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Researchers have recently discovered that eggshell contains a significant amount of calcium carbonate through the characteristics
of both fresh and hardened concrete by partially substituting cement with eggshell powder (ESP) at room temperature. The
objective of this experimental investigation was to examine the microstructural and durability characteristics of high-strength
concrete exposed to elevated temperatures using ESP as partial cement replacement. The impact of elevated temperature intensity
(200, 400, 600, and 800°C) for one hour of exposure on the specimens and natural air-cooling method was studied. Various ESP
cement blending percentages (0%, 5%, 10%, and 15%) were examined through different microstructural and durability tests such as
workability, fire resistance, scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectros-
copy, and 3D optical surface profiler, air content tests, ultrasonic pulse velocity, weight loss, spalling and color changes, water
absorption, and acid attack experimental tests. According to the findings, the amount of ESP exceed 5% replacement reduces the
workability of fresh concrete mixtures. The best performance was reached by a mixture comprising 5%ESP specimens, with values
of 63.41 and 64.07 MPa at ambient and 200°C, respectively. SEM results of 5%ESP at 200°C illustrate a decrease in the occurrence
of pores and act as a bridge to form crystals between CH and C—S—H. The XRD result also indicates a high amount of jennite
(C—S—H gel) was formed at 200°C due to the melting of ESP, which densifies the crystal of C—S—H. Regression analysis provided a
more reliable expression for the relationship between the residual compressive strength and UPV with R* values of 0.9833 and
0.9966 for control and 5%ESP mixes, respectively. As a result, it was determined that concrete with 5%ESP as a partial cement
replacement performs better over time than control concrete and has the potential to be used in construction.

1. Introduction

The production of ordinary Portland cement (OPC), a key
component in the fabrication of concrete, directly contri-
butes to the depletion of natural resources and the ongoing
emission of CO, into the environment. A similar amount of
CO, is released into the atmosphere per ton of cement pro-
duction [1]. Numerous studies show that 5%—8% of the total
global manufactured CO, emissions are attributable due to the
production of cement [1-5]. Due to these reasons, attempts

have been made to find more readily available, environmen-
tally friendly materials that can partially replace cement.
Because of their pozzolanic characteristics, agricultural wastes
like eggshell powder (ESP), bone ash powder, coconut shell,
and rice husk ashes are frequently utilized in the manufactur-
ing of concrete and mortar [6].

Eggshell is an excellent substitute for cement since it
contains about 93.7% CaCOj; [7]. The eggshell cover, which
makes up around 11% of the total weight of the egg, com-
prises calcium carbonate, phosphate, magnesium carbonate,
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and organic compounds in proportions of 94%, 1%, 1%, and
4%, respectively. As a result, we can conclude that eggshell
shares chemical properties with cement’s limestone. About
5g of ESP can be produced from a single eggshell [8].

It has recently been discovered that ESP, an agricultural
waste product that is dumped into the environment, is rich
in calcium and has the same chemical composition as lime-
stone. Additionally, it has been discovered that using specific
replacement can enhance the qualities of mortar and con-
crete, such as compressive strength, flexural strength, split
tensile strength, and workability [9]. ESP was used in an
experimental investigation to substitute a portion of the
cement, and Kumar et al. [10] examined the impact on the
concrete’s strength. Additionally, eggshells can be utilized to
shield against radiation. The use of such concrete material
was highly advocated as a way to stop radioactive materials
from escaping [11]. However, just a few experiments have
been conducted to determine whether the ESP mixed cement
in high-strength concrete (HSC) will hold up over time when
subjected to high temperatures.

Significant advancements, such as design flexibility and
freedom of economical resource utilization, have been made
recently as a result of the increased implementation and
production of HSC. Due to its high modulus of elasticity,
early strength development, high tensile strength, low creep,
and low shrinkage, concrete receives a lot of attention in
fields other than high-rise buildings, such as bridge construc-
tion, precast, and prestressed concrete [12].

Concrete constituent elements (such as kind of aggregate,
cement paste characteristics, adhesion of aggregate and cement
paste, and thermal compatibility between components of the
composite) and environmental factors are the key factors
affecting the strength of concrete in a heated state (heating
rate, length of exposure to optimum temperature, cooling
rate, and loading conditions) [13]. Elevated temperatures
have negative effects on cement paste, which is the binding
material in concrete. Understanding the effects of elevated
temperature on cement paste is crucial for assessing the
performance and durability of concrete structures exposed
to fire or other elevated temperature environments. Having
a great understanding in such areas helps engineers and
designers to make decisions regarding material selection,
structural design, and fire-resistant measures to ensure the
safety and integrity of concrete structures in such conditions
[14]. Free and bound water from the C—S—H gel evaporates
at temperatures between 100 and 300°C. When the temper-
ature exceeds 300°C, there is a 15%—40% drop in strength.
The dihydroxylation of Ca (OH), takes place at a tempera-
ture of 500°C with a reduction in strength of 55%—70%. The
internal strains and microcracks that are created through
the cementing material increase as a result of the dehydra-
tion of calcium silicate hydrate and the associated thermal
expansion [15].

The behavior of concrete at elevated temperatures is influ-
enced by factors such as the speed of temperature rise and the
type and stability of the aggregate. Unexpected changes in
temperature can cause spalling and cracking due to thermal
shock, and aggregate expansion can also damage concrete
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and lead to degradation in the compressive strength of
concrete [16].

It is common that calcium hydroxide losses its water and
leaves calcium oxide at around 400-500°C. If this calcium
oxide is wetted after cooling or exposed to moist air, it
rehydrates to calcium hydroxide accompanied by a large
expansion in volume. This may derange concrete that has
withstood fire hazards without actual disintegration. Expo-
sure to sustained temperatures of 650-820°C makes the
concrete easily breakable and porous and usually can be
taken apart with fingers after cooling. However, total dehy-
dration is only complete at a temperature of 800°C or
above. Here, most of the decompositions are irreversible,
so damage to concrete is essentially permanent [15]. There
is no common or conventionally accepted opinion with
researchers on the properties of concretes, particularly in
the temperature range of 100—300°C, whereas for tempera-
tures above 300°C, there is uniformity in opinion concern-
ing a decrease in mechanical characteristics [17].

The service period of a construction building exposed to
elevated temperature is another concern when studying the
fire resistance of building materials, as the effect of the ther-
mal attack on durability is still not understood [18]. It is
crucial to know how elevated temperatures affect concrete’s
physical characteristics [19]. A concrete structure could suf-
fer significant damage during a fire because temperatures
inside buildings can rise to up to 1,100°C, and in tunnels,
can even reach 1,350°C [20]. The following list includes the
primary phases that make up the microstructure of hydrous
cement paste: Ettringite, monosulfate, unhydrated cement
particles (UH), air spaces, calcium hydroxide (CH), calcium
silicate hydrate (C—S—H), and calcium hydroxide (C—S—H)
[21]. Due to their reliance on material porosity, permeability,
and pore size distribution, cementitious materials’ pore struc-
ture has a substantial impact on qualities, including strength
and durability [22].

Due to the high heat, Ca ions, siloxanes, and water mole-
cules form a variety of teams in the C—S—H gel structure that
contribute to bonding between surfaces or within the bed of
tobermorite material that is partially crystallized. The strength,
stiffness, and creep qualities of the cement paste are deter-
mined by the hydrogen bonds formed between the water pres-
ent in the layers (gel water) and other groups [23]. Even before
the temperature hits 100°C during heating, ettringite begins to
break down. Progressive C—S—H gel dehydration starts as
soon as the fabric begins to heat up. It is important to note
that the structure of the cement paste is partially destroyed as a
result of dehydration at a temperature of 105°C, which is
typical for the drying of materials [24].

However, a lot of earlier research likewise disregarded the
impact of high temperatures on concrete’s attributes. A clear
understanding and knowledge of how to take any remedial
action before structural failure and damage will also be pro-
vided by having advanced information about the behavior of
concrete after elevated temperatures collected through vari-
ous microstructural and durability tests. Currently, most of
civil infrastructures use HSC; so due to the economy and
sustainability of nonrenewable materials like cement, it is
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FiGure 1: Eggshell powder. Source: Own work, 2022.

better to replace cement using ESP as partial replacement
during the production of such concrete. Since it has a similar
chemical composition as lime and can withstand elevated
temperatures, but previous studies were focused on using
ESP as a partial replacement on conventional (normal) strength
concrete, not in HSC. It is, therefore, through various physical,
microstructural, and durability tests, the study was examined.

2. Materials and Methods

2.1. Materials. The materials used for the production of con-
crete were ordinary Portland cement, coarse aggregate, fine
aggregate, water, ESP, and superplasticizer.

For this study, ordinary Portland cement of grade 42.5N
with a specific gravity (SG) of 3.16, produced by the Mugher
cement factory, was employed. This cement complies with
C150/C150M (2011) and is an ASTM Type I cement [25].
The coarse aggregate used had a nominal size of 19 mm, and
the fine aggregate ranged in size from 75m to 4.76 mm,
fitting ASTM C33 [26]. The eggshell used in this investiga-
tion was gathered from the Addis Ababa-based MAM Bakery
food processing facility. After being washed and cleaned,
they were dried in an oven at 105°C for 24 hr before being
ground into a powder. The powder is sieved through a 150-m
sieve size after the eggshell has been ground. A high-range
water-reducing superplasticizer (Sika Viscocrete) that com-
plies with ASTM C-494/C-494M specifications was utilized
as an admixture. According to ASTM C-1602, potable water
is utilized as a mixing and curing ingredient (2012). Figure 1
illustrates an eggshell that is cleaned, oven dried, and grinded
to powder.

The chemical compositions of egg-shell powder are shown
in Table 1.

The particle size distribution of aggregates was con-
ducted as per ASTMC-136 (2013), and the result is presented
in Figures 2(a) and 2(b).

2.2. Methods

2.2.1. Raw Material Characterization. Since the characteriza-
tion of the raw material plays a vital part in the manufacture
of concrete’s quality control system, it was carried out appro-
priately prior to preparation. Thus, the physical attributes are

TasLe 1: Chemical composition of ESP.

Elemental oxide Percentage (%)

SiO, 3.38
ALO, <0.01
Fezo::, <0.01
CaO 49.22
MgO 0.60
Na,O <0.01
K,0 <0.01
P,0, 0.30
H,0 0.73
LOI 45.82

Source: Own work, 2022.

density, moisture content, SG, and water absorption. Both
the fine and coarse aggregates were tested. X-ray fluorescence
was used to study the chemical composition of ESP in order
to comprehend the oxide compound of ESP (XRF).

2.2.2. Mix Proportion. To produce consistent concrete, the
ingredients must be well-mixed. The mass should become
homogeneous, color-uniform, and consistent as a result of
the mixing. By using ACI 211 as a guide, an HSC mix ratio of
1:1.22:1.57 cement, fine aggregate, and coarse aggregate,
together with a water—cement ratio of 0.33, was chosen for
the investigation. The percentages at which cement was substi-
tuted with ESP were 0%, 5%, 10%, and 15%. The materials list
for one cubic meter of C-50-grade concrete is shown in Table 2,
and the proportions are made in line with ACI 211 [27].

2.2.3. Sample Preparation and Curing Condition. Using typi-
cal cubical molds with dimensions of 100 x 100 X 100 mm”,
casting for a fire resistance test. To ensure a homogeneous
mixture, the necessary volumes of the mix’s component parts
were measured and properly combined. A common pan-style
mixer was used for mixing. A vibrating compactor was used
to remove trapped air after the concrete was placed on the
mold. Cubes were demolded after 24 hr, which is allowed to
get hardened, and put in the curing tank. Those curing tanks
were previously cleaned and filled with potable water up to the
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Gradation chart for coarse aggregate
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FIGURE 2: Gradation chart for fine and coarse aggregates ((a) = fine aggregate, (b) = coarse aggregate). Source: Own work, 2022.

TaBLE 2: Mix proportion for each mix.

Mix code

Mix proportion Cement (kg) ESP (kg) Sand (kg) CA (kg) Water (kg) SP (ml) w (cm)
My 100%OPC 21 0 25.68 32.85 7.2 63 0.33
M, 95%0PC + 5%ESP 19.95 1.05 25.68 32.85 7.2 63 0.33
M, 90%OPC + 10%ESP 18.9 2.1 25.68 32.85 7.2 63 0.33
M; 85%0PC + 15%ESP 17.85 3.15 25.68 32.85 7.2 63 0.33

Source: Own work, 2022.

FIGURE 3: Sample cubes and curing mechanism. Source: Own work, 2022.

level where specimens sunk fully. The curing was conducted
at room temperature level of 25+ 2 for 28 days. However,
samples made for the acid attack test were submerged in tanks
containing water with a 3% concentration of sulfuric acid for
56 days before being assessed for the level of deterioration.
Figure 3 presents the sample cubes and curing mechanism used.

2.2.4. Workability Test on Fresh Concrete. Slump tests were
carried out on the fresh concrete to determine the workabil-
ity of each mix. The tests were done in accordance with BS
1881-102 procedures for slump tests [28]. Figure 4 shows
the slump test apparatus and sample slump result for mix
1 (control mix).

2.2.5. Air Content Test. Testing for air content is advised for
the purpose of profile characterization of the specific con-
crete batch, even if the concrete is not subject to freeze/thaw
cycles. About 1%—2% of nonair-entrained concrete has air
trapped inside of it on average, and various admixtures may
unintentionally trap even more air [29]. Additionally, by
looking at the presence of air, which is directly related to

strength, this test is useful in estimating the longevity of
concrete. The pressure method (Type B concrete air meter),
one of the known types of air content test methods, was there-
fore used in this study. Figure 5 shows the apparatus used to
measure the air content in each fresh mix.

2.2.6. Unstressed Residual Compressive Strength Test. Com-
pressive strength, which is the main durability property of
concrete, is affected when the hydration process of Portland
cement is attacked due to high temperatures. According to
BS 1881-116, a residual compressive strength test was per-
formed [30]. Using an electric furnace, the concrete cube
specimens were heated at average rates of 10°C/min to tem-
peratures of 200, 400, 600, and 800°C. Figure 6 illustrates
how the temperature was raised in accordance with the ISO-
834 fire curve.

Figure 7 shows the images of the electric furnace and the
compressive strength testing machine.

At laboratory temperature (25 = 2°C), the concrete sam-
ples were allowed to cool naturally in the air. Then, for each
concrete specimen, the residual weight, spalling, UPV (this
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(a)

FIGURE 5: Air content (pressure method) testing equipment. Source: Own work, 2022.
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FiGure 6: Time—temperature curve of the electrically controlled fur-
nace. Source: Own work, 2022.

test is used to investigate the quality and homogeneity of
concrete through determination of pores and cracks), and
cube compressive strength were noted. The morphology
and microstructure of the concrete samples were examined
using scanning electron microscopy (SEM: provides mor-
phological information within crystalline calcium hydroxide
and calcium silicate hydrate), X-ray diffraction (XRD: pro-
vides mineralogical composition of the concrete mix), Fourier
transform infrared spectroscopy (FTIR: this microanalysis
test is used for quantifying functional grouping the degree
of oxidation through identifying chemical composition/
properties. A change in the characteristics pattern of
absorption bands clearly indicates a change in the compo-
sition of the material or the presence of contamination), 3D
optical surface profiling (this test checks the surface crack,
depth, shape, form, and surface depression), and differential
scanning calorimetry (DSC: help to examine the thermal
analysis of an ESP to find the change in both physical
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(b)

FiGure 7: (a) Electric furnace (3,000°C) and (b) compressive strength testing machine. Source: Own work, 2022.

()

Figure 8: (a) Ultrasonic pulse velocity testing equipment, (b) 3D optical microscope, (c) differential scanning calorimetry testing machine, (d)
scanning electron microscope (JCM-6000, (e) MiniFlex benchtop X-ray diffractometer, and (f) FTIR testing machine. Source: Own work, 2022.

and chemical within the sample due to temperature. The
heating rate was increased at 10°C/min over the range of
25.4-700°C) at both room and elevated temperatures for
Control (0%ESP) and 5%ESP mix samples only at an ambi-
ent and 200°C. The experimental program also included
water absorption and acid attack tests. Figure 8 illustrates
the equipment used to evaluate and analyze the microstruc-
tural properties on selected samples.

3. Experimental Results and Analysis

3.1. Influence of ESP on the Workability of Concrete. The
slump test was used to measure the impact of ESP on the
workability of fresh concrete. At a constant water-to-cement
ratio of 0.33, the slump height fell as more ESP was substi-
tuted with cement. This may have been caused by ESP’s high
water absorption rate, which depletes the water supply and
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TasLE 3: Slump values of concrete specimens.

ESP content (%) Slump (mm) Slump type
0 78 True slump
5 75 True slump
10 70 True slump
15 62 True slump

Source: Own work, 2022.

TAaBLE 4: Air content of fresh concrete mix.

Concrete mix Air content (%)

0%ESP 2.1
5%ESP 2.7
10%ESP 3.8
15%ESP 4.2

Source: Own work, 2022.

limits flowability [31]. However, according to BS1881-102,
the fresh concrete for all combinations was categorized as
having a true slump (i.e., 75 =25 mm). Table 3 presents the
results of the downturn.

3.2. Air Content Test Result. Because of uncontrollable fac-
tors during the batching, mixing, and placement of fresh
concrete, each concrete mix contains entrapped air. For the
control mix, the air content was about 2.1% and gradually
increased up to 4.2% for the rest of the ESP blended mix
concrete. This shows that an ESP has pores, and those pores
entrap air from the environment. Therefore, this shows the
strength and durability also deteriorate as the amount of ESP
increases. Table 4 indicates the air content of each mixture,
as shown below.

3.3. Spalling and Surface Color. During the fire testing, there
was no noticeable explosive spalling in the ESP-containing
concrete cubes. This result confirmed the idea that ESP can
considerably increase concrete’s resistance to spalling at high
temperatures. The low melting point of ESP may be to blame
for these phenomena. The melting range for the powder is
72-337.3°C. The bed of powder serves as an extra channel
for gases as it melts and is partially absorbed by the matrix.
Figure 9 illustrates the effect of elevated temperature on the
surface texture of different concrete mixes.

3.4. Mass Loss. The weights of sample cubes were measured
before and after exposed to elevated temperatures in order to
assess weight loss. All samples’ mass loss is expressed as a
ratio of their initial mass at room temperature to their final
mass following exposure to a certain increased temperature.
Theoretically, the dissolution of calcareous aggregates, release
of carbon dioxide (CO,), and sloughing oft of the concrete
surface might be blamed for the mass loss in the concrete
specimen at elevated temperatures, altering the mechanical
properties of the concrete. Furthermore, due to the vaporiza-
tion of free water in the calcium silicate hydrate (C—S—H) gel
and the decomposition of calcium hydroxide Ca (OH)2, the
cement matrix loses its binding properties [32]. Figure 10

depicts the effects of high temperature on the mass loss of
control and ESP-blended concrete samples.

3.5. Residual Ultrasonic Pulse Velocity (UPV). UPV, which is
a nondestructive test, was used to assess the quality, homogene-
ity, and presence of pores and cracks. As can be seen, the ESP’s
presence has no appreciable impact on the UPV values of the
concrete. The UPV values of the concrete mixtures were some-
what high at ambient temperature; however, lower values were
seen in all test specimens at higher temperatures. In terms of
concrete quality [33], the higher UPV values for the control mix
and the 5%ESP mix at room temperature were 4,230 and 4,380

m/s, respectively. It is possible that the melted ESP form serves
as a filler for crystal pores because a concrete sample containing
5%ESP has a greater UPV at 200°C with an average of 4,320 m/s.
The fluctuations in the UPV of the ESP-concrete mixtures
exposed to the specified temperatures are shown in Figure 11.

3.6. Residual Compressive Strength. The findings showed that
adding ESP reduced the concrete’s compressive strength by
more than 5% when it was at room temperature. The inclu-
sion of ESP at a volume percentage of 10% reduced the com-
pressive strength by 10.6% when compared to the value of the
control mix (concrete without any ESP). The concrete with
15%ESP showed a further reduction in compressive strength
of 27.3% compared to OPC concrete. The sluggish hydration
and limited pozzolanic activity of ESP were blamed for the
reduction, which contradicted the rise in concrete’s compres-
sive strength [34]. Except for 5%ESP, all mixes’ compressive
strengths decreased from their strength readings at room
temperature by 3%—8% after heating up to 200°C. The pro-
duction of dense crystal C—S—H, when melted ESP serves as a
void filler, may result in an improvement in strength at 5%
ESP mix. Figure 12 depicts the experimental findings of resid-
ual compressive strength of concrete mixtures at ambient
temperature and after heating to 200, 400, 600, and 800°C
in an air-cooled regime. Table 5 presents the average residual
compressive strength of each mixture.

The residual compressive strength of concrete mixtures is
shown in Table 5.

3.7. Relationship among the Residual Compressive Strength
and UPV. It was observed that the UPV values could be
correlated with the corresponding residual cube compressive
strength. The obtained result of residual cube compressive
strength was used as a response factor with the residual UPV
values as their predicator parameter. To correlate the experi-
mental data, the linear regression method was employed,
resulting in Equations (1) and (2), with R? values of 0.9833
and 0.9966 for samples with 0%ESP and 5%ESP, respectively,
which signified excellent positive confidence for the relation-
ships between UPV and residual compressive strength.
The equations are presented as the following:

frew = 0.0443V — 124.89 (R> = 0.9833), (1)
fea = 0.0333V — 82.229 (R2 = 0.9966), (2)

where f,, is the residual cube compressive strength (MPa),
and V signifies the residual UPV (m/s) at high temperatures.
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FIGURE 9: Surface texture of the concrete specimens after exposing to high temperatures. Source: Own work, 2022.
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FIGURE 10: Mass loss of different concrete mixtures due to elevated
temperature. Source: Own work, 2022.
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FIGURE 11: Variation in UPV values of concrete mixtures due to
elevated temperature. Source: Own work, 2022.

Figure 13 illustrates a good relationship between the
residual compressive strength and UPV values of the control
(0%ESP) and 5%ESP concrete mixtures at high temperatures.

70.00
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20.00

Residual compressive strength (MPa)

10.00

0.00

Temperature (°C)

B 0%ESP
B 5%ESP

M 10%ESP
1 15%ESP

FiGUre 12: Residual compressive strength of concrete mixtures.
Source: Own work, 2022.

3.8. Water Absorption. One important test to measure the
durability of concrete is water absorption. Mohd Arif et al.
[31] claim that higher ESP substitution levels cause an
increase in the amount of water absorption. In comparison
to the control mix, water absorption of sample specimens
increased by 0.56%, 0.7%, and 2.7% after 10 min, 0.45%,
1.05%, and 3.45% after 30 min, and 0.5%, 1.65%, and 4.5%
after 60 min of immersion. The replacement levels of ESP
were 5%, 10%, and 15% of the total cement weight. As a
result, the 5%ESP mix outperforms the other mixes and
has durability strength that is comparable to the control
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TaBLE 5: Average residual compressive strength of concrete mixtures.
25+2°C 200°C 400°C 600°C 800°C
0%ESP 62.99 MPa 61.14 MPa 55.13 MPa 51.97 MPa 41.74 MPa
5%ESP 63.41 MPa 64.07 MPa 58.27 MPa 53.73 MPa 45.57 MPa
10%ESP 55.26 MPa 51.60 MPa 50.69 MPa 43.90 MPa 39.29 MPa
15%ESP 50.76 MPa 43.36 MPa 38.90 MPa 32.59 MPa 29.19 MPa
Source: Own work, 2022.
0%ESP
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FiGure 13: Correlation among residual compressive strength and UPV for 0% and 5%ESP mixtures. Source: Own work, 2022.

Relation between water absorption vs.
ESP content in the mixture

Water absorption (%)

0%ESP 5%ESP 10%ESP

Concrete mixtures

15%ESP

W After 10 min
B After 30 min

After 60 min

FiGure 14: Effect of ESP on concrete water absorption characteris-
tics. Source: Own work, 2022.

mix. Figure 14 shows the effect of excess in ESP on the
concrete water absorbability.

3.9. Acid Attack. Concrete specimens with and without ESP
were made in order to examine the impact of sulfuric acid
attack. Following 28 days of curing, those samples were
heated to 25, 200, and 400°C then cooled for three hours.
After cooling, the sample specimens were submerged for
56 days in a 3% solution of H,SO, (sulfuric acid). In all
samples of concrete mixture, the presence of an acid solution
significantly changes the color. This scenario also supported
a decline in surface smoothness and a decrease in concrete

strength. Figure 15 illustrates the effect of sulfuric acid con-
centration on the surface of sample cubes.

The imposed elevated temperature and acid concentra-
tion reduce the strength of the 5%ESP sample concrete by
13.47% and 13.25% at 25 and 200°C, respectively. This shows
that high temperature and acid concentration have a great
impact on the depreciating durability property of concrete.
Table 6 represents the value of selected mixes exposed for
a specified elevated temperature in accordance with acid
concentration.

3.10. 3D Optical Surface Analysis. The Meta-20 3D optical
surface profiler was used for the experiment. Since this test is
a crucial tool for determining surface integrity, the majority
of the inquiry was concentrated on identifying surface cracks
and the apparent loss of binding between the paste and
aggregate owing to high temperatures. However, after expos-
ing the test concrete specimens to temperatures of 400°C
and higher, a sizable break could be noticed. This situation
demonstrates that concrete materials alone or when com-
bined with ESP are unable to endure fire or extreme tem-
peratures exceeding 400°C. The experimental inquiry in
Figure 16 demonstrates the direct proportion between crack
and temperature, leading to the conclusion that cracks are
indicators of deteriorating concrete material strength.

The concrete sample containing 5%ESP has a better sur-
face bond than the control mix, as shown in Figure 16, and
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FiGure 15: Sample concrete specimens color change due to sulfuric acid solution. Source: Own work, 2022.

TABLE 6: Residual compressive strength due to sulfuric acid attack test result.

ESP (%) After 28 days of water curing (MPa) After 56 days of acid curing (MPa)

@25°C @200°C @400°C @25°C @200°C @400°C
0 62.99 61.14 55.13 51.08 49.12 44.30
5 63.41 64.07 58.27 54.87 55.58 51.02
10 55.76 51.60 50.69 47.55 41.54 37.58

Source: Own work, 2022.

0%ESP@25°C 0%ESP@200°C

5%ESP@200°C
SESP@25C

FiGURe 16: 3D Optical surface profiler image for sample concrete specimens. Source: Own work, 2022.
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FiGure 17: FTIR spectrum for mixtures 0%ESP@25°C (a) and 200°C (b), and 5%ESP@25°C (c) and 200°C (d). Source: Own work, 2022.

the development of thick calcium hydroxide may be the
result of the presence of silica and CaCO;. Here again, we
may determine the surface roughness by simply comparing
the Ra (average roughness or arithmetic mean deviation)
values of those sample specimens. The Ra values under the
circumstances of 0%ESP at ambient (25 4 2) and 200°C were
14.9 and 16.16, respectively, while the Ra values for a mix
with 5%ESP were foster good and 11.86. Using this information,
one may quickly determine the surface roughness of samples by
comparing the amplitude parameter seated by ISO4287:1997.

3.11. FTIR Analysis. The experiment was done on particular
concrete samples with ESPs of 0% and 5%. The samples for
each combination were heated to temperatures of 25 and 200°C
before the appropriate sample powder was made for testing in
order to identify the compounds’ functional groups and to look
for temperature-related variations. At both 25 and 200°C, the
first mixture had no discernible free water. The second mix,
however, contains a substantial amount of free water through-
out the mixture, which may be related to the ESP’s pores.

Two significant peaks were seen for the control mix sam-
ple at 1,415.94 and 971.17 wavenumbers at room tempera-
ture. The most likely functional group for the former peak,
which has a wavenumber of 971.17, is an olefinic (alkene)
group as trans-C—H—out of-plane bend for the later peak
and a carbonyl compound as carboxylate (carboxylic acid
salt) for the latter peak. Wavenumbers 1,420.67, 958.04, and

430.68 are present in the spectra of the sample with 0%ESP
that was exposed at 200°C. The first peak in, this case, can be
categorized as an inorganic silicate ion compound or a simple
hetero-oxy compound as aromatic phosphates, while the sec-
ond peak can be categorized as an inorganic carbonate ion or
carbonyl compound as carboxylic acid salt (carboxylate)
(P—O—C stretch). Thiols and thio-substituted molecules,
such as aryl disulfide (S—S stretch), can be categorized as
the third peak . The following results were obtained by
testing a mix that included 5%ESP utilizing an FTIR spec-
trum test. For 5%ESP at room temperature, the major peaks
are 3,390.62 cm ™', which can be categorized as alcohol and
hydroxyl compounds as hydroxyl groups, H-bonded OH
stretch, or normal “polymeric” OH stretch; 2,287.27 cm™
which can be categorized as common inorganic cyanide ion
or carbonyl compound as transition metal carbonyls; and
1,413.97 cm™", which can be categorized as olefinic com-
pound. In addition, the relevant functional group may be
an unbound hydroxyl group (OH stretch), a nitrogen mul-
tiple bond, or a double bond complex like aliphatic cyanide
or a common inorganic carbonate ion or inorganic silicate
ion [2].

Even if the temperature is different in both mixtures,
inorganic phosphate molecules are still present. This molecule
may form as a result of a chemical reaction that takes place
during mixing or because a superplasticizer was added to the
mixture. Figure 17 illustrates the quantifying functional group
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FiGure 18: SEM image for selected 0% and 5%ESP concrete mixtures. Source: Own work, 2022.

with the degree of oxidation through identifying chemical
composition/properties.

3.12. SEM Analysis. At the specified temperatures, SEM anal-
yses revealed various differences in the morphology of con-
trol and ESP-blended concrete mixtures. Due to the reaction
between C;S and C,S and water in the first image, both
C—S—H and CH (portlandite) are present.

Due to inadequate magnification, pores are not evident
in the SEM image, but the filler material has a discernible
impact on the strength of the binding between particles. In
contrast, pores are plainly visible in the second image, which
may be a result of moisture evaporating as a result of the
higher temperature. Ettringite, a needle-like structure that
forms when C4AF is hydrated and reacts with silica, was
created in this instance as well. By densifying the microstruc-
tural arrangement, which is directly related to the durability
attributes of the material, a decrease in the amount of pores
has its own impact on the concrete quality. The third and
fourth SEM images demonstrate this situation, which was
created when ESP was used as a filler material in the mixture
and melted between 100 and 200°C. This material may oper-
ate as a bridge in the formation of a crystal between the CH
and C—S—H. Therefore, by raising microstructural integrity
and resulting in better serviceability requirements, the addi-
tion of ESP up to 5% has a substantial impact. Figure 18
shows the SEM images of concrete specimens that were
heated to 25 £ 2 and 200°C, respectively.

3.13. XRD Analysis. The outcome shows that the hydration
of CsS and C,S caused a significant amount of jennite
(C—S—H gel) to develop under ambient conditions. As the
primary hydration product, Ca(OH), was also produced.

However, samples heated to 200°C showed a higher rate of
portlandite (calcium hydroxide) synthesis, which may be
related to the degradation of limestone, which is present in
cement by endothermic heating and transforms to calcium
oxide. A quiet quartz peak can be seen, which may be
brought on by dissolved silicon dioxide. However, the value
is larger in the heated sample concrete, which could be the
result of temperature or pressure changes creating a quartz
crystal. Generally, at 5%ESP, the finding in both SEM and
XRD shows a higher degree of presence in C—S—H and CH,
which are the major components affecting the microstruc-
tural integrity of concrete. Moreover, those experimental
tests can clearly show the morphological and mineralogical
composition of the sample concretes. The result of XRD
analysis of concrete samples at 25°C and 200°C after 28 days
of hydration for 0% and 5%ESP are shown in Figure 19.

The outcome shows that a significant amount of jennite
(C—S—H gel) was produced at 200°C as a result of ESP
melting and functioning as a filler to densify the C—S—H
crystal. As the primary hydration product, Ca(OH), was
also produced. However, there are no appreciable differences
in the portlandite (calcium hydroxide) development between
the two sample areas. Both mixtures also had CaCOj; peaks
because ESP contains a lot of CaCO;. Additionally, silicon
dioxide is responsible for the quartz peak, but the value is
higher under ambient conditions than it is under elevated
temperatures. By assisting in maximizing the presence of
silicon oxide, ESP could act as a heat filler and cause this
scenario to occur. The findings for 5%ESP at room and
200°C temperatures are illustrated, as shown in Figure 20.

3.14. DSC Test Result of ESP. The evaporation of moisture
due to temperature and forms of melted crystals may cause
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Ficure 19: XRD result for 0%ESP @25 and 200°C. Source: Own work, 2022.
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FiGURE 20: XRD result for 5%ESP @25 and 200°C. Source: Own work, 2022.
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TABLE 7: Major peaks of ESP sample result (calculated using OriginPro 2019 software).
Peak ID Peak row Peak X Peak Y Peak height from baseline Peak area FWHM
Peak 2 3,095 337.3 3.9 7.26 925.281 88.61941
Peak 3 3,341 362.6 3.62 6.98 34.1115 2.92605
Peak 4 4,375 469.1 6.08 9.44 881.3205 102.48162
Peak 5 6,265 657.3 11.3 14.66 2335.0475 173.93667
Source: Own work, 2022.
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FiGure 21: Heat flowing into or out of ESP sample as a function of temperature. Source: Own work, 2022.

the first peak to develop. The peaks from the exothermic area
are categorized as crystallizations. Table 7 presents the major
peaks of sample ESP.

The ESP’s DSC curves showed an exothermic four peaks
at 337.3, 362.6, 469.1, and 657.3°C and an endothermic sin-
gle peak at 72.5°C for crystal melting under nitrogen gas
flow, as shown in Figure 21.

4. Conclusion

Based on the experimental results and observations made,
the following conclusions could be drawn:

According to the results, the workability of concrete
reduces as the content of ESP rises beyond 5%ESP. This
might be attributable to ESP’s high water absorption rate,
which depletes water and limits flowability. Additionally,

the data obtained from the pressurized air content test
illustrate as the presence of ESP increased the existence
of free air increased up to 4.2%. This shows that the pow-
der has pores, and those pores entrap air from the sur-
rounding; accordingly, the strength and durability is also
deteriorated as free air increases.

At room temperature, the higher UPV values were 4,230
and 4,380 m/s for the control mix and 5%ESP mix, respec-
tively, which is classified as good in terms of concrete
quality. However, a higher value was recorded at 200°C
with an average UPV of 4,420 m/s, and this may be due to
the melted ESP form as crystal pores filler. Surface cracks
and substantial bonds between paste and aggregates were
investigated. The surface bond of the concrete sample con-
taining 5%ESP is superior to that of the control mix and
the development of thick calcium hydroxide due to the
presence of silica and CaCO;. After heating up to 200°C,
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the compressive strength of all mixtures reduced by
3.3%—8.14% compared to the strength values at the ambi-
ent temperature except for 5%ESP. At 5%ESP mix, an
increase in strength occurs due to the formation of dense
crystal C—=S—H due to melted ESP as crystal void filler.

The increment in the amount of ESP beyond 5% has a
positive relation with water absorbability of the concrete.
It is obvious looking a color change when samples are
immersed in an acid solution. The experimental result
indicates that all specimens were affected by the acid
concentration. However, better resistance to acid was
observed in samples having 5%ESP.

Specimens with 0% and 5%ESP were tested for FTIR,
SEM, and XRD. At both 25 and 200°C, the first mixture
had little free water. The second mix, however, contains a
substantial amount of free water throughout the mixture,
which may be caused due to the ESP’s pores. A decrease
in the occurrence of pores has its own influence on
the concrete quality by densifying the microstructural
arrangement, which is directly related to the durability
properties of the material. This scenario was obtained
when ESP was substituted as a filler material in the mix
and melted around 100-200°C, which may act as a bridge
in forming a crystal between the CH and C—S—H, as
shown in the third and fourth SEM images. The XRD
data showed that the concrete specimens’ mineralogy var-
ied depending on their temperature. It results from the
high-temperature disintegration of concrete.

The author suggests that conducting further studies are
needed on mechanical properties like Modulus of elastic-
ity, creeping, shrinkage, permeability, and flexural tests.
It is also recommended to conduct an experimental study
on ESP in terms of implementation and frequent use.
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