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Abstract: The present research investigates the behaviour of sustainable Self-Compacting Concrete
(SCC) when subjected to high temperatures, focusing on workability, post-fire impact resistance, and
the effects of fire protection coatings. To develop environmentally friendly SCC mixes, Supplementary
Cementitious Materials (SCM) such as Fly Ash (FA), Ground Granulated Blast Furnace Slag (GGBES),
and Expanded Perlite Aggregate (EPA) were used. Fifty-six cubes and ninety-six impact SCC
specimens were cast and cured for testing. Fire-resistant Cement Perlite Plaster (CPP) coatings were
applied to the protected specimens, a passive protection coating rarely studied. SCC (unprotected
and protected) specimens, i.e., protected and unprotected samples, were heated following the ISO
standard fire curve. An extensive comparative study has been conducted on utilising different SCMs
for developing SCC. Workability behaviour, post-fire impact resistance, and the influence of fire
protection coatings on sustainable SCC subjected to high temperatures are the significant parameters
examined in the present research, including physical observations and failure patterns. The test
results noted that after 30 min of exposure, the unprotected specimen exhibited a significant decrease
in failure impact energy, ranging from 80% to 90%. Furthermore, as the heating duration increased,
there was a gradual rise in the loss of failure impact energy. However, when considering the protected
CPP specimens, it was observed that they effectively mitigated the loss of strength when subjected to
elevated temperature. Therefore, the findings of this research may have practical implications for
the construction industry and contribute to the development of sustainable and fire-resistant SCC
materials.

Keywords: self-compacting concrete; post-fire impact resistance; expanded perlite aggregate; high
temperature; impact failure energy

1. Introduction

Concrete is extensively employed in infrastructure development on a global scale and
has a production rate of around 25 billion tonnes per year, as estimated in 2009 [1]. Com-
paction is a crucial step in traditional concrete casting [2]. It involves placing the mixture
in a mould and compressing it using vibrators to eliminate trapped air and compact the
ingredients within the mould to attain the required strength, permeability, and durability
for the structural system [3]. Inadequate compaction can lead to reduced stability and
inferior-quality concrete, while excessive vibration can negatively impact the overall struc-
tural integrity [4]. In-depth research on the passive fire protection of concrete structures
was carried out by Gabriel Alexander Khoury. Various theories have been put forward to
explain the heating rate of concrete at the interface, the analysis of thermal spalling, and
the impact of concrete matrix characteristics such as cementitious composite content, initial
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moisture content, and aggregate type under elevated temperatures [5]. This approach
provides a higher level of scientific accuracy, resulting in more conservative and safer
outcomes in relation to fire hazards. Furthermore, it presents advantages in suggesting
new design possibilities and promoting the careful and cost-effective application of thermal
barriers and fire protection (passive) for concrete [6].

In 1986, a novel form of concrete called self-compacting/consolidating concrete was
introduced by Okamura [7]. In contrast to conventional concrete, SCC does not neces-
sitate any vibration or consolidation during the placement process. Due to its inherent
weight, SCC effortlessly fills the formwork and smoothly flows around densely arranged
reinforcements. SCC is characterised by its remarkable flow properties, such as flowability,
passing, and filling ability. The intrinsic fresh characteristics of concrete contribute to the
reduction of both construction time and cost. The mixture is enhanced in developing SCC
by incorporating SCMs derived from industrial waste products with binder characteris-
tics [8]. The advancement of SCC is motivated by augmenting the fine aggregate and
reducing the clinker content. This is achieved using diverse SCMs like FA, GGBFS, Silica,
metakaolin, limestone minerals, and other alternatives [9]. This highlights the need for
extensive research on SCC development.

To analyse the workability of the SCC mixture, the EFNARC 2005 guidelines rec-
ommended assessing its flow rate, filling capacity, passing capabilities, and resistance
to segregation [10]. To improve the flow properties and reduce segregation in SCC, the
inclusion of a superplasticizer (SP) and a viscosity-modifying agent (VMA) can be consid-
ered [11]. To mitigate segregation, adding an appropriate quantity of VMA or increasing
powder content can effectively maintain the suspension of aggregates within the binder
region without impeding the flow [12].

Throughout the lifespan of a structure, concrete can experience significant deteriora-
tion in its physical, mechanical, and durability characteristics due to exposure to different
loading events and adverse conditions [13]. Fire is one of the significant threats to struc-
tures, and it may severely reduce the strength of concrete elements [14]. Beyond 600 °C,
SCC compressive strength decreases significantly [15]. Apart from the decline in compres-
sive strength, the bond strength also experiences degradation beyond a temperature of
700 °C [16]. The chemical breakdown of cement components in high temperatures is the
main cause of property deterioration. This includes factors such as thermal incompatibility,
loss of bond in the interfacial transition zone (ITZ), disruption of the gel structure of cal-
cium silicate hydrates (CSH), substantial pore water pressure, and the formation of tensile
stress [17]. Currently, there is limited available data on the influence of temperature on the
strength characteristics of SCC when mineral admixtures are introduced [18].

Impact resistance is paramount when designing airport runways, landing areas, and
military facilities in conflict zones. ACI 544-2R has put forward a cost-effective and straight-
forward mass drop test as a means to assess the residual impact strength of concrete [19].
This test uses a small-scale concrete disk measuring 150 mm in diameter and 63.50 mm in
thickness. And it does not require high-end facilities or measuring equipment, making it
highly accurate [20]. Previous studies have extensively examined the behaviour of SCC
and other high-performance concretes when subjected to high temperatures. According to
Table 1 in the database, it has been noted that an increase in temperature exposure leads
to a significant decline in the strength properties of concrete [21-26]. Despite this, there
is considerably less investigation into the impact resistance of sustainable SCC subjected
to elevated temperatures. The present study has conducted detailed research on crack
patterns and failure analysis of SCC after prolonged temperature exposure, which was
not observed in previous studies [27]. Additionally, the present research focused on the
temperature resistance of concrete by using passive protection coatings such as EPA and
GPP, which have rarely been studied.
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Table 1. Experimental database properties from past studies.

Type of Admixture . Types of
Authors Concrete (i) In£¥£§£8;?seé o Temperature (°C)  Mode of Testing Tests (iii) Remarks
The strength of concrete
diminishes by 50% when
subjected to a temperature of
. . 600 °C compared to the
N i NSC OPC 100 S Residual CS, FS, IS. unheated specimen.
Additionally, the impact
strength of concrete
experiences deterioration at
At higher temperatures, the
Mezzal et al. Residual CS, TS, FS, HSCC specimens show a
[22] HSCC SF 300, 500 and 700 condition and IS. higher impact resistance value
than SCC.
. . The specimens lost the impact
Abl[czioe]t al. SFRC SF 200, 400 and 600 iisé?ggé WL, %SS’ and resistance after exposure to
’ 400 °C and 600 °C.
At 400 °C, the SCC-SE,
Khaliq and 20, 200, 400, 600 Un-stressed CS, TS, and SCC-PF, and SCC-HF showed
Kodur [23] SCC SF, PF, and HF. and 800 condition ME no strength loss than the
reference specimen.
. With the addition of fibers, the
RIO[ZZ]t al. HSSC PF 20, 153337%% 500 r[ejsri\c-li[;’lai%iid?trilgn cs, TI\EI,E and spalling and voids of concrete
reduce significantly.
With the addition of PF,
Aslani et al. HSPFC PF 20, 200, 400, 600, Residual CS, TS, and concrete spalling and
[14] 800 and 900 condition ME shrinkage cracks decrease
significantly.
Eidan et al. FRC PE 20,100, 200, 300, Residual Cs,TS,and  FF shows less spalling and
[26] 400, 500 and 600 condition ME Cracxs 1n concrete arter

elevated temperature.

Abbreviations: (i) FRC: Fibre Reinforced Concrete, HSSCC: High Strength Self-Compacting Concrete, HSPFC: High
Strength Polypropylene Fibre Reinforced Concrete, NSC: Normal Strength Concrete; (ii) FRC: Fibre Reinforced
Concrete; SF: Steel Fibre, PF: Polypropylene Fibre, HF: Hybrid Fibre, and OPC: Ordinary Portland Cement; (iii) CS:
Compressive Strength, TS: Tensile Strength, FS: Flexural Strength, ME: Modulus of Elasticity, and WL: Weight
Loss.

The purpose of this research is to evaluate SCC’s impact resistance during high-
temperature exposure. The study will investigate how SCMs affect SCC performance over
different temperature ranges. Additionally, the study aims to improve the residual impact
load capacity of SCC following high-temperature exposure and analyse the behaviour of
CPP post-temperature exposure.

2. Experimental Investigation
2.1. Materials

This section provides a comprehensive account of the materials employed in the study;,
encompassing their physical and chemical properties, mix design, and the methodology
adopted for specimen preparation.

2.1.1. Supplementary Cementitious Materials

In this study, concrete samples were prepared using Ordinary Portland Cement (OPC)
of 53-grade that complied with the specifications outlined in IS 12269 (2013) [28]. For this
investigation, the study incorporated Class-F FA and GGBEFS as SCMs. Class-F FA exhibits
pozzolanic reactivity with the lime generated during cement hydration. Additionally,
GGBFS, a by-product of the steel industry, was employed in the study.

Expanded perlite aggregate (EPA) is a lightweight and porous material derived from
siliceous volcanic rock. It can remarkably expand up to twenty times its original volume
and features a white appearance. EPA possesses several advantageous physical properties,
such as reduced mass density, limited thermal conduction, and excellent heat resistance,
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making it suitable for various commercial applications. An overview of the chemical and
physical characteristics of the SCMs and EPAs is presented in Table 2.

Table 2. Chemical and physical characteristics of SCM and EPA.

Chemical Properties (%)

Oxides
OPC FA GGBFS EPA
SiO, 20.12 60.20 38.72 73.50
Fe, O3 3.41 3.42 1.12 1.21
AL O3 8.53 28.24 14.43 7.56
CaO 61.31 4.96 37.35 0.92
MgO 2.26 0.31 8.12 1.12
Na,O 1.81 0.55 0.17 2.86
K,O 2.71 1.27 0.92 5.6
SO3 0.24 2.25 0.26 6.2
Loss on ignition 0.05 0.09 0.01 0.025
Physical Properties
Properties
OoPC FA GGBFS EPA
Specific gravity 3.15 2.38 2.45 212
Density (kg/m?) 3200 1580 1786 675
Surface area (m?/ kg) 3310 892 1200 -
Colour Pale grey Light grey Whitish White

2.1.2. Filler Materials

The experimental study employed Manufactured Sand (M-Sand or MS), finely crushed
material smaller than 4.76 mm in size, meeting the specifications of the Zone II category.
According to the “The “IS 383:2016—Specifications for Fine and Coarse Aggregate from
Natural Sources for Concrete of the Indian Standard code of practice, Zone II sand is
expected to possess a fineness modulus ranging between 2.2 and 2.6, as well as a specific
gravity falling within the range of 2.5 to 2.9. Concrete mixtures with compressive strengths
up to 50 MPa are deemed appropriate for using Zone Il sand. The physical characteristics
of MS were determined following IS 383 (2016) [29]. Coarse aggregates (CA) in this
study consisted of crushed stones with a size of 12 mm and below. To partially replace
MS, an optimal amount of EPA was added, equivalent to 2.5% of the MS content. The
properties of the aggregates can be found in Table 3, while Figure 1 depicts the particle size
distribution of both MS and CA. To ensure the desired flow characteristics of fresh concrete
while minimizing the powder content, a polycarboxylate ether-based SP was employed.
Additionally, a VMA was incorporated to prevent particle segregation.
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L 70
L 60
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40
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Figure 1. Granulometric curve of MS and CA.



Buildings 2023, 13, 1487 50f17
Table 3. Physical properties of MS and CA.
Aggregate Type Density (kg/m?3) Specific Gravity Water Absorption (%)
MS 1624 2.73 0.59
CA 1792 2.82 0.46

2.2. Mix Design and Preparation of Specimens

In this investigational study, the focus was on developing SCC with five different mix
proportions. The workability characteristics of the trial mixes were adjusted in accordance
with grading guidelines to meet the specified criteria. The reference mixes were formulated
with a fixed composition consisting of 59% OPC, 31% FA or GGBFS, and 0% EPA, based on
the findings of the trial mixes. To comply with EFNARC directives, the mixtures of FA and
GGBFS in the control mixes were adjusted to the same level as in the trial mixes. The control
mix designation depended on the SCM used, with FA referring to Fly Ash and GGBFS
indicating Ground Granulated Blast Furnace Slag. In the second phase, the influence of
EPA was examined by incorporating it into the mix and replacing 2.5% of the fine aggregate
in the control mixes. The final mixes, FA/EPA and GGBFS/EPA were prepared using 59%
OPC, 31% FA or GGBEFS, and 2.5% MS, which EPA replaced through volume batching. The
mix designations followed a naming convention where FA and GGBFS denoted Fly Ash
and Ground Granulated Blast Furnace Slag, respectively, and the numerical value followed
by EPA represented the percentage of expanded perlite aggregate used as an alternative for
the fine aggregate.

Each mix was designed to have a powder content (total cementitious material) of
464 kg/m3 and a CA content of 804 kg/m?3. The water-powder ratio was maintained at
0.42, with a consistent 218 kg/m? water content across all mix combinations. The specific
mix proportions can be found in Table 4. The CA, MS, and EPA were mixed thoroughly
for one minute, after which the binder materials were added to an electric laboratory
concrete mixing machine. The dry components were blended for approximately 2 min to
achieve a uniform mixture. Subsequently, 70% of the water, along with the superplasticizer
(SP), was added gradually to the mixture, followed by a 2-min mixing and 2-min resting
period. The remaining water was then introduced, and the mixer drum was rotated for
an additional 3 min to complete the mixing process. The freshly prepared SCC mixture
was carefully poured into a steel mould to assess its performance under load. To prevent
water evaporation and facilitate the setting process, the mould containing the concrete was
securely covered with polythene sheets for 24 h. After the specified period, the specimens
were demoulded and transferred to a curing tank to initiate the hydration reaction. The
samples were allowed to undergo the curing process in the tank for 28 days.

Table 4. SCC mix proportions.

Mix Proportions (kg/m3)

Mix Aggregates
orC w/p Sp VMA Water FA' GGBFS EPA ——

CA MS

FA 320 0.42 0.8 010 218 144 - - 804 963

FA/EPA 320 0.42 0.9 015 218 144 - 24 804 939

GGBFS 320 0.42 0.9 0.15 218 - 144 - 804 963

GGBFS/EPA 320 0.42 1.0 020 218 - 144 24 804 939

Note: w/p = water—powder ratio.

2.3. Test Procedure
The details of the fresh properties of SCC are elaborated below.
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SCC Rheological Properties

The facility of SCC to effectively fill densely packed formwork and prevent segregation
was assessed using a range of test methods in accordance with the EFNARC guidelines. The
filling capacity was evaluated through tests such as slump flow and T5qg. The flowability
and consistency of the concrete were assessed through the J-ring and V-funnel tests to
evaluate its passing ability and viscosity. Figure 2 provides a detailed presentation of
the workability tests conducted on the SCC. Results obtained from the workability tests
conducted is detailed in Table 5.

Figure 2. View of workability tests of fresh SCC.

Table 5. Test Results of Fresh SCC.

Test Results
Tests EFNARC Criteria
Mix 1 Mix 2 Mix 3 Mix 4 ;
Min Max
Slump Flow (mm) 660 665 675 680 640 800 (SF 2)
TspoFlow Time (s) 2.90 2.73 2.45 2.20 >2 (VEF 2)
J-Ring (mm) 7.00 6.60 6.20 6.00 0 10
V-Funnel (s) 10.80 10.40 11.70 11.30 >71t0 <27 (VF2)

2.4. Development of Protective Coating

The specimens incorporating a CPP layer were created by applying a plaster made of
OPC and EPA mortar (1:4). Through several experiments, a w/c ratio of 0.65 was deemed
suitable, and a consistent coating thickness of 20 mm was maintained across all speci-
mens. The physical and strength characteristics of the CPP mortar were then investigated.
A fresh CPP mixture was prepared and cast into cubical-shaped specimens measuring
70.6 mm x 70.6 mm x 70.6 mm. The density of the CPP material was found to be 1522 kg/ mS,
with a water absorption rate of 21.3% and a compressive strength of 19.2 MPa.

2.5. Elevated Temperature Test

Before the initiation of heating, both the exposed and protected specimens were dried
for one day. A computerized heating furnace, measuring 700 mm x 500 mm and designed
to ensure uniform heating of the specimens, was utilized in this study. The heating rate
adhered to the standard fire curve. The specimens were heated for 30, 60, 90, and 120 min.
Upon reaching the target temperature, the furnace automatically shut off, and the specimens
were left to cool down until they reached room temperature naturally. The heating process
and the representation of the test specimens are depicted in Figure 3a. After reaching
room temperature, the concrete specimens’ surface cracks and mass loss were recorded.
In contrast, the furnace’s temperature profile and the concrete’s surface temperature are
graphically presented in Figure 3b.
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Figure 3. (a) View of the unheated specimens and heated specimens. (b) Time-temperature curve.

2.6. Experimental Tests of SCC

SCC’s detailed experimental test procedures (compressive strength, impact strength)

are presented below.

2.6.1. Compressive Strength (CS) of SCC

CS, which holds significant importance in structural design, is a critical concrete
parameter. Test specimens measuring 150 mm x 150 mm X 150 mm were fabricated
specifically for the CS test. The test was carried out utilizing a Compression Testing
Machine (CTM) following the prescribed curing process, with a load rate of 14 MPa/minute
following the guidelines outlined in IS 516 (2004) [30]. The outcomes of the compressive
test on the concrete are illustrated in Figure 4.
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Figure 4. Compressive test results of SCC mixes.

The compressive strength of the reference mix, which did not include EPA as a fine
aggregate, was higher than the mix containing 2.5% EPA. The decrease in strength can
be attributed to several factors, including the inadequate bond between the lightweight
mineral aggregate (EPA) and the cement paste. This insufficient bond is mainly influenced
by the shape and size of the aggregate, which creates a weak interfacial transition zone
(ITZ). Moreover, the presence of EPA in the mixture may also impact the overall consistency
of the concrete. Furthermore, including mineral and chemical admixtures in the mix can
prolong the initial strength development by delaying the hydration process of cement.

The SCC mix incorporating GGBFS demonstrates a faster rate of strength develop-
ment and achieves higher strength values due to the hydraulic cementitious properties of
the mineral pozzolan. However, varying SP content decreases workability and strength
parameters by reducing the demand for high water content. The SCC mix with GGBFS
shows the highest strength, with approximately 24.03 MPa at seven days and 38.89 MPa
at 90 days. The SCC mix containing GGBFS and 2.5% EPA exhibits a slight reduction in
strength, about 11.53% lower than the mix without EPA. Similarly, the reference SCC mix
with FA shows similar strength gains as the GGBFS-based mix, measuring approximately
17.15 MPa at seven days and 35.36 MPa at 90 days. Therefore, the GGBFS-based SCC mix
demonstrates superior early-age strength development compared to the FA-based SCC
mix.

2.6.2. Impact Strength of SCC

For surface crack assessments and impact strength tests, cylindrical SCC samples with
a diameter of 150 mm and a height of 63.50 mm were utilized in this study. The cylindrical
shape was chosen because it ensures uniform heating during different heating cycles, and
any surface cracks that develop on the exposed face are expected to be evenly distributed
across the cross-section. The drop weight test method and device depicted in Figure 5 were
employed in accordance with the guidelines provided by ACI 544 [31]. To apply the impact
load to the specimen, a 45-N hammer was dropped repeatedly from a height of 457 mm
onto a hardened steel ball with a diameter of 64 mm. This process was repeated until the
specimen failed. The number of blows required for the initial failure and final failure of
each specimen was recorded. The initial failure was determined when the first hairline
crack appeared on the specimen’s surface, while the ultimate failure was observed when
the specimen was completely split into multiple parts.
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Figure 5. Schematic representation and view of impact strength test setup.

3. Results and Discussion
3.1. Residual Compressive Strength and Mass Loss of SCC after Exposure
3.1.1. Residual Compressive Strength

Figure 6 presents a graphical representation of the residual compressive strength and
mass loss observed in different SCC specimens exposed to varying durations of heating. The
residual compressive strength of SCC cube specimens can be classified into distinct phases
based on the duration of exposure and their corresponding strength levels. Unprotected
specimens of FA and GGBFS without CPP (FA/EPA, FA, GGBFS/EPA & GGBFS) exhibit
two phases: 0 to 30 min and 30 to 120 min. Conversely, CPP specimens of FA and GGBFS
(FA/EPA/CPP, FA /CPP, GGBFS/EPA /CPP & GGBFS/CPP) display three phases: 0 to
30 min, 30 to 60 min, and 60 to 120 min. Notable differences in residual strength between
the two phases of FA and GGBFS specimens without CPP protection are evident. The initial
phase (0 to 30 min) exhibits a substantial strength gain, followed by a sharp decline in the
second phase (30 to 120 min). The strength gains during the first phase (0 to 30 min) of
unprotected specimens (FA/EPA, FA, GGBFS/EPA & GGBFS) range from 12% to 26%. This
increase in strength can be attributed to secondary hydration resulting from the autoclave
effect on unhydrated clinker [32].

As the duration of temperature exposure extends beyond 30 to 120 min, the decline in
strength becomes increasingly pronounced. The most substantial reduction in strength is
observed at 60 min (925 °C), with a maximum decay of 16%. Furthermore, unprotected
specimens (FA/EPA, FA, GGBFS/EPA & GGBFS) experience a higher loss of approximately
63% at 120 min (1029 °C).

The deterioration of the dense structure and the decline in strength in SCC become
significant when exposed to temperatures above 500 °C, primarily due to the decomposition
of calcium hydroxide. During this phase, the strength reduction occurs due to the complete
dehydration of the CSH gel, resulting in the loss of its inherent binding ability [33].

The protected specimens of FA and GGBFS (FA /EPA /CPP, FA /CPP, GGBFS/EPA /CPP
& GGBFS/CPP) display distinct variations in strength patterns based on the duration of
exposure. In the initial phase (0 to 30 min), all specimens exhibit a minimal reduction of
less than 1% in strength. From 30 to 60 min, a gradual strength gain ranging from 16% to
30% is observed following the initial decline. The CPP-coated FA and GGBFS specimens
demonstrate improved performance compared to the unprotected specimens at higher
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temperature exposure. Even after 90 min of temperature exposure, the CPP specimens
of FA and GGBEFS exhibit a strength gain of 12% and 2%, respectively. This enhancement
can be attributed to the thermal insulating capability of the perlite mineral, which limits
the heat flux into the concrete core, thereby enhancing the performance of the protected
specimens [34].
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Figure 6. Interaction graph showing variation between residual compressive strength (represented
by the line) and mass loss (represented by histograms) of SCC specimens for different duration of
heating.

In the final phase of temperature exposure (60 to 120 min), a gradual decrease in
strength is observed for FA and GGBFS specimens, with a strength loss ranging from 10%
to 5%, even lower than that of the unprotected specimens. Based on the results of residual
compressive strength, it can be concluded that the perlite mineral can be effectively utilized
as a sacrificial coating (CPP layer) on the surface of SCC and as an internal thermal-resistant
filler. At 120 min of temperature exposure, the maximum reduction in strength is observed,
ranging from 32% to 34% for FA/CPP and GGBFS/CPP specimens, respectively. The
observed strength loss for FA/EPA /CPP and GGBFS/EPA /CPP specimens is minimal,
with values of 3% and 10%, respectively [14-16].

3.1.2. Mass Loss

The initial reduction in mass observed in SCC can be attributed to the evaporation
of free and physically bound water, which converts into vapor under high-temperature
conditions [35]. This phenomenon typically occurs during the rapid heating phase, which
spans up to 60 min of temperature exposure. A comparison of mass loss between specimens
of FA and GGBFS without CPP (FA/EPA, FA, GGBFS/EPA & GGBFS) and CPP-coated FA
and GGBFS (FA/EPA /CPP, FA /CPP, GGBFS/EPA /CPP & GGBFS/CPP) reveals a range
of 5.70% to 4.60% and 3.70% to 4.10%, respectively. The minimal variation in mass loss
observed among the SCC specimens can be attributed to the influence of internal EPA
content. As the level and duration of temperature increase beyond 60 to 120 min, there is
a proportional escalation in mass loss, likely due to the degradation of the gel structure
(CSH) and portlandite (CH), leading to a more significant loss in strength [36].
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3.2. Impact Resistance of SCC after Exposure

Figure 7a,b presents the impact energy failure and the corresponding number of blows
for the SCC specimens (FA, GGBFS, FA/EPA, and GGBFS/EPA) subjected to elevated
temperatures. Compared to the heated specimens, the SCC specimens not exposed to heat,
including FA, GGBFS, FA/EPA, and GGBFS/EPA, demonstrated higher impact energy
levels. The impact energy for the unheated specimens was 913.9 J, 2234.0 ], 812.4 ], and
2132.4 J, respectively. At 30 min of heating duration (821 °C), the failure impact energy
was 182.8 ] and 223.4 ] for the FA 30M (no. of blows: 9) and GGBFS 30M specimens (no. of
blows: 11), respectively. SCC specimens with EPA content showed increased failure impact
energy value, with the FA/EPA 30M and GGBFS/EPA 30M specimens recording 243.7 ]
(no. of blows: 12) and 284.3 J (no. of blows: 14), respectively. A decrease in failure impact
energy was observed as the heating duration reached 60 min (925 °C), with the FA 60M
and GGBFS 60M specimens having failure impact energy values of 121.9 J (no. of blows: 6)
and 182.8 ] (no. of blows: 9), respectively.
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Figure 7. Failure impact energy (represented by histograms) and the number of blows of unpro-
tected SSCC specimens subjected to high temperature (represented by the line), (a) FA and GGBEFS,
(b) FA/EPA and GGBFS/EPA.

The FA /EPA 60M and GGBFS/EPA 60M SCC specimens exhibited a similar fractional
impact energy failure, measured at 203.1 ] (number of blows: 10). After 90 min of heating
(986 °C), the failure impact energy decreased to 101.5 ] (number of blows: 5) for the FA 90M
specimen and increased to 3162.5 | (number of blows: 8) for the GGBFS 90M specimen. The
FA /EPA 90M and GGBFS/EPA 90M specimens demonstrated a failure impact energy of
182.8 J. The inclusion of the EPA showed a crucial role in mitigating the reduction in impact
energy caused by temperature exposure exceeding 30 min. Further increasing the duration
to 120 min (1029 °C) led to a notable decrease in failure impact energy to 40.6 J, 142.2 ],
60.9 ], and 162.5 ] for the FA, GGBFS, FA/EPA, and GGBFS/EPA specimens, respectively.
SCC mixes incorporating GGBFS (GGBFS OM and GGBFS/EPA 0M) exhibited delayed
setting times but enhanced impact resistance. The overall raise in strength can be attained
by the latent hydraulic properties of the material, which reacted with the (Ca(OH;)) formed
during the hydration process [37].

3.3. Failure Impact Energy of SCC Specimens

Figure 8a,b depict the variations in failure impact energy and the corresponding
number of blows for the unprotected (FA and GGBFS) and protected SCC specimens
subjected to high temperatures. The results of impact energy failure revealed that the
specimens with CPP coating containing EPA demonstrated superior performance under
impact loading conditions. This can be attributed to the enhanced thermal compatibility of
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the CPP layers, which effectively limited the transfer of heat transfer into the core of the SCC,
resulting in reduced impact energy. Generally, the failure energy decreased as the intensity
of exposure and the duration of heating increased. The graphical examination indicated
that the SCC specimens incorporating EPA and protected by a CPP layer, FA/EPA /CPP
and GGBFS/EPA /CPP, exhibited superior performance across all exposure conditions.
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Figure 8. (a) Failure impact energy (represented by histograms) and the corresponding number of
blows of protected SCC (FA) specimens exposed to elevated temperature (represented by the dots).
(b) Failure impact energy (represented by histograms) and the corresponding number of blows of
protected SCC (GGBFS) specimens exposed to elevated temperature (represented by the dots).

The FA /EPA /CPP 30M specimen exhibited a loss in failure impact energy of about
15.56%, while it was 80% for unprotected FA 30M specimens. The difference in the failure
impact energy loss of GGBFS/EPA /CPP 30M and GGBFS 30M compared to that of the
GGBFS OM specimen was about 3.6% and 90%, respectively. The efficiency of the CPP
coating in combination with the EPA content in withstanding high temperatures is evident
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from the comparison. EPA’s enhanced thermal compatibility nature gives it a unique
property [32,33].

The heated specimens FA/EPA/CPP 60M and GGBFS/EPA/CPP 60M exhibited
impact energy losses of 33.3% and 24.6%, respectively, compared to the FA OM and GGBFS
OM specimens. On the other hand, the unprotected heated specimens FA 60M and GGBFS
60M demonstrated significantly higher impact energy losses of approximately 86.7% and
91.8%, respectively, when compared to the FA OM and GGBFS OM specimens. The failure
impacts energy values of SCC-FA and SCC-GGBFS specimens are presented in Tables 6
and 7, respectively.

Table 6. View of failure impacts energy values (in J) of SCC-FA and coated (EPA /CPP) specimens.

Duration of Specimen Type
Heating (min) FA FA/EPA FA/CPP FA/EPA/CPP
30 182.7 243.7 426.4 771.7
60 121.8 203.1 304.6 609.2
90 101.5 182.7 264.1 507.7
120 40.6 60.9 81.2 324.9

Table 7. View of failure impacts energy values (in J) of SCC-GGBFS and coated (EPA /CPP) specimens.

Duration of Specimen Type
Heating (min) GGBFS GGBFS/EPA GGBFS/CPP GGBFS/EPA/CPP
30 223.3 284.3 1279.4 2152.7
60 182.7 203.1 913.8 1685.6
90 162.4 182.7 792.1 1401.3
120 142.1 162.4 243.7 893.5

The loss in failure impact energy for the FA/EPA /CPP 120M specimen was approxi-
mately 44.44%, whereas the unprotected FA 90M specimens showed a loss of 88.9%. The
reduction in failure impact energy for GGBFS/EPA /CPP 30M and GGBFS 30M specimens
compared to the GGBFS OM specimen was approximately 37.3% and 92.7%, respectively.

All test specimens experienced a rapid decline in failure impact energy when tempera-
ture exposure exceeded 120 min. However, the protected specimens could limit energy loss
compared to the unprotected ones [38]. The loss in impact energy for 120 min of heated
FA /EPA /CPP and GGBFS/EPA/CPP was 64.4% and 60.0%, respectively, compared to
FA OM and GGBFS OM specimens. Unprotected heated specimens (FA 120M and GGBFS
120M) showed a significantly more significant loss in impact energy of around 95.6% and
93.6%, respectively, compared to FA OM and GGBFS OM specimens. The study found that
even after 120 min of heating, the CPP-protected SCC specimens containing EPA effectively
resisted temperature penetration and reduced the loss in failure impact energy [39].

During the heating period, measurements were taken to determine the time-temperature
behaviour of various specimens, including FA, FA/EPA, FA /CPP, FA /EPA /CPP, GGBFS,
GGBFS/EPA, GGBFS/CPP, and GGBFS/EPA /CPP. Temperatures were recorded at each
specimen’s surface, protective layer, and core. For FA /EPA specimens exposed to 60 min
of heating, the measured temperatures were 918 °C at the concrete surface and 613 °C at
the core. After 90 min of exposure, the surface temperature reached 922 °C, while the core
temperature rose to 756 °C. At the end of the 120-min exposure, the surface temperature
measured 1012 °C, and the core temperature was 883 °C. Similarly, for GGBFS/EPA speci-
mens exposed to 60 min of heating, the recorded surface temperature was slightly higher
at 920 °C than the FA/EPA specimen (637 °C). A similar temperature increase pattern
was observed after 120 min of heating, with surface temperatures of 1025 °C and 899 °C
and core temperatures of 1025 °C and 899 °C for GGBFS/EPA and FA/EPA specimens,
respectively.
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For specimens protected by the CPP layer, the surface, protective layer, and core
temperatures at 60 min of heating were 918 °C, 492 °C, and 205 °C, respectively, for
FA /EPA /CPP specimens and 920 °C, 463 °C, and 159 °C, respectively, for GGBFS/EPA /CPP
specimens. A similar pattern was observed for the 90-min exposure duration. At 120 min
of heating, the temperatures measured for FA /EPA /CPP specimens were 979 °C, 892 °C,
and 605 °C for the surface, protective layer, and core, respectively, while the corresponding
temperatures for GGBFS/EPA /CPP specimens were 981 °C, 871 °C, and 556 °C. The mea-
surements indicate that as time and temperature increased, the penetration of temperature
into the concrete specimens also increased.

3.4. SCC Crack Analysis of SCC Specimens Subjected to High Temperature

When concrete structures are subjected to elevated temperatures, there is a risk of
thermal crack formation. The combination of high heat flux on the concrete surface, coupled
with the thermal incompatibility between the mortar and aggregate, contributes to the
formation of microcracks. To effectively manage these cracks, it is crucial to precisely
measure their geometrical characteristics, including width, length, density, and pattern [40].
This study aims to analyse the crack pattern in SCC and explore potential strategies to
control these cracks under standard fire temperature conditions.

Figure 9a, b illustrates the failure patterns of SCC specimens, protected (FA/EPA /CPP
and GGBFS/EPA /CPP) and unprotected (FA and GGBEFES), exposed to elevated temper-
atures. Based on the fracture pattern observed at the point when the specimen failed,
failure pattern comparisons are made. After being exposed to heating for 30 min, line crack
failure was observed for the FA, FA/EPA /CPP, GGBFS, and GGBFS/EPA /CPP specimens.
The specimens split into two sections along the line crack, indicating an apparent and
sudden brittle failure followed by the formation of the first crack. It was observed that the
line crack width was smaller in the case of the FA/EPA /CPP 30M specimens compared
to the FA 30M specimens. However, the line crack width at failure in the FA/EPA /CPP
30M specimens was similar to that of the GGBFS 30M specimens. On the other hand,
unprotected (FA 30M and GGBFS 30M) specimens showed surface microcracks that formed
due to direct exposure to heat flux. The failure pattern observed in this case was similar to
the brittle failure observed in plain cylindrical specimens under impact loadings at ambient
conditions.

The failure crack patterns display significant variations as the exposure temperature
exceeds 30 min. At 60 min of heating, the role of CPP protection is significantly noticeable.
Critical surface microcracks were observed on the unprotected (FA 60M and GGBFS 60M)
specimens. The ultimate failure resulted from the formation of multi-line cracks that
developed from the fracture zone, and finally, the specimen broke into three or more
pieces. In contrast, thermal microcracks were absent on the surface of both the protected
(FA/EPA /CPP 60M and GGBFS/EPA /CPP 60M) specimens. Even after the initial crack
appeared, these specimens continued to withstand impact loads and absorb impact energy
for additional blows. The final failure pattern was curved, with zig-zag rupture failures
occurring over the SCC’s weakest region due to prolonged exposure to heat.

At 90 min exposure, the unprotected specimens (FA 90M and GGBFS 90M) exhibited
a combination of cracking and failure. The failure pattern on the FA 90M specimen was
characterised by a combination of curves and severe surface cracks that emerged from
the fracture zone, resulting in a multi-curve cracking failure. Meanwhile, the GGBFS
90M heat-exposed specimens failed due to a combination of curve and line cracks and
typical surface cracks seen in unprotected specimens. In contrast, the FA /EPA /CPP 90M
specimens resisted developing various crack patterns. They failed through curve crack
failure, similar to the failure mode observed in FA 60M specimens. The efficacy of the
CPP layer was evident from the failure patterns, even after 90 min of heating. Finally,
the GGBFS/EPA /CPP 90M specimens failed under multiple lines of cracks impeding the
fracture zone.
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Figure 9. (a) Failure pattern of heat-exposed FA and FA /EPA/CPP specimens. (b) Failure pattern of
heat-exposed GGBFS and GGBFS/EPA /CPP specimens.

The most significant failure pattern was observed in unprotected specimens (FA 120M
and GGBFS 120M) and protected specimens (FA /EPA /CPP 120M and GGBFS/EPA /CPP
120M) after 120 min of heating. The ultimate failure observed in these specimens resembled
that of the unprotected specimens subjected to a 90 min heat exposure. It was noted that
irrespective of specimen protection, the ultimate failure resulted from a combination of
line and curve cracks originating from the fracture zone. This indicates that prolonged
high-temperature exposure diminished the effectiveness of the CPP layer. This trend is
further supported by the final impact energy values obtained from the specimens heated
for 120 min.

4. Conclusions
The detailed experimental investigation led to the following conclusions:

(i) By incorporating polycarboxylate ether-based SP, it is possible to develop SCC blends
using FA and GGBFS with reduced cement content. This mixture allows for attaining
the minimum quantity necessary for SCC production.

(if) The SCC mix based on GGBFS demonstrated superior compressive strength compared
to the mixtures incorporating FA and EPA. Additionally, the strength characteristics
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of SCC notably improved with curing time, and the GGBFS-based SCC mix displayed
greater early-age strength development compared to the FA-based SCC mix.

(iii) After the exposure durations of 60, 90, and 120 min, the failure impact energy and
the number of blows exhibited a significant decline in all the reference specimens.
Nevertheless, the protected specimens showed limited energy loss under the same
temperature conditions. The coating layer served as a sacrifice element, improving
the impact specimens’ ability to withstand fire.

(iv) The decrease in strength reduction in all specimens except the CPP-coated specimens
suggests that CPP coating effectively prevents strength loss at higher temperatures.
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