF-4 70 30 1.2 22 0.50 0.60 0.4
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2.4.4. Mass Loss. *emass loss rate was used to measure the
mass change under identical curing conditions to the drying
shrinkage test. *e mass loss is determined as follows:

Δm �
Ws − Wt

Ws
. (3)

Here, Δm(wt%) is the mass loss, Ws is the initial weight
of the specimens, and Wt is the measurement weight of the
specimens at t days.

3. Results and Discussion

3.1. Compressive and Flexural Strength of Basalt Fibre-Rein-
forced Geopolymer Mortars. *e compressive strengths of
geopolymer mortars with different basalt fibre contents after
3 d, 7 d, and 28 d of curing are shown in Figure 2(a). *e
compressive strength of the samples at 3 d and 7 d slightly
decreased after basalt fibres was added. *e compressive
strength was higher than that of the control group only when
the fibre content was 0.3%. After 28 d of curing, the com-
pressive strength first increased and subsequently decreased
with the increase in the fibre content, and all strengths were
higher than that of the control group. *e compressive
strength of the mortars reached a maximum of 41.1MPa
when 0.2% fibre was added, which is 11.7% higher than that
of the control group.

Figure 2(b) shows the flexural strength of geopolymer
mortars with different basalt fibre contents at curing ages of
3 d, 7 d, and 28 d. *e flexural strength of geopolymer
mortars increased when the basalt fibre content increased
from 0.1% to 0.3%. When the basalt fibre content further
increased, the flexural strength slightly decreased, and the
compressive strength remained higher than that of the
control group. *e optimal content of basalt fibre is ap-
proximately 0.2%, and the early flexural strength reached a
maximum of 5.4MPa and 6.1MPa for 3 d and 7 d of curing.
If the content of basalt fibre was 0.3%, the flexural strength at
28 d of curing age reached the maximum of 7.4MPa and
increased by 17.4% compared to the control sample. *e
optimal basalt fibre content for compressive strength de-
velopment is 0.2-0.3%.

*e basalt fibre can be uniformly dispersed in specimens
to form a mesh structure, which effectively resists crack
extension and enhances the structural toughness [26].
Adding a proper content of fibres is beneficial to energy
absorption and strength development. However, too many
fibres are difficult to mix well in mortars, which results in an
uneven structure with excessive porosity defects [27].

3.2. Compressive and Flexural Strength of PVA Fibre-Rein-
forced Geopolymer Mortars. *e compressive strength of
geopolymer mortars at 3 d, 7 d, and 28 d of curing with
different PVA fibre contents is shown in Figure 3(a). *e
incorporation of PVA fibres reduced the compressive
strength of mortars at 3 d of curing except when 0.2% of
PVA fibres was added. *e 7-d compressive strength
appeared to decrease with the increasing incorporation of
PVA fibres. If the content of PAV fibres was less than 0.2%,

the compressive strength at 28 d of curing age obviously
improved. However, if the content was higher than 0.2%, the
compressive strength at 28 d of curing decreased. *is
strength was even lower than that of the control group, while
the content was 0.4%.*e highest 28-d compressive strength
of geopolymer mortars (prepared with 0.2% content of PVA
fibres) was 41.8MPa, which is 13.6% higher than that of the
control sample.

Figure 3(b) shows the flexural strength of geopolymer
mortars with different PVA fibre contents at 3 d, 7 d, and
28 d of curing ages. *e results show that the 3-d flexural
strength reached amaximum value of 4.3MPa at a PVA fibre
content of 0.2%. *e 7-d flexural strength at various PVA
fibre contents was slightly higher than that of the control
group. *e reinforcing effect of PVA fibres on geopolymer
mortars was obvious at 28 d of curing. *e optimal content
of PVA fibres for 28 d flexural strength gain was 0.2%, and
the corresponding strength reached 7.6MPa, which is 20.6%
higher than that of the control sample. Similar to the trends
of the compressive strength, an excessive content (>0.2%) is
expected to weaken the reinforcing effect of PVA fibres.

*e PVA fibre significantly contributed to the com-
pressive and flexural strength gain at the later curing age
(28 d), which is consistent with the report in [15]. *e
optimal PVA fibre content is 0.2-0.3%. In addition, basalt
fibres have a higher reinforcing effect on geopolymer
mortars than PVA fibres at an early age. *e reason can be
the higher elastic modulus of basalt fibres, which benefits the
stress dispersion and withstands part of the stress.

3.3.DryingShrinkageofGeopolymerMortars. Figure 4 shows
the influence of the content of basalt fibres and PVA fibres
on the drying shrinkage of geopolymer mortars. *e
shrinkage can be attributed to the internal water that
evaporates from the pore network of the binder to the ex-
ternal environment at a relatively low level of humidity.
Capillary stresses from the evaporation of capillary water
during the drying process result in shrinkage strain. Most of
the drying shrinkage occurs on the first day because of the
rapid loss of internal water from freshly formed surfaces.

Figure 4(a) shows that the drying shrinkage of geo-
polymer mortars reinforced by basalt fibre experiences two
stages. *e drying shrinkage geopolymers rapidly increase at
the initial stage and subsequently level off. *e drying
shrinkage first increases and subsequently decreases with
increasing fibre content. *e drying shrinkage was minimal
when the basalt fibre content was 0.4% at 56 d. *e 14-d
drying shrinkage was 410×10−5 for the control group, which
accounts for 92.5% of the 56-d drying shrinkage. For geo-
polymer mortars prepared with 0.4% basalt fibres, the 56-d
drying shrinkage was 361× 10−5 for mortars reinforced with
0.4% basalt fibres, which is a decrease of 18.5% compared to
the control group. *e high elastic modulus of basalt fibres
increases the tensile strength of composites at the initial
stage of plasticity and hardening and resists the deformation
of matrices due to dehydration and drying. A proper content
of basalt fibres can reduce the drying shrinkage and improve
the volume stability of the material.
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Figure 4(b) shows the influence of the PVA fibre content
and drying age on the drying shrinkage of geopolymer
mortars. *e drying shrinkage of samples prepared with
PVA fibres appeared to rapidly increase in the early stage
and levelled off after 28 d of curing. A more obvious drying
shrinkage appeared when the PVA fibre content was less
than 0.3% compared to the control group. For example, the
56-d drying shrinkage of samples prepared at 0.2% volume
fractions of PVA fibres was 540×10−5, which is an increase
of 21.9% compared to the control group. In contrast, the 56-
d drying shrinkage was subject to an obvious limitation
when the PVA fibre content increased to 0.4%, which is a

decrease of 4% compared to the control group. Basalt fibres
have a better effect on the drying shrinkage of geopolymer
mortars than PVA fibres. *e optimal content of fibres to
inhibit drying shrinkage is different from that for the
compressive strength. *e 56-d drying shrinkage was
maximal when 0.2% content of basalt fibres and PVA fibres
was added, reaching 458×10−5 and 540×10−5, respectively.
Adding fibres with 0.4% volume fractions has the optimal
reinforcing effect for drying shrinkage of geopolymer
mortars. *e fibres restrain the expansion and extension of
the microcracks and disperse the stress caused by shrinkage,
which reduces the shrinkage strain of the materials.

5

0

10

15

20

C
om

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

25

30

35

40

45

Content of basalt fiber (%)
0.0 0.1 0.2 0.3 0.4

3 d
7 d
28 d

(a)

1

0

2

3

4

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

5

6

7

8

Content of basalt fiber (%)
0 0.1 0.2 0.3 0.4

3 d
7 d
28 d

(b)

Figure 2: Strength of geopolymers mixed with different basalt fibre contents. (a) Compressive strength and (b) flexural strength.
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Figure 3: Strength of geopolymers with different PVA fibre contents. (a) Compressive strength and (b) flexural strength.
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Figure 5 shows the mass loss rate of geopolymer mortars
in the drying process. Similar to the drying process, the mass
loss rate of geopolymers increased with longer drying age. A
more obvious mass loss occurred in the early stage. *e
relatively stable mass loss rate in the late stage is positively
correlated with the drying shrinkage; that is, greater drying
shrinkage corresponds to a greater water loss rate. Adding
basalt fibres with appropriate content can effectively reduce
the porosity of geopolymers and limit the internal water
release from geopolymers. *e geopolymer mortars have a
lower early mass loss rate than the control group when the
PVA fibre content is 0.4% but increases to become higher
than that of the control group after 56 d of drying.

3.4. Autogenous Shrinkage of Geopolymer Mortars.
Autogenous shrinkage of geopolymers derives from self-
desiccation and chemical shrinkage, which reduces the
volume. In this study, the autogenous shrinkage of geo-
polymers is measured after 24 h of moulding. Chemical
shrinkage mainly occurs in the fresh state, so it will not be
discussed in the following section.*e autogenous shrinkage
curves of the pastes evolve in two distinct stages: (1) the
expansion behaviour during the initial curing age and (2) the
shrinkage behaviour due to the further increase in shrinkage
strain.

Figure 6(a) shows the influence of basalt fibres on the
autogenous shrinkage of geopolymer mortars. *e autoge-
nous shrinkage increased with increasing setting age. *e
autogenous shrinkage of geopolymer mortars reinforced by
the basalt fibres with 0.3% content was the minimum
(278×10−5) at 56 d, which decreases by 15.3% compared to
the control group. *e 14-d autogenous shrinkage reached
188×10−5 when the basalt fibre content was 0.4%, which
accounted for 65.7% of the drying shrinkage at 56 d. Adding
0.3–0.4% volume fractions of basalt fibres has a relatively
obvious inhibiting effect on autogenous shrinkage.

*e influence of PVA fibres on the autogenous shrinkage
of geopolymer mortars is different from the drying
shrinkage, as shown in Figure 6(b). *e autogenous
shrinkage of geopolymer mortars decreased with increasing
fibre content up to 0.3% volume fractions and subsequently
increased. All contents of PVA fibres effectively reduced the
autogenous shrinkage. *e autogenous shrinkage of the
geopolymer mortars increased with increasing setting age.
Adding 0.3% content of PVA fibres mostly reduced the 56-d
autogenous shrinkage. It reached 240✕10−5 and decreased
by 26.8% compared to the control group.

3.5. SEM Analysis. Figure 7 shows the SEM images of
geopolymer mortars after 28 d of curing. Mass flocculent
phases without regular shapes were found in all specimens.
*is is expected to be amorphous phases formed by the
alkali-activated reaction and to form C–S–H gel and/or
N-A-S-H [28, 29]. *e alkali-activated reaction can generate
C–S–H gels with smaller gel particles to fill the pore
structure. Furthermore, gel phases can generate a three-
dimensional network structure via a polymerization process
[30, 31]. However, a few unreacted steel slag particles remain
due to their low activity. Pores and cracks in geopolymer
mortars can also be observed, as shown in Figure 7(a), which
can be caused by shrinkage and water loss [32]. Single in-
dependent fibres can be observed and appear as a strong
bond with the surrounding geopolymer mortar, which can
effectively resist the crack extension and disperse the stress,
as confirmed by Figure 7(b) [33]. *erefore, when the fibre
content of both is 0.4%, the drying shrinkage is minimal. At
this content, the fibres can effectively improve the me-
chanical properties and reduce drying shrinkage. However,
comparing Figures b and c, PVA fibres will exhibit ag-
glomeration phenomena due to better hydrophilicity, and
there are microcracks at the combination surface of PVA
fibres and ground poly. *e gel and fibre fail to be closely
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Figure 4: Effect of the content of (a) basalt fibre and (b) PVA fibre on drying shrinkage of geopolymer mortars.
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Figure 5: Effect of content of (a) basalt fibres and (b) PVA fibres on water loss rate of geopolymer mortars.
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combined, the surrounding structure is looser, and more
water is lost, so when PVA fibre doping is 0.4%, the drying
shrinkage value is greater than that of basalt fibres.

4. Conclusions

In this article, the shrinkage and strength properties of
geopolymer mortars made from blast furnace slag and steel
slag reinforced by basalt fibre and polyvinyl alcohol (PVA)
were studied. *e main conclusions are as follows:

(1) After PVA fibres and basalt fibres have been added,
the compressive strength and flexural strength of
geopolymer mortars are improved. *e flexural
and compressive strengths first increase and
subsequently decrease. *e optimal content of
basalt fibre and PVA fibre is 0.2–0.3%, and basalt
fibre has a better toughening effect than PVA
fibres.

(2) *e drying shrinkage of geopolymer mortars first
increases and subsequently decreases with increasing
basalt fibre and PVA fibre contents. *e mass loss
rate shows the same trend as the drying shrinkage.
*e optimal content of basalt fibres and PVA fibres
to limit drying shrinkage is 0.4%. PVA fibres will
increase shrinkage due to their hydrophilicity
compared to basalt fibres.

(3) *e autogenous shrinkage test shows that when the
content of both fibres is 0.3%, the self-shrinkage is
minimal. SEM testing shows that the addition of
fibres can effectively alleviate the stress concentra-
tion of geopolymer mortars and prevent crack
propagation. However, excessive fibres can ag-
glomerate, which results in a loss of strength.
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'e design of landfill liners of waste disposal to reduce migration of leachate containment, low swelling, and shrinkage and ensure
sufficient shear strength to resist bearing capacity and instability of the landfill has been a major challenging task to landfill engineers.
Over the last decade, there has been an increase in research on the stability of substitute materials as liners that are environmentally
friendly, cost-effective, and socially beneficial due to the growing cost of traditional landfill liners. In this regard, geotechnical tests
were conducted on shale samples treated with 0–12% (increment of 2%) of palm kernel shell ash (PKSA) and pulverized palm kernel
shell (PPKS) to evaluate their suitability as alternative landfill liners using West African Standard (WAS) and Modified AASHTO
Standard (MAS) for compactive energy.'e shale hasmore percentage of finer fractions, thus classified as poorly graded soil (A-7-5).
'e Atterberg limit tests show that liquid and plastic limits decrease with an increase in plasticity index as the percentage of addition
of PKSA and PPKS content increases.'e results also established that themaximum dry density (MDD), volumetric shrinkage strain
(VSS), and hydraulic conductivity significantly decrease, while the optimum moisture content (OMC) increases as the content of
PKSA and PPKS increases at both compactive efforts.'emaximum strengths of 380.30 and 448.70 kPa were obtained at 4% of both
stabilizers. From the results, it can therefore be concluded that the treated compacted shale meets the condition of the suitability of
landfill liners. Furthermore, with the use of industrial and agricultural wastes such as palm kernel shells as replacementmaterials with
natural soils used as liners, significant social, economic, and environmental impact of landfills and reduction in wastes can be
achieved. 'e research results can provide a reference for similar conditions of landfill liners worldwide.

1. Introduction

To date, there is a global increase in waste generation as a
result of growth in population and income, changing life-
styles, increase in industrialization and use of disposable
materials, excessive packaging of items, and consumer’s
habits. Daily, domestic and industrial wastes are generated in
large quantities and the safe disposal of these waste materials
is increasingly becoming a major concern around the world.
Currently, waste is becoming more serious than ever as there
are lots of environmental problems related to its management.

Further, landfilling of wastes has been the final stage of
many municipal wastes in many countries [1, 2]. It confines
the waste to the available area, thereby reducing the waste to
the minimum practical volume. Despite that, the problem of
waste management is still a big social and environmental
issue complying with the shortage of landfill capacity, a
result of doubt to the environmental soundness of landfills
and reject to unpleasant landfills [3], mainly because the
waste in a landfill often reacts to release leachate, which
poses a threat to the surrounding environment and humans
[3]. Hence, the environmental impacts of landfills are
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numerous, including the contamination of surface water and
groundwater by leachate, pollution of soil by direct contact
with wastes or leachate percolation, spreading of diseases
and foul odours in landfill areas, and uncontrolled release of
methane by anaerobic decomposition of deposited wastes
[4, 5].

To overcome these problems, waste disposal of landfills
should be packaged and placed in an underground vault
surrounded by thick liners to provide a certain degree of
redundancy for leachate containment [1]. In particular,
Kayabaly [6] and Cazaux and Didier [7] reported that liners
are required to minimize pollutant migration over the long
term, low swelling and shrinkage, and resistance to shearing.
As a matter of fact, landfill liners must have a large atten-
uation capacity to prevent seepage of leachate into the
surrounding groundwater and subsequent contamination of
the groundwater system [7].

For these reasons, liners must be designed to accom-
modate the landfill settlement, lower the hydraulic con-
ductivity, and have sufficient shear strength to resist bearing
capacity and slope failure [8]. Over the last decades, com-
pacted clay liners, bentonite, or bentonite-bearing mixtures
have been used extensively in constructing landfills due to
their cost-effectiveness and large capacity of attenuation
[6, 8]. In spite of that, these barriers contain appreciable
swelling clay minerals, e.g., smectites; thus, they have high
shrinkage and high expansive potential causing instability
problems [9]. Additionally, geosynthetic clay liners, geo-
membranes, geonets, and geotextiles are often used to
construct liners in developed countries, even though they are
more expensive [10–12].

From the above discussions, it can be said that the sus-
tainability of clay liners may be significantly affected by their
long-term sealing capabilities, resulting from the hydraulic
conductivity after compaction, swell-shrinkage characteristics,
resistance to cyclic drying and rewetting, and desiccation
cracking [1]. Notwithstanding, the aforementioned liners are
very uncertain in the design of landfills in low- and medium-
income countries, such as Nigeria, mainly because there might
be a possibility of social unacceptability and lack of techno-
logical know-how to achieve the desired purposes. 'erefore,
the stabilization of natural soils used as liners with recycled or
waste materials, such as oil palm ash, shell and clinker, rice
husk ash [13], coconut shells [14], iron ore tailings, and blast
furnace slags [15], has been a way to forward alternative so-
lutions in the landfill engineering to ensure the significant
social, economic, and environmental impact of landfills,
consequently ensuring that the high mechanical strength,
impermeability to water, stability, and great durability of the
landfills are also achievable.'erefore, the investigations of the
stabilizing potential of industrial and agricultural waste in soils
have become the focus of research globally. Hence, the need for
the use of palm kernel shell, which is relatively inexpensive and
readily available locally through the burning and grinding of
palm kernel shell as a stabilizing agent to enhance the me-
chanical properties of natural soils used as landfill liner, has
become very significant [16].

In Nigeria, approximately 64% of palm kernel shell is
generated as waste per year [17]. 'e palm kernel shell is

regarded as waste from oil processing, which is either burnt
to supply energy at palm oil mills or left in piles to compost.
'is in turn pollutes the environment. 'us, it is greatly
required to consider the use of palm kernel shell in im-
proving the engineering properties of natural soil liners in
landfill sites. 'us, the main aim of this study is to evaluate
the suitability of compacted shale treated with palm kernel
shell ash (PKSA) and pulverized palm kernel shell (PPKS) as
an alternative material for landfill liners. 'e hydraulic
conductivity, swell-shrink characteristics, and geotechnical
properties of the compacted shale samples treated with the
two selected stabilizers were examined using West African
Standard (WAS) and Modified AASHTO Standard (MAS)
for compactive efforts to ascertain their potential usage as an
engineered barrier in waste containment applications. 'is
approach can also serve as an alternative disposal means of
palm kernel shells in Nigeria.

2. Environmental Issues of Open Dumping
Site in Nigeria

Over the decades, prevention, reuse, recycling, recovery, and
disposal of waste in the practice of collecting, treating, and
managing waste in Nigeria have been a challenging task as a
result of the unchecked rapid growth of urban population,
unplanned urbanization, changing lifestyles, increase in the
use of disposable materials, lack of training in modern solid
waste management practices, lack of awareness on the
dangers of unsustainable waste management practices,
poverty, illiteracy, and poor government policies [1, 18]. In
Nigeria, the generation, disposal, or management of waste
has proved to be a major environmental and public health
issue. Waste is often dumped on the major streets and
several open spaces and left unattended for long periods
(Figure 1), which encroach on the roads, thereby limiting
road users access, generate serious air pollution issues,
constitute a significant nuisance when blown over by the
wind, and distort the aesthetic view of the metropolis [19].
Environmental and health issues arising from the unsus-
tainable management of those open dumping waste sites
have consequently resulted in runoff of toxic compounds
into surface water and groundwater, which contaminates the
water due to the percolation of leachate [20]. To overcome
this problem, there is a need for sophisticated landfill
technology to ensure that the waste is disposed of in a
landfill, which is the simplest, cheapest, and most cost-ef-
fective method of disposing of waste [21]. 'us, the utili-
zation of waste such as palm kernel shells to stabilize natural
soil used as landfill liners is a priority because it is not only a
cost-effective and already available material but also an
alternative disposal means of palm kernel shells in Nigeria.

3. Geological Characteristics of the Study Area

'e study area is located at Nguzu Edda in Afikpo South
Local Government Area, Ebonyi State. Geographically, the
area is bounded by longitude 7°49′ E to 7°54′ E and latitude
5°45′ N to 5°50′ N, as depicted in Figure 2. 'e area lies
within the Afikpo Subbasin, which is regarded as the
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Figure 1: Picture of the open dumping site at Nguzu Edda.
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Figure 2: Geological map of the study area.
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southeastern depression of the Anambra Basin [22].
Stratigraphically, the study area is predominantly composed
of the sediments of the Upper Campanian-Maastrichtian
identified as the Afikpo sandstone, Nkporo, and Mamu
Formation [23], which consists mainly of fine to very coarse
ferruginized sandstone and shale with intercalations of
sandstone and shale and laterite.'e shale is soft and there is
a precipitate of ironstone and sandstone interbeds on the
shale. It has a thick pile of clay minerals, most likely to be
kaolinite. 'e laterite of the area has been used for con-
struction purposes mostly as fillings, both as subgrade for
road and pavement construction and as filling in roads,
buildings, and dam fillings.

4. Materials and Methods

'e shale employed for this study were taken along Nguzu
Edda road within longitude 7°50′ 38.3″ E and latitude
5°45′48.29″ N using both disturbed and undisturbed sam-
pling methods at a square meter of 3× 3 at 1m depth. 'e
palm kernel shells (PKS) were sourced from the local milling
farm at Ugwuegu village. It was sorted and air-dried suffi-
ciently. To generate palm kernel shell ash (PKSA), some of
the palm kernel shells were burnt in a blast furnace to about
900°C, whereas others were grounded as pulverized palm
kernel shell (PPKS). 'e air-dried samples were sieved
through a sieve aperture of 4.76 µm, while the palm kernel
shell contents were sieved through a sieve aperture of 75 µm.
Index properties of both the natural and shale-palm kernel
shell mixtures were determined in accordance with British
standard BS 1377 [24]. Two compaction energy levels, West
African Standard (WAS) and Modified AASHTO Standard
(MAS), were used for comparison purposes.'e engineering
tests such as optimum moisture content (OMC), maximum
dry density (MDD), volumetric shrinkage strain (VSS),
compressive strength, and hydraulic conductivity (k) were
carried out at the Soil Laboratory, Department of Geology,
Federal University of Technology, Akure, Nigeria, to de-
termine the suitability of the treated samples as landfill
liners. 'e Atterberg limits, grain size distribution test,
specific gravity, and natural moisture content tests were
carried out on the natural shale samples at the laboratory of
the Civil Engineering Department, University of Ibadan.'e
sieved air-dried soil samples were batched using 0, 2, 4, 8,
and 12% PKSA and PPKS by dry weight. Rigid wall per-
meameter under falling head condition was used for hy-
draulic conductivity, the samples for compressive strength
test were cured for 3 days prior to the test, while the samples
for drying shrinkage test were cured for a day, thereafter,
extruded, and cured for a period of 30 days. 'e mea-
surements of diameters and heights for each specimen were
taken with the aid of a vernier caliper of accuracy of
±0.03mm.

5. Results and Discussion

5.1. Analysis of the Index Properties of the Untreated Shale.
'e results of index tests such as Atterberg limits (liquid and
plastic limits), particle size distribution, natural moisture

content, specific gravity test, compressive strength, hydraulic
conductivity, and volumetric shrinkage strain carried out on
the shale sample are presented in Table 1 for comparison
with the treated shale samples as described in the later
sections. Figure 3 shows the grading curve of the particle size
distribution of the shale. As can be seen from Figure 3, there
is clear evidence that the shale had more fine fractions than
the coarse fractions. From Table 1 and Figure 3, the results
showed that the shale samples have more percentage of finer
fractions that pass 0.075mm sieve, <35% with LL of 56.60%
and PI of 21.29%. Overall, the shale has significant constituent
materials, mainly clay, silty, gravel, and sand. From this point
of view, the shale was classified as poorly graded soil (A-7-5)
and MH according to the American Association of State
Highway Transportation Officials (AASHTOM145) [25] and
Unified Soil Classification System (USCS), respectively.
Figure 4 shows the Casagrande chart of the shale, which
indicates that the samples are widely distributed in the region
of high plasticity below the A line of the Casagrande chart.
'e high plasticity could be explained by the presence of the
fine fraction, which tends to reduce the interconnected pores.
Consequently, the high plasticity index can reduce hydraulic
conductivity, implying that the shale can withstand volu-
metric shrinkage on drying and exhibit a low to medium
swelling potential when wet. It is worth noting that the fine
fractions are expected to help in the workability, while the
coarse fractions enhance the mechanical strength of the shale.
Hence, the shale is expected to resist an increase in hydraulic
conductivity that may be caused by the contaminant and also
retard the migration of contaminants through sorption [26].

5.2. Atterberg Limits Test. Atterberg limit tests were con-
ducted to determine the liquid limit (LL), plastic limit (PL),
and plasticity index (PI) of shale treated with 0, 2, 4, 8, and
12% of palm kernel shell ash (PKSA) and pulverized palm
kernel shell (PPKS) by dry weight of the samples. Figure 5
shows the effects of the addition of PKSA and PPKS on the
Atterberg limits of the samples. From Figure 5, it is observed
that LL and PL decrease, whereas PI increases almost linearly
with an increase in the percentage of addition of PKSA and
PPKS content. 'is demonstrates that the palm kernel shell,
either in ash or pulverized, has similar effects on the
Atterberg limits of the shale sample.

It can be seen from Figure 5 that the liquid limit (LL)
decreases slightly from 56.6 to 53.43% and 56.4% at 0–12% of
PPKS and PKSA, respectively. 'e plastic limit (PL) also
decreases slightly from 35.31 to 32.39% and 32.1%, with a
corresponding increase in PI from 21.29 to 23.31% and
21.44% at 0–12% of PPKS and PKSA, respectively. 'e re-
duction in the LL and plastic limit (PL) of the shale could be
explained by the cementitious properties of PKSA and PPKS
content, which resulted from the initial flocculation ag-
glomeration between the clay particles present in the shale-
PKS mixtures. 'ese aggregation and cementation proper-
ties of the shale-PKSA and PPKSmatrix lead to the closure of
interconnected pores, thereby decreasing the void ratio.

As seen in Figure 5, the results demonstrate that the
values of LL and PL of the treated shale sample are higher
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Table 1: Geotechnical properties of the untreated shale.

Parameters Values
Natural moisture content (%) 20.00
Specific gravity (g) 2.24
Liquid limit, LL (%) 56.60
Plastic limit, PL (%) 35.31
Plasticity index, PI (%) 21.29
AASHTO classification A-7-5
Unconfined compressive strength, UCS (kPa) 375.10a, 426.20b

Hydraulic conductivity (m/s) 5.24×10−7a, 0.43×10−7b

Volumetric shrinkage strain, VSS (%) 14.93a, 16.03b

Maximum dry density (Mg/m3) 1.45a, 1.51b
aResults from West African Standard (WAS). bResults from Modified AASHTO Standard (MAS).
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than LL≥ 30% and PL≥ 15% as recommended by TCEQ
[27]. Significantly, the plasticity index of the treated shale
sample is also higher than 7%, therefore meeting the con-
dition of the suitability of soils as landfill liners (Hamdi and
Srasra [28].

5.3. Compaction Characteristics. Figure 6 shows the maxi-
mum dry density (MDD) of shale samples containing 0%,
2%, 4%, 8%, and 12% of PPKS and PKSA. As can be seen
from Figure 6, there is clear evidence that MDDs of the soil-
PPKS and PKSA matrix compacted at the MAS and WAS
compactive efforts decrease almost linearly with an increase
in the percentage of addition of the stabilizers. Significantly,
the MDD of each stabilizer falls within a small range for each
compactive energy. In the case of MAS compactive energy,
the MDD at 0% of PKSA and PPKS content was 1.51Mg/m3,
which increased to 1.53 and 1.51Mg/m3 (at 2% of both
stabilizers), respectively, and then decreased constantly as
the content of PKSA increases. Conversely, the MDD of the
treated shale decreases constantly with an increase in the
stabilizer content for WAS compactive energy. Figure 7
shows the relationship between the optimum moisture
content (OMC) and PKSA and PPKS of the compacted shale
samples. From Figure 7, it can be seen that the results
exhibited general trends of increase in OMCwith an increase
in the percentage of addition of PPKS and PKSA for both
compactive energies. 'e optimum moisture content
(OMC) for WAS ranges from 20.7 (at 0% of the stabilizers)
to 33.3 and 26.0% at 12% of PKSA and PPKS, respectively,
whereas the OMC forMAS ranges from 19.92% (at 0% of the
stabilizers) to 24.68 and 24.51% at 12% of PKSA and PPKS,
respectively. However, WAS compactive effort shows a more
pronounced increase in OMC for both stabilizers.

As described above, the initial increase in MDD could be
attributed to the pozzolanic effect of the stabilizers and
probably due to the initial flocculation and agglomeration of
shale particles caused by a possible cation exchange reaction
between the shale-PKSA and PPKS matrix. 'us, these
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effects lead to an increase in volume and a decrease in dry
density. 'e constant decrease in MDD after 2% addition of
the stabilizers is owing to the effects of coating the shale
sample with PKSA and PPKS, which consequently increases
the voids and density, as confirmed by Ako and Yusuf [16]. It
was also possible due to the low specific gravity of PKSA and
PPKS of 1.19 and 1.22, respectively, which may have
substituted the high absorption rate of the soil and the
addition of finer particles, which requires more water to
hydrate [29, 30].

'e corresponding increase in OMC could be a result of
an increase in the surface area of particles caused by an
increase in the volume of PKSA and PPKS content in the
mixture, which required more water to lubricate the entire
mix matrix to enhance compaction, due to hydration re-
actions of the matrix as explained by Ako and Yusuf [16].
'e increase in OMC and its corresponding decrease in
MDD with the increase in the percentage of addition of the
stabilizers have significant geotechnical effects as compac-
tion can easily be achieved with wet shale. Consequently,
there is less need for the shale to be dried to lower moisture
content prior to compaction in the landfill. However, a
mixture of 2% of the stabilizers, mostly at MAS compactive
effort, satisfied the criteria for landfill liner as Amadi et al.
[31] and Tuncan et al. [32] recommended soils with MDD
≥1.50Mg/m3 to be applied as landfill liner.

5.4. Hydraulic Conductivity (k). It is well known that when
clay-shale soil is used as liners subjected to water pressure in
the landfills, it causes an increase in hydraulic conductivity
as time passes, which in turn may lead to instability as a
result of the excessive expansion. For this reason, the choice
of adequate natural soil with a hydraulic conductivity of the
order of 10−7–10−9ms−1 for attenuation is needed for the
construction of a landfill [1]. 'erefore, the hydraulic
conductivity of the shale samples treated with PKSA and
PPKS compacted using the WAS and MAS compactive
energy was determined based on ASTM D5084-1991 pro-
cedures as described by Hamdi and Srasra [28]. 'e hy-
draulic conductivity k was calculated using the following
equation:

k � 2.303
aL

At
log

h1

h2
, (1)

where k is the hydraulic conductivity (ms−1), A is the cross-
sectional area of the specimen (m2), a is the cross-sectional
area of the standpipe (m2), L is the length of the specimen
(m), and h is the head difference (m), at time t.

Figure 8 shows the relationship between the hydraulic
conductivity of compacted shale samples and varying
percentages of PSKA and PPKS content. As presented in
Table 1, the hydraulic conductivities of the untreated sample
compacted by WAS and MAS compactive energy were
5.24×10−7m/s and 2.43×10−7m/s, respectively. In contrast,
the hydraulic conductivity of the shale samples treated with
PKSA ranged from 1.51× 10−7 at 2% to 1.25×10−7m/s at
12% under WAS and 3.91× 10−7 at 2% to 9.91× 10−8m/s at
12% for MAS. In contrast, the hydraulic conductivity of the

compacted shale samples treated with PPKS varies from
2.05×10−7 at 2% to 1.18×10−7m/s at 12% for WAS and
1.64×10−7 at 2% to 8.47×10−8m/s at 12% for MAS.

As shown in Figure 8, the hydraulic conductivity of the
samples treated with PPKS decreases gradually with an
increase in the percentages of the stabilizer content. 'e
decrease in the hydraulic conductivity could be explained by
reducing the pore size. Conversely, the hydraulic conduc-
tivity of the samples treated with PKSA stabilizer increased
slightly higher than that of untreated shale sampled at 2% for
MAS and 4% for WAS. 'ese slight increases may result
from the porous nature of the PKSA particles, which in turn
lead to a high specific surface, consequently resulting in the
adsorption of a large number of hydrated cations and water
molecules, thereby contributing to the increase in hydraulic
conductivity. Moreover, the excessive PKSA content can
change the soil matrix, which also can cause an increase in
flocculation, as established by Osinubi and Eberemu [15]. It
can also be seen that the treated sample (Figure 8) has lower
values of hydraulic conductivity than those of the untreated
sample, as presented in Table 1. As seen in Figure 8, the
results demonstrate that the hydraulic conductivity of
treated samples with 4% of the PPKS stabilizer and above
falls within ≤1× 10−7ms−1 [1]; therefore, it meets the con-
dition of the suitability of soils as landfill liners. 'is proves
that the addition of PKS to the soil used as a landfill liner will
resist an increase in the hydraulic conductivity caused by
contaminants, as it positively influences the suitability of the
soil as a landfill liner. Moreover, it functions as an atten-
uating layer enabling the leachate to percolate slowly
downwards, simultaneously undergoing attenuation by
precipitation, adsorption, and exchange processes within the
landfill [26].

5.5. Compressive Strength of the Treated Shale. 'e standard
uniaxial compression tests were performed on shale samples
containing 0%, 2%, 4%, 8%, and 12% of PPKS and PKSA
cured for 3 days to determine the compressive strength of the
treated shale using West African Standard (WAS) and
Modified AASHTO Standard (MAS) compactive energy
level. 'e relationship between the compressive strength of
the shale and the percentage of addition of PPKS and PKSA
content is shown in Figure 9. Figure 9 shows that the
strength of the compacted shale was enhanced by adding 4%
of PKSA and PPKS contents and a further increase in the
addition of PPKS and PKSA contents beyond 4% tends to
reduce the strength of the compacted samples steadily. It is
also observed, in Figure 9, the strengths of the treated shale
compacted at MAS were generally 50 times greater than
those of the WAS. 'erefore, it is noted that the maximum
strengths of 380.40 and 448.70 kPa were recorded at 4% of
PKSA with MAS and WAS compactive efforts, respectively.
'e subsequent increase in the strength of the treated shale
at 4% can be attributed to the pozzolanic effect of the PKSA
and PPKS in which the lime provides a conducive envi-
ronment for the dissolution of silicates and aluminates in the
soil, hence reacting with Ca+2 cations to form the ce-
mentation process through the hydration process [33]. 'e
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decline in the strength by a further increase in the addition of
PPKS and PKSA contents is owing to the dilution influence
of the stabilizers on the shale, which reduces the pozzolanic
reactions. In a related study, the use of a PKSA has proved to
be highly effective for cementitious application in the soil, as
reported by Ako and Yusuf [16]. Significantly, the result
showed that the strength of the treated shale at both
compactive efforts is greater than 200 kPa, maximum
bearing strength of a landfill liner as proposed by Daniel and
Wu [34]; therefore, it satisfied the condition of the suitability
of soils as landfill liners.

5.6. Volumetric Shrinkage Strain (VSS). In landfill engi-
neering, it is essential to understand the shrinkage char-
acteristics of liner material in order to control cracks.
Desiccation cracking is often a problem in landfills, which in
turn can cause an increase in hydraulic conductivity [35].
'erefore, it is essential to prevent excessive shrinkage
cracking due to changes in moisture content that occur
during the lifetime of the landfill. 'is is mainly because the
presence of cracks in landfill cover provides potential
pathways for water infiltration, increasing the generation of

waste leachate and eventually increasing the risk of soil and
groundwater contamination, as demonstrated byMiller et al.
[35]. To overcome this problem, there is a need to ensure
sufficient strength for the stability of engineering projects
worldwide [36], including landfills during their construction
and operation stage [37].

Consequently, the drying shrinkage test was performed
on shale samples with the addition of containing 0%, 2%, 4%,
8%, and 12% of PPKS and PKSA contents. Prior to the test,
the shale-PPKS and PKSA matrix were cured for a day,
thereafter, extruded from the compaction molds, and then
allowed to air-dry for a period of 30 days in the laboratory to
assess the effect of desiccation-induced shrinkage on the
material used as a landfill liner. 'e volumetric shrinkage
upon drying was measured by extruding cylindrical speci-
mens and then compacted using the WAS and MAS energy
levels. Measurements of diameter and heights for each
specimen were taken with the aid of a vernier caliper ac-
curate to ±0.03mm. 'e average diameter and heights were
used to compute the volumetric shrinkage strain.

Figure 10 describes the effect of PKSA and PPKS as
cementitious material on the drying shrinkage of the mix-
ture at 0, 5, 10, 15, 20, 25, and 30 days, respectively. It can be
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seen that there is a sharp increase in VSS within the first five
to fifteen days of drying, mostly with WAS compactive
energy level. 'ereafter, the trends of increment become
more or less constant with time. Figure 11 shows

correlations between mass of the shale-PPKS and PKSA
matrix and time at 30 days. As shown in Figure 11, the mass
of the treated shale decreases gradually as PKSA and PPKS
contents increase with time of drying. 'e decreases in the
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trends of mass are similar for each compactive energy level.
Clearly, drying shrinkage is proportional to the molding
water content.

'e relationship between VSS and varying percentages
of PKSA and PPKS for the two compactive efforts was shown

in Figure 12. From Figure 12, it can be observed that the
shrinkage of the shale decreases with the rising content of
PKSA and PPKS. Although the decreasing trends were more
clear for MAS compactive effort, the decrease in drying
shrinkage is owing to the finer particles of PKSA and PPKS,
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which act as a filler and interlocked the pores, which con-
sequently slow the rate of shrinkage in the treated shale.
According to Tay et al. [37], shrinkage decreases as the
amount of cement replacement material (such as ash), which
builds up themechanical interlocking in the pores, increases.

6. Conclusions

'is study determined the mechanical properties of com-
pacted shale treated with varying percentages of palm kernel
shell ash (PKSA) and pulverized palm kernel shell (PPKS)
using West African Standard (WAS) and Modified
AASHTO Standard (MAS) for compactive efforts to as-
certain their stability as landfill liners barrier in waste
containment applications. 'us, the following conclusions
were drawn from the study:

(1) From the grain size analysis and the Atterberg limit,
the shale was classified as A-7-5, with percentage
finer grains, which constituted materials, mainly
clay, silty, and sand. 'e Atterberg limit tests
revealed that the liquid limit (LL) and plastic limit
(PL) decrease with an increase in plasticity index (PI)
as the percentage of addition of PKSA and PPKS
content increases.

(2) 'e results also revealed that an optimum moisture
content (OMC) value increases, whereas the maxi-
mum dry density (MDD) and hydraulic conductivity
decrease with rising in the percentage of addition of
PKSA and PPKS content for both compactive efforts.

(3) 'e drying shrinkage of the treated shale samples
reduced with an increase in the percentage of ad-
dition of PKSA and PPKS content. Overall, the
experimental results infer that the blend of the
compacted shale-PPKS matrix, mostly 4% of the
stabilizer at MAS compactive effort, satisfied the

condition of the suitability of soils as landfill liners
for both compactive energy levels. 'erefore, it can
be concluded that the addition of 4% of PPKS to the
compacted shale sample is the optimum replace-
ment. Moreover, the addition of palm kernel shells to
the compacted shale used as landfill liners can also
serve as alternative means of reducing wastes gen-
erated from the local milling industry to ensure the
significant social, economic, and environmental
impact of the waste.
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+is study inspects the viability of engaging the discarded paper wastes in concrete by varying the volume proportions from 0%–
20% with each 5% increment in replacement of the weight of cement. A physiomechanical study was conducted, and the results
were presented. A glass fiber reinforced rectangular slab with a longer span (ly) to shorter span (lx) ratio of (ly: lx) 1.16 was cast with
optimum replacement of waste-paper mass and compared the force-deformation characteristics with the conventional concrete
slab without waste paper. +e optimum percentage of discarded papers for the replacement of cement is 5%. Also, the results
imply that the compressive strength at the age of 28 days is 30% improved for the optimum replacement. Based on the outcomes of
the investigation, it can be inferred that the compressive strength gets progressively reduced if the volume of the discarded paper
gets increases. +e incorporation of glass fibers improves the split and flexural strength of the concrete specimens considerably.
+e ultimate load-carrying capacity of the glass fiber reinforced waste paper incorporated concrete slab measured 42% lower than
that of the conventional slab. However, development of the new type of concrete incorporating waste papers is the new trend in
ensuring the sustainability of construction materials.

1. Introduction

Currently, a huge volume of concrete is used in construction
due to its properties of easy molding, higher strength, and
durability characteristics [1]. However, due to the usage of
cement in concrete production, the emissions and carbon
footprint are ever increasing [2]. Hence, concrete technology
is under constant pressure to innovate novel concrete which
has minimalistic emission properties. +ere are several new
types of concrete under research. Also, the accumulation of
waste materials from municipal and industrial sources is
increasing day by day [3].

+e disposal of these waste materials is a point of
concern for every municipality or industry [4]. As per the

Central Pollution Control Board of India, the per capita
production of solid waste is 0.26–0.85 kg/day [5]. Studies
reveal that 70–80% of solid wastes are directly dumped as
landfills [6]. Direct landfilling creates environmental issues
and health hazards depending on the nature of the waste
materials [7]. +e optimum solution for this problem is to
use the waste material in the construction products [8]. As
per the Confederation of European Paper Industries, the
paper industry waste is predominantly used in landfills [9],
energy recovery, and is used on composting or land
spreading [10]. As per the existing research of Agulló et al.
[11] and Ahmadi and Al-Khaja[12], the paper pulp has been
used as the replacement of mineral filler material in concrete
mixes. As per the record, the world paper production is
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around 400 million tons, and it can increase to another 100
million tons in the year 2050 [13]. +e disposal of paper
waste involves social and economic constraints [14]. +e
paper waste can be used in bioplastics [15], asphalt [16] and
cement products [17], and adsorbent production [18]. As per
the latest study of Karimi et al. [19], the paper mass can also
be used as a viscosity modifying agent in cement-based
materials [20]. Numerous studies are focusing on the energy
management [21] and energy efficiency [22] of paper pulp-
based products; however, the available literature on using
paper waste in the production of concrete products is scarce
[23]. Existing research focused towards the use of paper
waste with the ordinary portland cement and water mix.+is
kind of product was termed “Paper Crete.” With the use of
this new material, blocks were manufactured and tested for
the structural properties such as modulus of elasticity and
thermal and bond characteristics [24, 25].

Also, Agulló et al. [11] conducted a study based on the
incorporation of paper pulp sludge in plaster composite
mixtures, and the authors concluded that the wet paper
sludge needs to be dried for obtaining good mechanical and
rheological characteristics. However, the discarded paper
waste concrete is an innovative type of concrete manufac-
tured with the basic ingredients of normal concrete with
partial substitution of waste papers in place of cement [22]. It
can be inferred from the earlier research that with the use of
waste papers, the final product can be obtained with a re-
duced density [26], improved acoustic [27], and heat
insulation characteristics [28]. +e disadvantage reported by
adding the paper mass is the higher water absorption. By
adjusting the water-cement ratio, the concrete can be pro-
duced with an equal density as that of conventional concrete.
Also, it is suggested to use this material as a roofing element
with the addition of necessary reinforcement [29]. +e
strengthening may be of either (a) chicken wire mesh, (b)
glass fibers, or (c) wooden fibers [30]. According to an earlier
study, the waste paper mass was mixed with conventional
concrete mixture with and without fly ash, kaolin, clay, Rice
Husk Ash (RHA), SiO2, and Quartz powder, and physical
and mechanical properties were studied, and it was deter-
mined that the use of paper induces the reduction in strength
properties of concrete. Hence, it was advised to add rein-
forcements in any form to improve the strength of paper
concrete [31]. In this paper, an attempt has been made to
engage the glass fibers as reinforcement in the paper con-
crete. As per the study of Madhkhan and Katirai [32], the
incorporation of glass fibers improves the mechanical
properties of the final concrete. Waste papers are used as a
partial replacement of cement, and the mechanical prop-
erties are assessed including the compressive strength, split
tensile strength, and flexural strength. +ese results are
compared with specimens containing the glass fibers.

2. RawMaterials andBrickMixtureProportions

Portland cement of 53-grade cement as per BIS 1489
standards [33] is used for this investigation. Crushed stone
aggregates with 20mm passing and a 12.5mm retaining on
the Indian Standard (IS) sieve are used. +e specific gravity

of the aggregate is recorded as 2.62. Natural sand with a
specific gravity of 2.6 is engaged for the experimental in-
vestigations. +e paper mass used for the study has un-
dergone preprocessing stages obtained through several
stages. Initially, the discarded waste paper was soaked in
water for a minimum period of 72 hours. After obtaining the
wet mass, it is ground into fine mass using the wet grinder.
+e paper mass was sun dried for 24 hours before obtaining
the final product (Figure 1).Water-dispersible chopped glass
fiber of density 2600 kg/m3 has been used with the optimum
volume proportion of 4%. Figure 2 shows the dispersing
process of glass fibers in the concrete. Table 1 presents the
properties of water-dispersible chopped glass fibers. Tables 2
and 3 present the physical and chemical properties of the
waste paper used in the present investigation.

A concrete mix design of M25 grade corresponding to
BIS 10262–2019 standards is engaged with a mix ratio of 1 :
1.12 : 2.746 and limited the water/cement ratio to 0.44.
Table 4 shows the mix proportions for 1 cu.m. of concrete.
Accordingly, the fine aggregate and coarse aggregate volume
are fixed as 500 kg/m3 and 1223 kg/m3.

3. Methods

To understand the mechanical properties of discarded waste
paper concrete with and without glass fiber addition,
specimens were cast by varying the paper residues of dif-
ferent percentages of 0%, 5%, 10%, 15%, and 20% of the
weight of cement. After finding the initial set of outcomes, a
constant 4% volume of glass fiber reinforcement has been
added to all the different percentage paper residue mixes,
and then, the strength properties have been analyzed.

+e dry density of the concrete samples is found by
heating the sample in the oven for 48 hours at the tem-
perature of 90°C, and each sample was weighed for the dry
weight. +e saturated weight of the sample was found by
immersing the specimens in the water tank for three
complete days. After the soaking period, the specimens were
removed and wiped with a dry cloth and weighed with a
digital balance. From the saturated weight and the dry
weight, the percentage of absorption was computed.

Compressive strength of the concrete cubes (150mm)
was found at the curing age of 28 days subject to the vertical
load under the compression testing machine. +e splitting
tensile strength of the cylinder (150mm diameter and
300mm high) was obtained for each sample by placing the
cylinder specimen horizontally and applying a compressive
force on the specimen. +e flexure strength of the prism
(100×100× 410mm) was obtained by testing a prism at the
curing age of 28 days. +e casting of the slab is shown in
Figure 3.

Two numbers of two-way slabs of ly/lx ratio - 1.16 are
cast, out of which one slab is cast with conventional mix and
the other with optimum replacement of paper mass with
water-dispersible glass fiber. +e overall dimensions of the
slab are 1200×1400× 75mm with 6mm diameter rein-
forcements at 150mmC/C distance. +e support edge
condition is simply supported in all corners. +e test is
performed under a loading frame. A hydraulic loading Jack
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is fitted under the loading frame followed by a load spreader.
Seven numbers of steel ‘I’ section are placed below the load
spreader for load distribution. Ten numbers of mild steel
rods larger than slab dimensions are placed in longitudinal
and transverse directions. Slabs are positioned in an upright
position so that the movement in horizontal and vertical
directions is restricted. A linear variable differential trans-
ducer (LVDT) is fixed at the midpoint of the slab to observe
the deformation of the slab during the vertical monotonic
loading. +e load is applied at each 4 kN increment. +e
displacement is noted in each load level. A load indicator is
attached, and the corresponding deformation is measured

through a data logger. Figure 4(a) presents the test setup of
the slab under a loading frame. Figure 4(b) shows a view of
LVDT placed at the middle of the slab.

(a) (b)

(c) (d)

Figure 1: Preprocessing process of paper waste. (a) Wet mass. (b) After grinding. (c) During sun drying. (d) Final mass.

(a) (b)

Figure 2: Glass fiber mixing procedure. (a) Dispersing of the glass fiber in the water; (b) mixing with concrete.

Table 1: Properties of glass fiber.

Description Property
Type of glass fiber Chopped strand
Fiber length 6mm
Moisture (%) 0.2
Sizing/Coupling system Starch-based
Loss on ignition (%) 0.7
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4. Results and Discussion

4.1. Physical Properties

4.1.1. Percentage of Water Absorption. +e test results of the
water absorption test are shown in Figure 5. It is observed
that if the percentage of paper mass gets increased, the water
absorption also increased. +is is due to the phenomenon of
absorbing more water by the added paper mass. +e results
also implied that the addition of glass fiber reinforcement
comparatively reduces the percentage of water absorption of
the specimens. +e maximum water absorption of 16.7%
and 12.55% is observed in the cases with and without glass
fiber addition, respectively. +e reason for the higher ab-
sorption is due to the paper waste that contains the cellulose
materials and thereby absorbs water and retains it for a
longer time [34, 35].

4.1.2. Bulk Density. +e results indicate that if the level of
paper mass increases, the dry density gets reduced irre-
spective of with/without glass fiber addition. Figure 6
presents the test results of the concrete specimens at the
age of 28 days. +e density of the samples ranges between
2041 and 2548 kg/m3 with glass fiber reinforcement. +e
density of concrete specimens without glass fiber incor-
poration displayed higher values than the latter. +e lower
density of paper mass causes a decrease in density and
higher incorporation of paper mass into the concrete
mixes [34].

4.2. Mechanical Properties

4.2.1. Compressive Strength. Figure 7 presents the com-
pressive strength test results at the age of 28 days. +e results
infer that the 5% replacement of paper mass showed en-
hanced compressive strength, and further replacement be-
yond this point tends to reduce the strength of the concrete
specimens. In the case of the glass fiber added concrete
specimens, the increased addition of waste paper gradually
decreases the compressive strength. 5% replacement of
paper mass provides 30.4% enhanced compressive strength
at the age of 28 days than the conventional mix. However,
10%, 15%, and 20% replacement levels show 40%, 66.4%,

and 93.6% reduction in strength. +erefore, it can be con-
cluded that the 5% replacement of paper mass with cement is
the optimum replacement. +is might be due to its dense
microstructure which is evident from the micrograph
(Figure 8) [3]. Paper is a natural polymer, and it contains
abundant wood cellulose. Also, cellulose is in the form of
sugar. In the polymeric chain links, it contains several hy-
droxyl groups. +e reason for the compressive strength
enhancement at 5% replacement level is the hydrogen
bonding that coated with the cement matrix. For higher
replacement levels, by applying the load, the hydrogen bond
among the molecules of cellulose and water got broken and
the reduction in strength occurred. Also, up to the optimum
level, the water absorption by the paper mass promotes the
water supply internally to the concrete mix, and more water
is available for the hydration process and thereby improving
mechanical characteristics. [34].

4.2.2. Split Tensile Strength. Figure 9 presents the test results
of the split tensile strength of concrete specimens. +e
maximum split tensile strength is achieved at 5% substi-
tution of paper mass, and further increases in the paper mass
decrease the strength. However, the addition of glass fiber
reinforcement increases the split tensile strength in all the
percentage replacement of paper mass. +e replacement of
10,15, and 20% of paper mass provides a reduction in split
tensile strength of 23%, 40%, and 83% at the age of 28 days
compared to the conventional specimens. However, the
addition of glass fibers increased the split tensile strength
upto 15% replacement levels. An increase in the split tensile
strength of 25%, 40%, and 60% was observed at 5,10, and
15% of glass fiber reinforcement addition. +is increment in
strength is due to the glass fibers that effectively filled the
voids in the concrete and thereby interlocking of constituent
materials of the concrete matrix. +ese results are in
agreement with the previous work [34].

4.2.3. Flexural Strength. From Figure 10, it can be inferred
that the addition of glass fiber reinforcement enhanced the
28-day flexural strength of concrete. +e optimum per-
centage is observed at the 5% replacement. Further addition
of glass fibers tends to reduce the flexural strength of
specimens. It can be observed that the 5% replacement of
paper mass showed an increased strength of 21.69% at the
age of 28 days. +e increased incorporation of paper mass
tends to reduce the flexural strength after the optimum
replacement level of 5%. An increase in the flexural strength

Table 3: Chemical properties of waste paper mass (XRF analysis).

Composition %
Carbon-di-oxide 86.2
Silicon-di-oxide 5.6
Aluminium oxide 6.95
Magnesium oxide 1.25

Table 2: Physical Properties of waste paper mass.

Physical properties Value
Density 798 (g/cu.m)
Absorption (%) 89%
Specific gravity 0.98

Table 4: Mix proportions for the waste paper concrete.

Substitution
(%)

Paper
(kg)

Cement
(kg)

Sand
(kg)

Coarse
aggregate

(kg)

Water
(kg)

0 0 445

500 1223

196
5 22 423 186
10 44 401 176
15 66 379 166
20 89 356 156
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of 13.36% is noted at the optimum replacement level. A
reduction in the strength of 7.47%, 64.03%, and 87% was
noted for the 10%,15%, and 20% replacement levels. +e

reason for this reduction in the flexural strength may be due
to the higher porosity of the waste papers which leads to
more void space inside the matrix. [34].

(a) (b)

Figure 3: A view of making of waste paper concrete slab. (a) Conventional mix. (b) Glass-fiber reinforced mix.

(a) (b)

Figure 4: (a)Test setup of the slab under a loading frame. (b) LVDT at the middle of slab.
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Figure 7: Test results of compressive strength.

Figure 8: Micrograph of the optimum mix.
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4.2.4. Force-Deformation Characteristics of Slab Element.
A vertical monotonic load is applied through a pumping
unit. +e deformation of the slab is measured in each 4 kN
load increment. +e corresponding deformation properties
are measured through the LVDT attached data acquisition
system. Figure 11 presents the force-deformation charac-
teristics of slab elements. +e ultimate load-carrying ca-
pacity of the conventional slab without paper mass and glass
fiber is 380 kN, whereas the slab which contains the paper
mass sustains the ultimate load of 220 kN. Also, it is observed
that the ultimate deflection corresponding to the ultimate
load is 32.9mm and 27.5mm, respectively, for conventional
and glass fiber reinforced paper concrete slabs.

Figure 12(a) represents the deflected configuration of
the conventional slab, and Figures 12(b) and 12(c) rep-
resent the typical crack pattern observed along the breadth

and depth of the slab specimen, respectively. Figure 13
displays the brittle collapse of the glass fiber reinforced
paper concrete slab. +e stiffness of the glass fiber rein-
forced paper concrete slab is comparatively lesser than the
conventional slab without paper mass addition. Also, in
the higher magnitudes of load progresses, massive and
wider cracks with large crack widths are observed in the
glass-fiber reinforced paper concrete slab. However, in the
conventional slab, the crack widths are less significant.
+e addition of waste paper mass disrupts the constituent
materials in the concrete matrix. +is makes the ingre-
dients get weaker and loosen the compactness. Under the
load increment, it magnifies the crack width and leads to
enhanced and significant wide width of cracks. +is
phenomenon is comparatively lesser in the case of the
conventional slab.
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Figure 9: Split tensile strength results.
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Figure 11: Force-deformation characteristics of the slab.

(a) (b)

(c)

Figure 12: Failure pattern of the conventional slab. (a) Deflected configuration. (b) Crack propagation along the width. (c) Crack extension
through the depth of the slab.
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5. Conclusions

From the attained results, the following conclusions were
drawn:

(i) +e increase in the incorporation of paper mass
tends to increase the percentage of water absorption
gradually. However, the addition of glass-fiber re-
inforcement minimizes the water absorption
characteristics for all the mixes.With the 0, 5, 10, 15,
and 20% of paper mass replacement, there is an
increase of 2.33%, 6.21%, 8.58%, 9.37%, and 16.77%
water absorption, respectively.

(ii) +e incorporation of paper waste in the specimen
made it denser by nearly 21%.

(iii) +e addition of paper waste in the mix leads to the
increase in strength of the specimen by 30.4%. +e
optimum value of the replacement is observed at
5%. A similar trend is observed in the tensile and
flexural strength results.

(iv) +e addition of glass fibers upto 15% improves the
split tensile strength of the mix.

(v) Wider cracks and brittle types of failure are ob-
served in the paper waste-based concrete slab.
However, in the conventional slab, cracks along the
width and depth of the specimens are noted.+ough
the first crack load is observed in an earlier stage in
the conventional slab than the paper concrete slab,
the load-deformation analysis implies that the paper
waste-based concrete slab sustains a lower ultimate
load than the conventional slab.

(vi) +erefore, it is concluded that the addition of paper
waste in the structural elements such as slab is not
recommended for the usage of high load scenarios.
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