Available online at www.CivileJournal.org ' Civit BGINEERING
3| JOURNAL

Civil Engineering Journal

(E-ISSN: 2476-3055; ISSN: 2676-6957)

Vol. 11, No. 10, October, 2025

Enhancing Post-Fire Performance of Lightweight RC Slabs Using
Expanded Polystyrene and Steel Fibers: An Experimental Study

Alaa A. Abd ®, Rafaa M. Abbas !

! Department of Civil Engineering, College of Engineering, University of Baghdad, Baghdad, Iraq.

Received 10 May 2025; Revised 23 August 2025; Accepted 03 September 2025; Published 01 October 2025

Abstract

Aggregate significantly influences the mechanical properties of concrete material and has a crucial role in post-fire
behavior. This research focuses on investigating the post-fire behavior of a fiber-reinforced one-way slab made from
lightweight expanded polystyrene (EPS) aggregate concrete. The experimental study consisted of testing fourteen fiber-
reinforced self-compacting concrete (SCC) one-way slabs with EPS as a partial replacement of coarse aggregate. All
specimens have identical dimensions of 1800x500%125 mm. The main parameters investigated included fire exposure,
EPS replacement ratio, and steel fiber content. The tested specimens were divided into two groups. The first group included
seven specimens tested under monotonic static load, whereas the seven specimens of the second group were tested under
monotonic static load after being exposed to a steady-state temperature of 700°C for one hour. Following exposure to fire,
results revealed a dramatic decrease in the structural performance of the slab specimens, including cracking load, ultimate
load, stiffness, absorbed energy, and ductility, especially for the non-fibrous lightweight samples. However, adding EPS
beads in the concrete mixture helps in reducing strength degradation due to fire exposure, and the higher the EPS content,
the less strength degradation. This result exposed the positive impact of EPS on the structural performance of RC
lightweight slabs exposed to fire due to their thermal properties. Moreover, results revealed a significant enhancement in
post-fire stiffness, ductility, and absorbed energy of the RC slab due to steel fiber inclusion, showing their constructive
impact on the slab performance.
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1. Introduction

In recent decades, the construction of multi-story buildings has increased, resulting in greater dead weight for the
structural components. Therefore, it is essential to focus on reducing the dead weight of structures by utilizing
lightweight elements [1]. Structural lightweight concrete (LWC), compared to normal weight concrete, provides a vital
improvement in terms of technical, economic, and environmental aspects [2-4]. Application of lightweight concrete
significantly reduces the cross section of structural elements (i.e., columns, beams, braces, and plates) and, thus, the
dead load of the structure and foundation size. Moreover, longer spans, thinner sections, and better cycling load response
can be obtained by using lightweight concrete [5]. Generally, lightweight concrete is instrumental in effectively reducing
the risk of earthquake damage, as the earthquake acceleration and its magnitude are significantly affected by the weight
of a structure. The factors such as lower density, higher strength/weight ratio, lower coefficient of thermal conductivity,
better fire resistance, improved durability, and better sound insulation characteristics are considered advantages of
lightweight concrete compared with normal concrete. However, parameters related to lightweight particles, such as bulk
specific gravity, unit weight, maximum size, particle shape, texture surface, moisture content, and water absorption ratio,
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considerably affect the properties of lightweight concrete [6, 7]. Three common methods are applied to have lightweight
concrete: aerated concrete, no-fines concrete [8], and replacement (partially or totally) of natural aggregates with
lightweight aggregate or beads [9]. Acetated or cellular concrete is obtained by introducing large air voids within a
matrix by chemical admixture, such as foaming agents or aluminium powder (which increases matrix porosity and
decreases the unit weight of concrete). No-fines concrete is mostly produced by using a uniform size of coarse aggregate
and eliminating the fine aggregate completely from the concrete matrix.

While substituting totally or partially normal-weight aggregate with lightweight aggregate such as pumice [10] and
waste rubber [11], expanded polystyrene (EPS) beads is another method to produce lightweight concrete [12]. Though
conventional lightweight aggregate is associated with higher water demand and higher absorption value as a result of
the porous structure of these materials [13]. In order to eliminate this problem, expanded polystyrene aggregate (EPS)
with non-absorbent, hydrophobic, and closed cellular properties [14, 15] was introduced as a lightweight material by
Cook [16]. EPS concrete has the potential to be used as structural elements (cladding panels, curtain walls, load-bearing
concrete blocks, composite flooring systems, slabs, and T-beams), protective layers (good energy absorption), and
insulated concrete [17-19]. Ali et al. [20] showed a comparison between the mechanical characteristics of lightweight
and normal-weight aggregate concrete (NWA) reinforced with steel fibers. They found that LWC had better fresh
properties but performed poorly in a hardened state compared to NWA. However, Rakaa & Abbas [21] and Abbas &
Rakaa [22] showed that structural fiber-reinforced lightweight concrete can be achieved by partially replacing up to 60%
of coarse aggregate with EPS beads. Results showed good flexural performance for EPS lightweight reinforced concrete
beams when reinforced with steel fibers. EPS is a useful material for reducing concrete weight and improving its
workability and insulation. Incorporating expanded polystyrene granules into a concrete mix can create lightweight
polystyrene aggregate concrete with varying densities, compressive strengths, flexural strengths, and tensile strengths.
Consequently, this approach helps reduce environmental pollution, minimizes valuable landfill space, and promotes
sustainability within construction companies [23].

A thorough comparison of drying shrinkage levels among different types of lightweight aggregate concrete (LWAC)
revealed that the drying shrinkage strain of EPS concrete is typically not greater than that of other LWAC varieties;
however, the density of EPS concrete is generally lower than that of other types of lightweight aggregate concretes [24,
25]. According to literature, EPS is often used as a substitute for aggregates to make concrete lighter and less conductive
to heat. EPS consists of discrete air spaces that are scattered through a solid polymer. Lightweight EPS can be bought
commercially and used in mortar or concrete to produce light insulating concrete [26]. An advantage of EPS, as seen
from an engineering perspective, is that it absorbs less water compared to other LWAs, as it has less room for water in
its structure [27]. The fact that EPS thermal conductivity is only 0.03-0.04 W/m.K is a major reason it is chosen for
insulation in the construction industry [28]. Mohammed & Aayeel [29] designed and executed an experiment to assess
the strength, fracture patterns, and cracks in RC beams made with a mix of recycled EPS replacing some of the coarse
aggregate. In the study, 0%, 15%, 20%, 25%, 35%, 45%, or 60% of the needed coarse aggregate was replaced by
recycled EPS. Samples showed reductions in tensile splitting strength, compression strength, and modulus of rupture as
the EPS content percentage rose. The beam stiffness was improved, while the concrete suffered cracking failure due to
the use of recycled expanded polystyrene.

Numerous studies have investigated the effect of fire flame and elevated temperature on LWC behavior. Nemes et
al. [30] studied the effect of different types of Lightweight Aggregates (LWA) on the strength and appearance of
lightweight aggregate concrete (LWAC) after being heated up to 800°C. They made 8 concrete mixtures with three
kinds of LWA and two with normal-weight aggregate concrete. They found that LWAC performed better than NWA
concrete up to 500°C but lost more strength at higher temperatures. Dabbaghi et al. [31, 32] found that concrete with
lightweight expanded clay aggregate (LECA) has a lower density, better thermal resistance, and slower decline in
mechanical properties under high temperatures, making it suitable for fire-resistant structures. Abdel-Jaber et al. [33]
investigated the bending characteristics of Reinforced Concrete (RC) beams containing EPS under elevated temperature.
Ultimate failure load was determined through experimental tests for all specimens, and the effect of temperatures (300°C
and 600°C) on the RC beams containing EPS was also investigated. Results for beams exposed to 300°C demonstrated
comparable capacity to the unheated control beams, while at 600°C, a noticeable decline in ultimate load capacity was
observed in comparison to the control beams.

Despite having lower compressive strength at ambient temperatures, results demonstrated improved seismic
performance when subjected to elevated temperatures compared to normal-weight concrete [34]. The lighter the
concrete, the lower the thermal transmittance, which enhances the thermal performance of the slabs under fire conditions.
Advanced nonlinear numerical models were created to forecast the thermal and structural behavior of the examined
LWC composite slabs concerning temperature and time-displacement [35]. Exposure to temperatures up to 250°C does
not significantly affect the mechanical properties of concrete containing Lightweight Expanded Clay Aggregates
(LECA), similar to normal-weight concrete. However, as the temperature rises, an increase in the lightweight aggregate
content of the mixture leads to improved strength retention following exposure to elevated temperatures [36]. Utilizing
a concrete mixture with 84% total aggregate replacement with LECA can result in concrete that exhibits optimal
performance in terms of mechanical properties and strength retention under fire conditions, as well as economic and
environmental benefits [37]. Abdullah & Mohammed [38] investigated the effect of elevated temperature on LWC
containing LECA. They showed that the addition of LECA decreased both the number and width of cracks formed due
to fire, as well as mitigated the loss of ultimate load capacity and beam stiffness.
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From the presented studies, numerous investigations on different types of lightweight concrete members under fire
or elevated temperature are clearly visible in the literature. However, there aren't any studies that explore how the
inclusion of steel fiber to strengthen LWC affects the flexural behavior of EPS lightweight concrete slabs subjected to
fire exposure. Consequently, the goal of this work is to study how the inclusion of steel fiber reinforcement affects the
thermal and structural behavior and strength retention following exposure to fire or elevated temperature of an RC one-
way slab made from expanded polystyrene aggregate as a partial replacement of coarse aggregate. Therefore, a carefully
prepared experiment program is intended to investigate the contribution of different EPS and steel fiber volume fractions
to the structural performance of one-way EPS LWC slab specimens' behavior before and after fire exposure. To cover
the objectives of this study, an experimental work involving the casting and testing of 14 fiber-reinforced self-
compacting concrete one-way slabs with EPS as a partial replacement of coarse aggregate was designed. Different
volume fractions of EPS bead replacement and steel fiber reinforcement were adopted to assess cracking load, ultimate
load, stiffness, absorbed energy, and ductility of the tested slab specimens.

2. Experimental Work Details
2.1. Materials
2.1.1. Fine Aggregate

The concrete samples utilized natural sand of a maximum 4.75 mm grain size based on Iraqi Specification (IQS) No.
45/1984 [39] alongside its subsequent releases. Grading for the used fine aggregate is shown in Table 1. Testing results
established the sand classification as Zone 3 according to the sieving results.

Table 1. Grading of the fine aggregate

Sieve size Cumulative Passing 1QS. No. (45/1984) Limits
(mm) (%0) Zonel Zone2 Zone3  Zone4
10 100 100 100 100 100
4.75 97.4 90-100 90-100 90-100  95-100
2.36 87.2 60-95  75-100 85-100 95-100
Aiiael\)llzis 1.18 76.8 30-70 55-90 75-100  90-100
0.60 65.8 15-34 35-59 60-79  80-100
0.30 18.6 5-20 8-30 12-40 15-50
0.15 7.2 0-10 0-10 0-10 0-15
Fineness modulus 247 23-31
Specific gravity 2.67 Not limited
Absorption % 1.06 Not limited
Chemical Test  Sulphate Content SOs (%) 0.41 Not more than (0.5) %

2.1.2. Coarse Aggregate

The concrete mix for every specimen utilized crushed gravel at a maximum size of 14 mm. Test outcome for gravel
grading used in this study, shown in Table 2, indicated it matches the limits stated in Irag Specification (1QS) No.
45/1984 [39] for a gravel maximum size of 14 mm.

Table 2. Test results of the Coarse Aggregate

1QS. No. (45/1984) Limits

Sieve size Cumulative Passing
(mm) (%) 40-5(mm)  20-5(mm)  14-5 (mm)
75 100 100 - -
63 100 - - -
375 100 95-100 100 -
Sieve 20 100 35-70 95-100 100
Analysis 14 98.3 - - 90-100
10 84 10-40 30-60 50-85
5 9 0-5 0-10 0-10
2.36 15 - - -
Passing from sieve 0.075 15 Max. allowable (3%)
Specific gravity 2.64 Not limited
Absorption (%) 0.75 Not limited
Chemical Test  Sulphate Content SO3 (%) 0.07 Not more than (0.1) %
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This investigation used spheres of EPS particles, displayed in Figure 1, to replace coarse aggregate material with a
maximum size of 10 mm. Table 3 shows findings for the sieve analysis for the EPS beads grading spectrum that was

utilized in this study.

2.2. Mix Design

Figure 1. EPS Beads

Table 3. EPS Beads Sieve Analysis

Sieve Size (mm) Passing %
125 100
Sieve 95 85
Analysis 475 12.8
2.36 22

In this research, self-compacting concrete (SCC), designed according to the requirements of EFNARC [40] was
adopted as the reference concrete mix. Material constituents used to compose the SCC reference concrete mix included
Ordinary Portland Cement (OPC), natural sand, normal-weight coarse aggregate, silica fume, tap water, and Sika's
ViscoCrete-180 superplasticizer (SP). The rheological properties for the SCC mixtures used in this study are shown in
Table 4. Results presented in Table 4 revealed that all mixtures comply with self-compacting concrete requirements as
defined by EFNARC. EPS beads were adopted as a partial replacement of the coarse aggregates to produce the LWC.
Different proportions of hooked steel fibers (SF) were used as additional reinforcement. The mechanical properties of
the considered steel fibers are illustrated in Table 5. Table 6 presents the proportions of the material constituents used
to cast each of the fourteen slab specimens employed in the experimental program.

Table 4. Rheological test results of SCC mixtures

EFNARC tests and limits

Slump Flow Test  T50 Test L-Box Test V Funnel Test
Mix
i i SF1(550 to 650
designation ( ) Vsi€2) PAIG08Owith2rebars  VFL(E8)
SF2(660 to 750) )
VS2(>2) PA2(>0.80with3rebars  VF2(9 to 25)
SF3(760 to 850)
R 730 mm 1.8s 0.889 5s
EPS20SF0 760 mm 1.6s 0.9 6s
EPS20SF0.5 720 mm 2s 0.87 6s
EPS20SF1 680 mm 2s 0.8 7s
EPS40SFO 740 mm 1.5s 0.95 8s
EPS40SF0.5 690 mm 2s 0.82 7s
EPS40SF1 640 mm 2s 0.8 6s
Table 5. Steel fibers’ mechanical characteristics
Fiber size, Length, Fiber aspect ratio Yield strength
D (mm) L (mm) (L/D) (MPa)
0.5 50 100 1900
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Table 6. SCC mixtures composition and proportions for different mix designs

Mix Proportion (kg/m?)

Mix SP Silica fume*

designation Water Cement Sand Gravel EPS** SF (lit/m) (%)
R 185 441 750 950 0 0 4 4
EPS20SFO 185 441 750 760 2 0 4 4
EPS20SF0.5 185 441 750 760 2 39 4 4
EPS20SF1 185 441 750 760 2 78 4 4
EPS40SFO 185 441 750 570 4 0 4 4
EPS40SF0.5 185 441 750 570 4 39 4 4
EPS40SF1 185 441 750 570 4 78 4 4

* Content by weight of cement, ** Replacement by volume of coarse aggregates.

From each concrete mixture indicated in Table 6, two slab specimens have been cast. Moreover, six concrete cubes
with dimensions 150x150x150 mm, eight 15030 mm concrete cylinders, and four prisms 100x100x500 mm have been
sampled and cast as control specimens to investigate concrete mechanical properties. Also, an additional one
100x100x100 mm standard cube was prepared to measure concrete thermal properties. Curing for the RC slab specimens
and the control concrete specimens (cubes and cylinders) was started 24 hours after concrete pouring. Daily
moisturization of these specimens to preserve water content has continued for 28 days. Figure 2 shows slab specimens
and the control concrete specimens cast from each concrete mixture.

Figure 2. Casting slab and concrete control specimens

2.3. Tested Specimens

This research involved testing fourteen simply supported fiber reinforced self-compacting concrete (SCC) one-
way slab specimens, including two normal weight reinforced concrete slab specimens cast without fiber nor EPS
beads used as reference specimens. The tested specimens were arranged into two groups. The first one comprises
of seven slab samples tested under monotonic static load at lab ambient temperature, whereas the second group with
seven slab samples tested statically after being subjected to fire exposure of (700 £ 10 °C) for one hour. Samples in
these groups were arranged into two subgroups in which the first three slab specimens were cast with 20% of the
volume of the coarse aggregate replaced with EPS beads to create lightweight concrete (LWC), whereas 40% of the
volume of the coarse aggregate were replaced with EPS beads in the second three slab specimens. Moreover, each
of the three slab specimens in the subgroups was cast with three different volume fractions of steel fibers (SF); 0%,
0.5%, and 1%. lllustrative flowchart showing the process of the methodology adopted in the experimental program
is depicted in Figure 3.

All specimens maintained identical geometrical layouts, with dimensions of 1800 x 500 x 125 mm and a clear span
of 1600 mm, as illustrated in Figure 4. Notations for the tested specimens are presented in Table 6. In this notation, the
number following EPS refers to the percentage of the volume fraction of coarse aggregate replaced with EPS beads,
whereas the number following SF refers to the percentage of volume fraction of steel fiber content in the concrete
mixture. The same concrete mixtures presented in Table 6 have been used to cast each of the corresponding seven slab
samples in the two groups.
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Tested Specimens

Group one I Reference Mix Group two

Replaced Coarse Replaced Coarse
Aggregate by 20% EPS Aggregate by 40% EPS
D % SF 0% SF -
0.5 % SF 0.5 % SF
1% SF 1% SF

Figure 3. flowchart of the experimental program details

p/2 p/2 A—
i 650mmn 500mm 650mm i
l j 125mm
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| 1600mm |
1800mn
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10mm
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125mm
| -500mm |
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Figure 4. Slab specimen dimensions and reinforcement details

2.4. Furnace and Burning Details

The present study aims to investigate the structural behavior of fire-exposed lightweight concrete slab specimens.
To achieve this target, the specimens were placed inside a gas furnace, which has a fire chamber with outer dimensions
of 3.50 min length, 2.00 m in width, and 0.80 m in height, as shown in Figure 5. It is provided with twenty gas burners,
eight for each pair of opposing longitudinal sides and two for each transverse side, which are connected to ten gas
containers in the sidewalls at the base to provide the heat during the burning test. Two blowers supplied the furnace with
air during the fire test to maintain fire intensity and heat distribution. The slab specimens were subjected to burning in
a gas furnace, utilizing fire heating under controlled conditions, specifically maintaining a steady-state temperature of
700 + 10°C for an exposure duration of one hour, as illustrated in Figure 6. A digital thermometer with a K-type sensor
wire was employed to monitor and document the temporal variations in temperature in the furnace environment. The
temperature-time relationship criteria were established following ASTM E119-14 [41]. After complete fire exposure,
the samples were removed from the furnace and allowed to rest at an ambient temperature (30°C) before testing.

Specimen

 Thermocouples
’ - / /= s N
¥ < P o - Temperature recorder
’ 77— - o .
/ S / v, / . / gl
/ £ ’ / - ¥ / ~
75 / > g 7~ / P / ~
4 ) P 4 . p Methane gas cnni\ltﬁn = ‘/

B < A y

Figure 5. Schematic presentation of the burning furnace
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Figure 6. Specimens burning procedure

2.5. Testing Program

To accomplish the aim of this study, samples from the first group have been tested under static load using a test setup
shown in Figure 7. However, testing of the fire-exposed slab specimens of the second group was performed in two
stages. In the first stage, slab samples have been exposed to fire for a specified time period as indicated in paragraph
2.3. In the second stage, the same slab samples, after being cooled at ambient temperature, were subjected to monotonic
static load to determine their residual ultimate load capacity after burning using a test setup shown in Figure 7.

q.M m

N
et ot

Figure 7. Testing setup

In the static load test program, the slab specimens were supported on two steel supports, allowing for both horizontal
and angular movement at one end while permitting only angular movement at the other end, thereby simulating roller
and pin supports, respectively. A hydraulic jack applied load to the slab specimens through load cells connected to rigid
transverse steel beams, which distributed the load to two points on the top surface of the specimen, simulating a four-
point loading testing configuration, as illustrated in Figure 7. Steel rods with a diameter of 30 mm were used to transfer
the testing load onto the reinforced concrete slab through steel plates at each point to prevent stress concentrations in
the contact area. The two-point loading was applied at the one-third span point of the slab to create a pure flexural region
in the middle third of the specimen. Linear Variable Displacement Transducers (LVDTSs) were positioned at designated
locations and connected to a data acquisition system to capture the setup readings. Subsequently, static loading was
applied manually, and the readings from the load cells and LVVDTs were recorded by the data acquisition logger, which
automatically saved the data to a PC. Deflections at mid-span were measured at each increment of loading.

3. Test Results and Discussion
3.1. Mechanical Properties of Hardened Concrete

Results for the mechanical properties of the hardened concrete are presented in Table 7. In this table, results for
concrete cubes compressive strength (fc,), cylinders splitting tensile strength (), and prisms modulus of rupture (f) are
presented and compared for the control specimens for the burned and unburned samples.
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Table 7. Mechanical properties of hardened concrete before and after fire exposure

feu (MPa) ft (MPa) fr (MPa)

Mix designation R;esi(((j)zz)al R?s(igual Resi(()jual
Unburned  Burned o Unburned  Burned (%) Unburned Burned fr (%)
R 57.1 39 68.3 5 3.70 74 6.35 4.80 75.6
EPS20SFO 383 31.2 815 3.24 2.10 64.8 4.94 3.52 71.25
EPS20SF0.5 414 30.20 73 3.85 2.30 59.7 5.73 3.90 68.1
EPS20SF1 437 29.30 67 4.98 2.57 51.6 7.95 5.26 66
EPS40SFO 30 21.20 70.7 3 1.90 63.3 4.42 3.16 715
EPS40SF0.5 323 21.70 67.2 3.28 211 64.4 4.95 3.40 68.7
EPS40SF1 37.6 23.20 61.7 3.84 2.26 58.9 7.55 5.03 66.6

Generally, mixtures containing lightweight EPS aggregates exhibited lower mechanical properties at room
temperature because of the low strength and density of EPS aggregate, which significantly affects the overall strength
of the concrete members made from EPS concrete. However, the presence of steel fiber (SF) significantly enhances
concrete mechanical properties, especially flexural and tensile strength, as indicated by previous studies [12, 21]. After
burning at a constant temperature at (700°C) a significant reduction in the overall mechanical properties was observed.
Reduction in the concrete compressive strength, splitting strength, and modulus of rupture of about 31.7%, 26%, 24.4%,
respectively, was recorded for the reference mixture due to fire exposure. Moreover, adding EPS beads to the concrete
mixture helps in reducing strength degradation due to fire exposure. Results indicated a reduction of about 18.5%, and
29.3% in the compressive strength when 20% and 40% of EPS beads were added, respectively. However, a greater effect
of fire exposure on the tensile properties of the hardened concrete was observed, indicating greater strength degradation
due to higher damage to the strength of the concrete matrix and to the adhesion (bond) of the matrix to the aggregate
grains. Lightweight aggregates of EPS introduce numerous small voids in concrete, giving them their low density and
reducing the weight of concrete, thus low thermal conductivity. These properties indicated that lightweight aggregates
of EPS can insulate concrete from heat transfer, prevent cracking and fissuring caused by thermal stress, and better
maintain compressive strength and thermal insulation capabilities than conventional aggregates after fire exposure.
These findings agree well with other studies [42, 43].

Additionally, results shown in Table 7 revealed that EPS concrete mixture with steel fibers poses greater strength
degradation than those without fibers due to fire exposure. For concrete samples with 1% steel fibers, an additional
reduction of 14.5% and 9% in the compressive strength, 13.5% and 4.4% in the splitting strength, and 5.2% and 4.9%
in the rupture strength was noted for samples with 20% and 40% EPS content, respectively. The steel fiber contributed
to deteriorating concrete properties after fire exposure due to its high thermal conductivity. Hence, the higher steel fiber
content, the greater strength loss or reduction [20, 25]. Furthermore, these results showed that higher EPS content
resulted in less strength degradation due to fire exposure

3.2. Post-Fire Structural Performance

Understanding how concrete behaves at elevated temperatures is very important for understanding materials under
extreme conditions. Heating concrete to a high temperature result in its moisture being lost, cracks appearing, and its
original strength changing [30]. Observing these modifications helps reveal how concrete holds up under and after
exposure to fire.

3.2.1. Burning Cracking

After being exposed to a steady-state temperature of 700 °C for one hour, samples were removed from the furnace
and allowed to rest at an ambient temperature. After cooling, specimens have been visually examined for damage and
cracks. Generally, cracks appeared on the surfaces, as well as on the sides and bottom, of the slab models due to the fire,
as indicated by the cracks marked with red colour shown in Figure 8. The reference sample (R) exhibited a greater crack
width compared to the other samples. Notably, the cover of the reference sample had some obvious cracks, as illustrated
in Figure 8. However, in spite of samples with EPS content exhibiting a larger number of hair cracks, these cracks were
more uniformly distributed with smaller widths as compared to a reference sample. Moreover, the effect of EPS content
is more obvious in samples with 40% of EPS content as compared with samples with 20% EPS content. lightweight
EPS aggregates samples have lower thermal conductivity and higher fire resistance than regular samples, thus enabling
it to withstand higher temperatures and prevent severe cracking or surface damage to the concrete due to fire exposure.
Because of the porous nature of lightweight EPS Aggregates, the evaporated water has a place to escape, which reduces
the damage occurring within the concrete. On the other hand, samples with higher steel fiber volume fraction, shown in
Figure 8, exhibited a lesser number of hair cracks, revealing the effectiveness of steel fibers at controlling temperature
cracks due to enhanced concrete tensile strength. The evaluation of the specimen's damage took into account the length
of cracks and the spalling area as a percentage of the surface area of the specimen.
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Figure 8. Post-fire and flexural Cracks pattern

3.2.2. Cracking Load, Ultimate Load, and Mode of Failure

After being exposed to elevated temperature and allowed to cool at ambient temperature, slab specimens have been
experimentally tested under a four-point loading scheme as shown in Figure 7. Flexural failure was observed in all the
burned slabs, with new cracks forming on the sides and bottom of the slabs. The crack patterns due to flexure are
highlighted in blue colour cracks as shown in Figure 8. The findings indicated that although the mechanical properties
of the unburned control samples diminished after the addition of lightweight EPS aggregates, slabs incorporating EPS
beads exhibited greater resilience in their ultimate post-burning load capacity. This suggests that the use of EPS

aggregates mitigates the deterioration of the ultimate load-bearing capacity of the burned samples under similar
conditions.

4033



Civil Engineering Journal Vol. 11, No. 10, October, 2025

Post-fire Results presented in Table 8 and Figure 9 showed that the reduction in the ultimate strength for samples
without steel fiber containing 20% and 40% of EPS aggregates was 7.4% and 10.9%, respectively, in comparison to the
control sample. However, an obvious increase in the load-carrying capacity was achieved when samples were reinforced
with steel fiber. For samples containing 20% and 40% of EPS aggregates and 1% of steel fiber, an increase of 11.4%
and 9.2% was recorded, respectively. This can be attributed to added tensile strength of concrete due to steel fiber and
to the EPS beads' thermal insulation effect resulted in higher fire resistance relative to a conventional RC slab. Moreover,
the comparison presented in Figure 9 indicated that cracking has increased due to steel fiber addition but decreased when
the EPS content increased. Finally, the results presented revealed that the first crack appears faster when EPS beads
were used and that the first crack is delayed in the presence of steel fibers. Results for the non-fibrous burned samples
indicated that a significant reduction of -33.3% and 41.7% in the cracking load due to 20% and 40% of coarse aggregate
replacement with EPS beads. However, a considerable enhancement in the cracking load was achieved due fiber
reinforcement, which resulted in a maximum reduction of 16.7% in the cracking load when samples reinforced with
0.5% volume fraction of steel fiber. Moreover, results for the burned sample reinforced with 1% fibers, presented in
Table 9, showed a maximum enhancement of 50% and 71.4% in the cracking capacity. These results highlighted the
superior effect of steel fiber reinforcement that counteracted EPS undesirable impact on the flexural characteristics of
the lightweight slab samples.

Table 8. Post-fire cracking and ultimate load variation

Specimens  Cracking load (kN)  Variation (%) Ultimate load (kN) Variation (%)

R 12 - 40.3
EPS20SF0 8 -33.3 37.3 -1.4
EPS20SF0.5 10 -16.7 43.2 7.2
EPS20SF1 12 0.0 44.9 11.4
EPS40SF0 7 -41.7 35.9 -10.9
EPS40SF0.5 11 -8.3 41.8 3.7
EPS40SF1 12 0.0 44 9.2

m Cracking load, kN
50 1
m Ultimate load, kN

i

EPS20 SFO  EPS20 SFO.5  EPS20 SF1 EPS40 SFO  EPS40 SF0.5  EPS40 SF1

Load, kN

Figure 9. Variation of post-fire cracking and ultimate load

Comparison of post-fire cracking load variation with those for samples that have not been exposed to fire is presented
in Table 9 and Figure 10. Comparison presented revealed that the cracking load was significantly reduced due to fire
exposure. A reduction ranging from 15% to 33% in cracking load was recorded due to fire exposure for the different
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ranges of EPS and fiber content in the examined slab samples. However, the results showed that the rate of this reduction
was reduced with increasing EPS content due to the EPS beads' thermal insulation effect. On the other hand, increasing
steel fiber content inversely affects the rate of cracking load reduction. This result might be attributed to the fact that the
steel fiber contributed to deteriorating concrete properties after fire exposure due to its high thermal conductivity, thus
the higher impact of fire exposure and a higher rate of strength reduction.

Table 9. Cracking load variation for burned and unburned samples

Cracking load (kN)
Specimen Variation* (%) Variation 2 (%) Variation * (%)
Unburned  Burned

R 15 12 -20.0
EPS20SFO 10 8 -20.0 333
EPS20SF0.5 13 10 -23.1 25.0
EPS20SF1 16 12 -25.0 50.0
EPS40SF0 8 7 -12.5 41.7
EPS40SF0.5 13 11 -15.4 57.1
EPS40SF1 15 12 -20.0 71.4

tBurned sample results with unburned ones;
2 Burned sample results due to EPS content;
3 Burned sample results due to fiber content.

20 1

m Unburned = Burned

Al

EPS20 SFO  EPS20 SF0.5  EPS20 SF1 EPS40 SFO  EPS40 SF0.5  EPS40 SF1

16 1

Load, kN

0 4

Figure 10. Variation of cracking load for burned and unburned samples

3.2.3. Load-Deflection Behavior

During static load testing of pre- and post-fire specimens, each load increment and vertical deflection of the burned
samples were measured at mid-span. The load and deflection behavior of the samples was investigated up to failure.
Figure 11 shows the load-deflection behavior of the slab samples after being exposed to fire. The results in this figure
are divided into three groups. Group one and group two illustrate the effect of the steel fiber content on the structural
response of burned samples with EPS aggregate volume fractions of 20% and 40%, respectively, whereas the third group
shows the comparison for the effect of EPS aggregate volume fraction replacement. Ultimate load and deflection
variation for the three groups are compiled in Table 10.
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Figure 11. Post-fire load-deflection behaviour
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Table 10. Post-fire flexural behaviour of the tested slabs

Specimen Max. load (kN)  Variation (%) A max. (mm) Variation (%)

Group one
R 40.3 -—-- 26.6
EPS20SF0 37.3 -1.5 25.4 -4.5
EPS20SF0.5 43.2 7.2 2715 34
EPS20SF1 44.9 114 29.8 12
Group two
R 40.3 -—-- 26.6
EPS40SFO 359 -11.0 28.7 8
EPS40SF0.5 41.8 3.7 29.6 11
EPS40SF1 44 9.2 315 18.4
Group three
EPS20SF0.5 432 - 275
EPS40SF0.5 418 -3.2 29.6 8.7
EPS20SF1 449 - 29.8
EPS40SF1 44 -2.0 315 57

All load-deflection response curves presented in this figure indicate that the deflection variation tends to increase
linearly as the load increases before reaching the initial cracking load. The initial stiffness of all samples was close to
each other at this stage. At the post-cracking stage, the deflection increased significantly with the application of the load,
and the stiffness of all specimens decreased due to flexural cracking. In this stage, slab samples reinforced with steel
fibers showed obvious stiffer behavior, and this enhancement increases with increasing fiber content [22]. This
enhancement is pronounced in post-cracking flexural stiffness; the sample's structural response is associated with the
utilization of steel fiber due to the fibers' ability to withstand tensile strain at cracking surfaces. Finally, after reaching
reinforcement yield loading, slab samples showed a dramatic decrease in their flexural stiffness, accompanied by rapidly
increasing deflection. This behavior is associated by the nonlinear part of the load-deflection behavior up to failure.
Results shown in Figure 11 for the first and second groups indicated that adding EPS beads as a partial replacement of
coarse aggregate without steel fiber significantly reduces load carrying capacity and bending resistance when compared
with the reference slab sample. On the other hand, results presented in Table 10 and Figure 11 demonstrated the
beneficial effect of the added steel fibers on the bending resistance of the tested slabs. The results presented for samples
with 20% EPS content showed an increase of about +7.2% and +11.4% in the bending resistance when steel fiber volume
fraction was increased to 0.5% and 1%, respectively, whereas for samples with 40% EPS content an increase of about
+3.7% and +9.2% was recorded. Regarding the deflection values of the tested slab samples, the results in Table 10
indicated that, in general, as the EPS and steel fiber content increased, the deflection values also increased, suggesting
more flexible behavior.

Comparison presented in group three results revealed that increasing EPS beads content from 20% to 40% has little
impact on the post-fire bending strength capacity of the tested samples. A reduction of only 3.2% and 2% was noticed
when the EPS content doubled for samples with 0.5% and 1% of steel fibers, respectively. This result confirmed the
constructive impact of the EPS beads on the structural performance of lightweight slabs exposed to fire or elevated
temperature. Hence, Concrete containing lightweight EPS beads is more capable of withstanding high temperatures than
conventional aggregate concrete and can maintain its structural integrity for a longer duration under fire exposure. This
can also reduce internal stress and prevent spalling during fire exposure. Spalling can lead to a decrease in the strength
and stiffness of concrete and expose reinforcing bars to further damage [44, 45].

Comparison of the load-deflection behavior for post-fire samples with those that have not been exposed to fire is
presented in Table 11 and Figure 12. Results presented exposed that unburned samples were stiffer than their counterpart
subjected to fire, and, generally, burned samples were dramatically weaker. A substantial reduction in the ultimate load
and moment capacity was noticed due to fire exposure. Comparison showed that the normal weight reference sample
without fiber reinforcement loses 30% of its moment capacity due to fire exposure, whereas a lesser reduction of about
19% to 24% was noted for lightweight EPS samples with different fiber reinforcement proportions. Also, results revealed
that burned samples lost only 7.4% and 10.9% of moment capacity compared to 14.9% and 18.6% for unburned samples
when 20% and 40% EPS beads were incorporated in the mixture, respectively. This confirmed the positive impact of
EPS content in reducing the elevated temperature effect due to its thermal insulation properties. On the other hand,
results compiled in Table 11 for unburned samples showed that the flexural strength reduction due to EPS was reduced,
whereas a significant improvement in the burned samples' moment capacity was noticed when samples were reinforced
with steel fibers. Results depicted an increase of about 15.8% to 20.4% and 16.4% to 22.6% in post-fire ultimate load
capacity for the burned samples with 20% and 40% EPS, respectively, due to steel fiber presence.

4037



Civil Engineering Journal

Vol. 11, No. 10, October, 2025

Table 11. Comparison for burned and unburned samples flexural behaviour

Ultimate load (kN)

Max. Deflection (mm)

. Variation *
Specimen (%)
Unburned Burned Variation® (%) Variation? (%) Variation®(%) Unburned  Burned
R 57.6 403 -30 30.2 26.6 -12
EPS20SF0 49 37.3 -24 -7.4 25.6 254 -1
EPS20SF0.5 53 43.2 -19 15.8 29.5 275 -7
EPS20SF1 58.5 449 -23 204 30.8 29.8 -3
EPS40SF0 46.9 35.9 -24 -10.9 27.4 28.7 5
EPS40SF0.5 53.8 41.8 -22 16.4 30.9 29.6 -4
EPS40SF1 56.5 44 -22 22.6 338 315 -7
1 Burned sample results with unburned ones, 2 Burned sample results due to EPS content, 3 Burned sample results due to fiber content.
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Figure 12. Comparison for load-deflection behaviour for burned and unburned samples

Hence, the greater achievement in the load ultimate load capacity was due to a higher fiber reinforcement volume
fraction. This result highlights the beneficial effect of steel fiber reinforcement in strengthening RC lightweight slabs
exposed to fire. Regarding the deformability of the post-fire sample, results indicated smaller maximum deflection
values compared with unburned samples. This is due to reduced ultimate load capacity for post-fire samples. However,
comparing deformability at the same load values revealed greater deflection values for post-fire samples due to reduced
stiffness after fire exposure.

3.2.4. Stiffness

Stiffness is the resistance of a deformable body to deflection or distortion due to an applied force. Flexural stiffness
is a bending characteristic of a member that can be defined as the resistance of the structure to deflection under bending
load [46, 47]. The flexural stiffness is typically characterized by the slope of the line drawn from the origin of the load-
deflection curve and the intersection of the curve at the point of interest. The results of the variation in flexural stiffness
due to EPS and steel fiber content after fire exposure are listed in Table 12. Results showed that the stiffness of the slab
generally decreases when using EPS, while steel fibers enhance stiffness. The decrease in slab stiffness can be primarily
attributed to the reduction in the strength of the concrete member due to deterioration resulting from fire exposure. Also,
the incorporation of lightweight EPS beads resulted in reduced mechanical properties of the concrete mixture. However,
EPS aggregates led to a reduced rate of stiffness deterioration after fire exposure, which is associated with the low
thermal conductivity. For samples containing 0% steel fibers, the results showed that a reduction of 9.5% and 21.6% in
stiffness values was achieved at 20% and 40% EPS content, respectively. On the other hand, results showed significant
enhancement in post-fire flexural stiffness due to fiber reinforcement. An increase in post-fire flexural stiffness of 9.2%
and 23.8% was depicted for samples with 20% EPS when reinforced with 0.5% and 1% volume fraction of steel fibers,
respectively, whereas this increase was only 9.2% for samples with 40% EPS and 1% steel fiber reinforcement.
However, comparison with non-fibrous EPS samples revealed an enhancement up to 36.7% and 39.3% in post-fire
flexural stiffness due to 1% fiber reinforcement for samples with 20% and 40% EPS content, respectively.

Table 12. Post-fire stiffness values for the tested slabs

Specimen Pu  45% (Py) A @45% (Py) Stiffness (kN/mm)  Variation! (%) Variation? (%) Variation * (%)
R 40.3 18.13 4.40 412

EPS20SFO 37.3 16.8 45 3.73 -9.5 -95
EPS20SF0.5 43.2 19.44 4.3 45 9.2 20.6
EPS20SF1 44.9 20.2 4 51 23.8 36.7
EPS40SFO 35.9 16.15 5 3.23 -21.6 -21.6
EPS40SF0.5 41.8 18.8 4.6 41 -0.5 26.9
EPS40SF1 44 19.8 44 45 9.2 39.3

L Variation with respect to reference, 2 Variation due to EPS content, 2 Variation due to steel fiber content.

3.2.5. Ductility

The ability of a material to withstand deformation over the elastic limit until complete failure is referred to as
ductility. The maximum deflection (A,,4,) that the materials' can withstand before failing should be considered when
assessing ductility. The ductility of two different materials might vary even when they have comparable maximum
deflections at failure due to different load-deflection characteristics. So, it is preferable to define the ductility using a
dimensionless ductility index, L, as follows:
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The results of the ductility index for the tested samples after fire exposure are presented in Table 13. Ductility index
variation illustrates that when EPS was utilized with steel fibers, the ductility increases, whereas introducing only EPS
as partial aggregate replacement, i.e., without fibers, mostly causes a reduction in the ductility. Hence, using 20% EPS
beads in the concrete mixture leads to a ductility decrease by 13.5%, whereas for 40% EPS beads content, the decrease
was only 9.8%. On the other hand, results showed significant enhancement in post-fire ductility due to fiber
reinforcement. An increase in post-fire flexural stiffness of 12.8% was depicted for samples with 20% EPS when
reinforced with 1% volume fraction of steel fibers, whereas this increase was only 5.3% for samples with 40% EPS.
However, comparison with non-fibrous EPS samples revealed an enhancement up to 30.4% and 16.7% in post-fire
ductility due to 1% fiber reinforcement for samples with 20% and 40% EPS content, respectively. This result indicated
that fiber reinforcement is less effective for samples with higher EPS beads. A lesser ductility enhancement due to steel
fiber addition was noted for higher EPS content. One conclusion, based on the above-presented results, is that the
addition of a small percentage of EPS and a certain amount of steel fibers largely enhances the material’s ductility.

Table 13. Post-fire ductility index values

Specimen  A.q, (MmM) A, (MM)  Ductility index ()  Variation' (%) Variation® (%) Variation® (%)

R 26.6 10 2.66 ----
EPS20SF0 254 11 2.3 -13.5 -13.5
EPS20SF0.5 275 13 2.2 -17.3 -4.3
EPS20SF1 29.8 10 3 12.8 30.4
EPS40SF0 28.7 12 2.4 -9.8 -9.8
EPS40SF0.5 29.6 12 25 -6 4.2
EPS40SF1 315 11 2.8 5.3 16.7

! Variation with respect to reference, ? Variation due to EPS content, ® Variation due to steel fiber content.

3.2.6. Toughness

Flexural toughness refers to the total capacity of a material to absorb energy. An important property in the field of
concrete structures is the ability of a loaded structure to store energy before rupture. The maximum amount of load and
deflection seen at the point of failure affects the energy absorbed, which is measured by the area under the load-
deflection curve. Hence, the integration of the load-deflection curves of the tested slabs was performed to calculate the
flexural toughness, also referred to as the total energy. In this paragraph, an attempt is intended to figure out how elevated
temperature affected lightweight EPS slab specimens’ toughness.

The total energy of the investigated slabs at the ultimate and failure load is shown in Table 14. The data presented
for non-fibrous samples showed that using 20% EPS beads resulted in 14% decrease in the specimens’ toughness at
failure due to the fire effect, whereas increasing EPS beads to 40% resulted in a decrease of only 6 %. This shows the
constructive impact of increasing EPS content due to their thermal characteristics. On the other hand, results showed
significant enhancement in post-fire toughness due to fiber reinforcement. An increase in post-fire toughness of 30.5%
was depicted for samples with 20% EPS when reinforced with 1% volume fraction of steel fibers, respectively, whereas
this increase was 35% for samples with 40% EPS. Furthermore, the same trend for EPS and fiber content effect on post-
fire toughness variation is concluded, indicating more enhancement due to steel fiber inclusion. Finally, based on the
above results, findings revealed a significant enhancement in the slab toughness when samples reinforced with steel
fibers, even though lightweight EPS beads replaced coarse aggregate in the concrete mixture.

Table 14. Post-fire toughness of tested slabs

The ultimate load's % Toughness variationat ~ The failure load's % Toughness variation at failure load

Specimen

toughness (kN.mm) ultimate load toughness (kN.mm) @ @ ®)
R 633.4 - 855.5

EPS20SFO 689.5 9 735.6 -14 -14

EPS20SF0.5 684.3 8 957.2 12 - 30.1
EPS20SF1 619.9 -2 1116.8 30.5 - 51.8
EPS40SFO 731.4 155 803.3 -6 -6

EPS40SF0.5 602.3 -5 1008.2 18 - 255
EPS40SF1 476.8 -24.7 1156 35 - 439

(1) Variation with respect to reference, (2) Variation due to EPS content, (3) Variation due to steel fiber content.
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4. Conclusion

In this study, comprehensive experimental work was performed to investigate the influence of fire exposure on the
structural behavior of a lightweight steel fiber-reinforced self-compacting concrete one-way slab. Depending on the
study outcomes, several conclusions have been pointed out.

A significant reduction in the mechanical properties of the hardened concrete was observed due to fire exposure.
Results indicated that the concrete compressive strength, splitting strength, and modulus of rupture for the reference
mixture were reduced by 31.7%, 26%, and 24.4% due to fire exposure, respectively. However, adding EPS beads in the
concrete mixture helps in reducing strength degradation due to fire exposure, and the higher the EPS content, the less
strength degradation. The flexural strength of the EPS lightweight RC concrete slab without fiber reinforcement,
subjected to elevated temperature, was dramatically lower than that of slabs not exposed to fire. However, an obvious
increase of 11.4% and 9.2% in the load-carrying capacity was achieved when slab samples containing 20% and 40% of
EPS aggregates were reinforced with 1% steel fiber. Moreover, slabs incorporating EPS beads exhibited greater
resilience in their ultimate post-burning load capacity. This result revealed the constructive impact of the EPS beads on
the structural performance of the RC lightweight slab exposed to fire or elevated temperature due to their low thermal
conductivity and insulation properties. Generally, results revealed significant enhancement in post-fire stiffness,
ductility, and absorbed energy of the RC slab due to steel fiber inclusion, showing their constructive impact on the
performance of the tested RC slab at elevated temperature. Results depicted an increase of about 15.8% to 20.4% and
16.4% to 22.6% in post-fire ultimate load capacity for the burned samples with 20% and 40% EPS, respectively, due to
steel fiber presence; hence, the greater achievement in the ultimate load capacity was due to a higher fiber reinforcement
volume fraction.
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