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Abstract. Reinforced concrete as the most important construction material suffers
from long-term deterioration due to different exposure conditions. Fire attack is a
critical exposure condition as it can lead to complete collapse of the structure. On the
other hand, the repair and strengthening of existing structures have become necessary
both technically and financially. Moreover, since high-performance concretes (HPCs)
are extensively used as repairing or strengthening materials for different structures,
their performance after exposure to elevated temperature needs to be investigated.
Therefore, this study is directed to investigate the post-fire flexural behavior of RC
slabs cast with traditional normal strength concrete (NSC) and strengthened with
HPC. Twenty-one RC slabs were prepared and tested including casting the full thick-
ness with the same mixture (single-concrete slabs) and composite slabs (cast with
NSC and HPC). Different variables were considered; using high strength concrete,
30% fly ash, 30% slag, 0.5% polypropylene, 0.5% steel fibers, hybrid fibers (0.5%
steel + 0.5% polypropylene), reinforcement ratio, the side exposed to elevated tem-
perature (tension or compression), and joining the HPC layer to the NSC (shear
studs or epoxy resin). The slabs were exposed to the required temperature of 600°C
for 2 h. The results show that strengthening the RC slab in tension or compression
by using HPC remarkably enhanced the slab’s performance after exposure to elevated
temperature. Specially, composite slabs containing hybrid fibers in tension side when
exposed to elevated temperature from the tension side recorded the highest cracking
load, ultimate load, stiffness, toughness, and ductility index as compared to the NSC
slab, with increases of 92.8%, 116%, 157%, 335%, and 86.9%, respectively.

Keywords: RC composite slabs, High performance concrete, Strengthening layer, Elevated temperature,
Residual flexural behavior, Thermal properties
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HPC High performance concrete

HSC High strength concrete

FAC Fly ash concrete

BFSC Blast furnace slag concrete

SF Steel fiber

PPF Polypropylene fiber

GGBFS Ground granulated blast furnace slag

FAC-SF Fly ash concrete with steel fiber

FAC-PPF Fly ash concrete with polypropylene fiber
FAC-(SF+ PPF) Fly ash concrete with steel and polypropylene fibers
BFSC-SF Blast furnace slag concrete with steel fiber

P, Cracking load

P, Ultimate load

Ay Deflections at failure load

Prso; The load level at 75% of the peak load

A7so, Mid-span deflection at 75% of the peak load

M Number of slices

A Factor define the height of the compressive zone
n The effective strength factor

fi Tensile strength of concrete containing steel fiber

Lok The residual compressive strength

0 Volume fraction of steel fiber

1 Length of fiber

d Diameter of fiber

N The axial load of the concrete in the compression zone
T, The force in steel reinforcement rebar

Trs The tension force in concrete containing steel fiber
5 Yield strength of reinforcement at room temperature
ky The reduction factor with the temperature increase
M, The ultimate moment capacity

Py The predicted flexural capacity

L The RC slab span

1. Introduction

During its lifetime, reinforced concrete structures may face several severe exposure
conditions which may threaten its safety. Moreover, exposure to fire or elevated
temperature is being one of such conditions that may lead to structure collapse
[1]. The elevated temperature leads to a change in the chemical and physical com-
position of concrete, resulting in deterioration of the mechanical properties of
concrete and concrete cracking [2]. Furthermore, the temperature causes degrada-
tion of the yielding strength of reinforcement, which consequently increases the
deformation of the member, which may result in undesirable structural failures [3,
4].

Under the pressure of population booms and land limitations, to effectively
resolve housing and transportation issues, the need for high-rise buildings and
underground construction is rapidly increasing. This leads to the development of a
new type of concrete called high-performance concrete (HPC) with enhanced
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properties through the use of pozzolanas, admixtures, and fiber. These HPC mixes
include ultra-high strength concrete, high strength concrete (HSC), fly ash con-
crete (FAC), blast furnace slag concrete (BFSC), and fiber-reinforced concrete [5].
The use of HPC allows for a higher load carrying capacity of members at a lower
cost [6] by decreasing the member dimensions, which consequently increases
usable space and decreases the unit weight for a given strength. The application of
HPC is widely spreading around the world in tall buildings, tunnels, and highway
bridges [7, 8]. Also, HPC provides its efficiency as a strengthening material for
structure members [9—12]. Haddad et al. [10] concluded that the one-way RC slab
heated at 600°C for 2 h and repaired by using a high strength steel fiber concrete
layer regained about 79% to 84% of the original load capacity with a correspond-
ing increase in stiffness in the range of 380% to 500%.

The rapid increase of HPC as a replacement for traditional normal strength
concrete (NSC) led the researchers to focus on identifying its behavior when it is
subjected to fire. Several studies have been performed to investigate the fire per-
formance of RC members [13-18]. It was observed that the fire behavior of RC
members depended on concrete strength, material properties, structural boundary
conditions, surface area exposed to fire, cooling type, in addition to fire condi-
tions. HSC showed more deterioration with a higher rate in its mechanical proper-
ties than NSC under fire [19], where the dense microstructure of HSC accelerated
the pore pressure development leading to spalling [20, 21]. This spalling has an
adverse effect on reducing the concrete sections, and increasing the temperature in
reinforcement bar and consequently reduces the strength and stiffness of RC con-
crete members [14, 22]. On the other hand, Shariq et al. [23] studied the flexural
behavior of RC beams cast with HSC and NSC after exposure to different tem-
peratures up to 800°C for 3 h and concluded that the ultimate load of RC beams
cast with HSC increased by 15%, 20%, 70%, and 85% as compared to those cast
with NSC after exposure to different temperatures of 200°C, 400°C, 600°C, and
800°C, respectively.

In order to improve the fire performance of RC members, researchers have sug-
gested a number of solutions, such as adding fly ash, ground granulated blast fur-
nace slag, and fiber to the concrete mix, as depicted in Table 1. The researchers
concluded that using fly ash and ground granulated blast furnace slag can
improve the mechanical properties of concrete at high temperatures and enhance
its fire resistance [24-29]. Ghazy et al. [29] reported that HPC containing ground
granulated blast furnace slag combined with steel fiber (SF) has an evident effect
on the residual tensile and flexural strengths of HPC after exposure to a tempera-
ture of 800°C, where the retained residual tensile and flexural strengths were
63.7% and 55%, respectively.

Regarding the use of fibers, several researchers studied the effect of adding SF,
polypropylene fiber (PPF), and hybrid fibers on the mechanical properties of con-
crete at high temperatures. The results revealed that the mechanical properties of
concrete at high temperatures were improved by adding fibers [5, 30-33]. Ghazy
et al. [18] investigated the mid-span deflection of full-scale slab cast with NSC,
HSC, FAC, HPC-SF, and HPC-PPF under the combined effect of load and fire.
It was found that HPC-PPF had the optimal structural behavior in terms of lower
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deflection and lower reinforcement temperature, while NSC recorded the highest
mid-span deflection. Further, Du and Zhang [34] reported that the rebar mesh
and PP fibers reduce the occurrence of spalling of RC slabs under fire since the
fibers melt at approximately 160—170°C and produce additional porosity in con-
crete, which facilitates the dissipation of temperature-induced vapor pressure. In
case of steel fiber, the improvement in the tensile strength of concrete at elevated
temperature is the main factor that prevents spalling of concrete [20]. Shariq et al.
[23] concluded that the addition of 0.5% SF to RC beam can yield ductile failure
and delay the initiation of flexural and shear cracks at different temperatures up
to 800°C. Moreover, Jafarzadeh and Nematzadeh [35] reported that SF signifi-
cantly improved the load carrying capacity and reduced the mid-span deflection of
the beam after being exposed to high temperature up to 600°C. Besides, the addi-
tion of SF can improve the bond strength between reinforcement bars and con-
crete after exposure to high temperatures [36]. On the other hand, a few studies
showed that adding SF led to more explosive spalling of structural members due
to SF bridges cracking and preventing steam from escaping [21, 37, 38]. Monte
et al. [38] concluded that the slabs cast with concrete mixes made of HPC and
HPC containing SF showed explosive spalling, while adding PPF can prevent
spalling. The spalling is due to the influence of steel fibers in limiting the crack
widths and preventing the dissipation of water vapor generated in concrete, lead-
ing to the buildup of high pore pressure. The concrete spalling depends on heating
rate, specimen geometry, moisture content, boundary conditions, type of test, and
experimental conditions.

The performance of the strengthened structures strongly depended on the inter-
action of the two concrete layers, where the shear forces may cause sliding failure
along the interface between the two concrete layers. The load transfer capacity of
the interface depended on the interface shear strength, which was significantly
influenced by interface preparation (roughness and cleanliness) and reinforcement
crossing the interface [39]. Fernandes et al. [40] showed that the debonding load
of RC slab strengthened with reinforced concrete overlay on the tensile face in the
case of a shear stud increased by three times than reference specimens without
shear stud.

In the fire case, Xu et al. [41] conducted an experimental study to investigate
the fire resistance performance of two-way restrained precast concrete composite
slabs. The study found that the shear stud at the interface between the precast
and the in-situ concrete layers is sufficient to ensure composite action in fire.
Ahmad et al. [42] presented an experimental investigation on the shear transfer
strength of uncracked concrete interfaces after exposure to different temperatures.
It was shown that the elevated temperature resulted in a reduction of the shear
transfer strength by 48.17% after exposure to a temperature of 750°C. While spec-
imens without transverse reinforcement displayed the maximum loss in shear
transfer strength, the increase in transverse reinforcement ratio led to a decrease in
the loss in shear transfer strength. Moreover, Xiao et al. [43] observed that the
concrete with higher compressive strength showed more deterioration in shear
transfer strength. On the other hand, epoxy resin has a negative effect under fire
because it reaches the glass transition temperature (T,). The glass transition tem-
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perature is the temperature at which the polymer goes from a hard, glass-like state
to a rubber-like state, as mentioned by Blontrock et al. [44].

The above review mentioned that numerous studies have been conducted to
evaluate the fire performance of HSC members. However, a few studies have
explored the influence of fly ash and ground granulated blast furnace slag with
fiber on the fire performance of RC members. Thus, the aim of this investigation
is to study the fire performance of single-concrete and composite slabs cast with
different HPC. This study will help engineers understand the in-situ behavior of
the RC member strengthened with HPC when exposed to elevated temperatures
and consider such performance when designing and implementing such materials
in such situations to ensure their safety. Furthermore, the generated data on the
fire behavior of RC slab strengthened with HPC layer will help validate finite ele-
ment models to track the flexural behavior of RC slab strengthened with HPC
under fire.

2. Experimental Work

The experimental program of the present study was designed to investigate the
flexural behavior of composite RC slab cast with normal strength concrete (NSC)
and strengthened with a layer of high-performance concrete (HPC) after exposure
to elevated temperature compared to single RC slabs. Various parameters were
taken into consideration when preparing and testing specimens including HPC
types mainly; high strength concrete (HSC), (replacement 30% of cement by fly
ash or ground granulated blast furnace slag), 0.5% steel fiber (SF) or polypropy-
lene fiber (PPF) and hybrid fibers (0.5% SF + 0.5% PPF), strengthening side
(tension or compression), the fire exposure side (tension or compression sides),
reinforcement ratio (0 and 0.6%), and bonding the HPC layer to the NSC (using
shear studs or epoxy resin).

2.1. Materials

Materials utilized in this experimental work were obtained from local Egyptian
sources. The cement used to produce NSC and HPC was Portland cement (CEM
I 42.5 N) complying with EN 196-1 [45] and ES 4756 [46]. The physical and
mechanical properties of the used cement are presented in Table 2. Portland
cement was replaced by either fly ash (FA) Class F or ground granulated blast
furnace slag (GGBFS). The physical properties and chemical analysis of the uti-
lized FA and GGBFS are illustrated in Table 2. Crushed limestone as coarse
aggregates with a nominal maximum size of 12.5 mm and sand as fine aggregates
were used. The bulk specific gravity, the unit weight, and the water absorption for
the coarse and fine aggregates were (2.6, 1500 kg/m?®, 1%) and (2.55, 1550 kg/m?,
1.5%), respectively, according to ASTM-C127-01 [47], ASTM C128-01 [48], and
ASTM-C29 [49]. The fineness modulus of the coarse and fine aggregates was 5.53
and 2.5, respectively, according to ASTM-C136 [50]. High range water-reducing
admixtures (Polycarboxylate Ether) with 44% solid particles, which confirm
ASTM-C494 type F&G [51] was utilized to prepare the concrete mixes.
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Table 2
The Properties of the Used Cement, GGBFS, and FA

Properties Cement GGBFS FA
Chemical component%
SiO, + ALO; + Fe,O 30.1 47.4 93.86
CaO 62.20 42.47 2.38
Na,O 0.38 0.4 0.48
MgO 1.90 5.6 2.92
Loss on ignition 1.34 - -
Insoluble residue 0.88 0.93 1.1
Physical properties
Specific gravity 3.15 2.89 2.3
Specific surface area (cm?/g) 3500 5000 4500
Table 3

Properties of the Investigated Fibers and Steel Reinforcement

Fibers
Properties Steel (SF) Polypropylene (PP) Steel reinforcement rebar
Length (mm) 35 Gradient of 6-18 -
Diameter 0.8 mm 18 pm 6 mm
Specific gravity 7.85 0.91 7.85
Shape Hooked end Fiber mesh -
Tensile yield strength (MPa) > 1000 300400 280
Elastic modulus (GPa) 210 3.6 210
Melting point (°C) - 160°C -

Two types of fibers were incorporated, namely: hooked end steel fibers (SF) and
polypropylene fibers (PPF). The mechanical and geometrical properties of these
fibers as given by the manufacturer are presented in Table 3. Mild steel rebar with
a 6 mm diameter was used as steel reinforcement and shear connector for the RC
slabs and its properties is given in Table 3.

2.2. Mixtures Proportions, Specimens Preparation and Curing

Eight different concrete mixtures were prepared applying the absolute volume
design method. The concrete mixture proportions are shown in Table 4. In
preparing HPC, different parameters were considered including: (1) HSC (target
strength of 65 MPa); (2) Using supplementary cementitious materials (30% FA or
30% GGBFS) replacement by cement weight based on [5, 24, 25, 27, 52]; (3)
Incorporating 0.5% different types of fibers (0.5% SF, 0.5% PPF or hybrid fibers
(0.5% SF + 0.5% PPF)) according to [33-35, 52].
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Figure 1. RC slab details.

A drum mixer with a capacity of 0.1 m®> was used for mixing the concrete mix-
tures. Firstly, the wooden forms were oiled and the steel reinforcements were
placed inside. Thermocouples were fixed in the required positions. Firstly, cement
or (cement + (FA or GGBFY) if applicable) were mixed for 1 min to ensure the
uniformity of the constituents. The water, in addition to admixture, was added
and the mixing continued for 1 min. Coarse aggregate was simultaneously charged
into the mixer and mixed for another minute and then sand was added and mixed
at least for 2 min. Finally, fibers were slowly added (if applicable) to the wet con-
crete, and the mixing process was continued for 2 min to assure the uniformity of
the mixture.

The slump test was conducted for measuring and controlling the plastic fresh
concrete consistency for different concrete mixes and keeping the slump values
between 50 mm and 100 mm.

2.2.1. For Single RC Slabs After mixing, the concrete mix was cast into forms
and compacted using a vibrating table for 10 s. After 24 h, the slabs were demol-
ded and cured for 28 days by covering the slab specimens with wet burlap, and
then the slabs were placed at room temperature of 25°C with a relative humidity
of 55% until the day of exposure to fire at 60 days of age.

2.2.2. For Composite RC Slabs The first layer in the tension side was cast (half of
the slab thickness (with 40 mm)) and compacted using a vibrating table for 10 s,
then cured for 28 days by covering the slab specimens with wet burlap. After that,
the half slab was placed in wooden forms and the remaining layer (40 mm) was
cast. After 24 h, the slabs were demolded and cured for another 28 days by cover-
ing the slab specimens with wet burlap at room temperature of 25°C with a rela-
tive humidity of 55% until the day of exposure to elevated temperatures at
60 days age.

Furthermore, cube specimens with dimensions 100 x 100 x 100 mm, cylinders
with 100 mm diameter and 200 mm height, and beams 100 x 100 x 500 mm were
cast with concrete mixes to determine the mechanical properties (compressive,
splitting tensile, and flexural strengths), respectively, at 28 days and 60 days. The
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Table 5
The Proposed Program for RC Slab Specimens

2427

Side exposed to ele-
vated temperature

Bond connection

Slab HPC/ Shear
No. ID Slab type Mix ID NSC Tension Compression stud Epoxy
1 N25 One unit NSC - - - - -
(control)

2 N One unit NSC - Y - - -

3 H One unit HSC - v - - -

4 F One unit FAC - Y - - -

5 G One unit BFSC - v - - -

6 FS One unit FAC-SF - y - - -

7 FP One unit FAC-PPF - v - - -

8 FSP  One unit FAC-(SF + - v - -

PPF)

9 GS One unit BFSC-SF - v - - -

10 H-N  Composite HSC/NC T v - v -

11 F-N  Composite FAC/NC T v - N -

12 G-N  Composite BFSC/NC T v - v

13 FS-N  Composite FAC-SF/NC T v - N -

14 FS- Composite FAC-SF/NC T v - v
NE

15 FP-N Composite FAC-PPF/NC T \ - v -

16 FP-  Composite FAC-PPF/NC T \ N -
NC

17 FSP-  Composite FAC-(SF + T v - \ -
N PPF)/NC

18 GS-N Composite BFSC-SF/NC T v - v -

19 GS-  Composite NC/BFSC-SF T v - N -
NR

20 N- Composite FAC-(SF + C v - v -
FSP PPF)

21  N- Composite FAC-(SF + C v - - v
FSPE PPF)

N25 control slab specimen [unexposed to elevated temperature (cured by spraying water for 28 days) and left at
ambient temperature (25°C and 55% RH) for another 28 days, E epoxy resin, C composite slab exposure to elevated

temperature from compression side, R slab without reinforcement

compression test was carried out at 28 and 60 days according to BS EN 12390-3
[53] while the splitting tensile and flexure tests were carried out at 60 days accord-
ing to BS EN 12390-6 [54] and BS EN 12390-5 [55], respectively.

2.3. Slab Specimens Details

A total of 21 one-way RC slabs were designed and constructed according to the
ACI 318 code [56]. The geometry and steel reinforcement of all slabs were the
same, and the details of the slab specimens are shown in Figure 1. The slabs
dimensions were 280 x 680 x 80 mm (width, length and thickness), respectively.
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Figure 5. Temperature distribution at different concrete thickness.

The main and secondary reinforcements of 6 mm diameter were placed at a spac-
ing of 62.5 mm and 108 mm, respectively.

One RC slab specimen was cast with NSC to represent a slab specimen at
ambient temperature (N25). The other 20 slabs were subjected to an elevated tem-
perature of 600°C for 2 h. Firstly, to study the behavior of RC single slabs, eight
RC slabs for which the whole thickness was cast with the same concrete mixture.
Secondly, to study the behavior of RC composite slabs, 12 composite RC slabs
were cast with two layers. More factors were considered during preparation and
testing of specimens; concrete types (HSC, FAC, GGBS), using 0.5% PPF or SF
or hybrid (SF + PPF), joining the HPC layer to NSC (using epoxy resin or shear
studs SR 6 mm/130 mm as shown in Figure 1b), strengthening side (tension or
compression), reinforcement ratio (0 and 0.6%), and elevated temperature expo-
sure side (tension or compression sides). Table 5 presents the proposed program
for RC slab specimens.

2.4. Heating of RC Slab

Figure 2 depicts the RC slab under fire test. The heating was performed in an
electric furnace with opening dimensions of 750 mm x 650 mm and 800 mm in
depth, as shown in Figure 2a. The composite slabs were exposed to a uniform
temperature of 600°C at 60 days of age from one side, as shown in Figure 2b,
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Figure 6. Temperature distribution of composite slabs.

where the exposure to elevated temperature was from either the tension side or
the compression side. When the electrical furnace has reached the required tem-
perature of 600°C, the furnace temperature is held for another 2 h, as shown in
Figure 2c. At the end of the heating period, the electrical furnace was switched off
and the slabs were left in the furnace to allow natural air cooling (gradual cool-
ing) of room temperature at (25°C and 55% RH) for 24 h.
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Table 6
Test Results of the RC Slab Specimens After Being Exposed to Elevated
Temperature

Ductility Stiffness Toughness
Slab Pe (kN) Py (kN)  Afmm)  Ay(mm)  index (%) (kN/mm) (KN mm)
N25 18 32.5 25.4 5 4.45 42 625
N 12.4 14.78 15.89 4.3 3.67 3.11 162.5
H 22.16 26.14 18.6 4.3 4.32 5.76 396.36
F 25 29.76 28 6 4.67 3.84 635.7
G 25 29 30 5 6 4.53 739.3
FS 26 28.4 30 4.7 6.38 5 679
FP 27 30.1 28.64 4.3 6.66 6.4 714.39
FSP 25 30.49 30 5 6 4.7 680.55
GS 273 33 30 4.3 6.97 6.1 806.5
H-N 15 19.75 25 53 4.71 3.36 340
F-N 22 23.84 25 4 6.25 5.46 355.8
G-N 12 13.83 25 4.3 5.81 33 255.7
FS-N 18 24.26 25 3.66 6.83 5.44 499.45
FS-NF 6.65 9.6 25 5 5 2.1 191.4
FP-N 21.7 26.48 25 4.5 5.55 6.11 409
FP-N¢ 18.5 22.4 25 5.5 4.54 3.83 345.4
FSP-N 27 31.94 25 3.64 6.86 8 708
GS-N 16 18.11 25 5 493 3.7 387
GS-NR 6 6.97 12.5 3.5 3.57 2.32 48
N-FSP 22 26.86 25 55 4.5 5.96 565
N-FSP® 11 12 25 4 6.25 3 133.6

P¢, is the cracking load, P, is the ultimate load, Ay is the mid span deflection at failure load, A, is mid span
deflection at steel yielding load

To measure the temperature distribution during the elevated temperature expo-
sure, four thermocouples of type K (Chromel-Alumel) were used with a thickness
of 0.91 mm. The thermocouples were placed in the RC slab at the exposed sur-
face, reinforcement bar, mid slab thickness (interface between the two concrete
layers), and unexposed surface (named TCI1, TC2, TC3, and TC4), respectively, as
shown in Figure 3. The temperatures of the furnace and specimens were recorded
through a data logger.

2.5. Slab Specimens Test Method

The slab specimens were tested under a four-point bending load test with a clear
span of 600 mm, as illustrated in Figure 4. The load was applied using a Univer-
sal Testing Machine with Digital data acquisition system (300 kN total capacity)
with an accuracy of 0.001 kN. A loading rate of 0.5 mm/min was applied to easily
mark the observed cracks, as mentioned by Basha et al. [12]. A rigid steel beam
was used to distribute the load through two-line loads. The displacement was
measured by using LVDTs of 100 mm length with an accuracy of 0.01 mm at the
mid-span of the slab.
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3. Test Results and Discussion

3.1. Thermal Behavior

The elevated temperature behavior of one-way RC slabs in terms of temperature
measurement across the RC slab thickness is illustrated in this section. The ther-
mal behavior of slab specimens N and FP-N during heating and cooling phases
by comparing the temperatures at different locations of 15 mm, 40 mm, and
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80 mm (TC2, TC3, TC4), respectively, is presented in Figure 5. From this figure,
it can be indicated that the temperature trends are similar for the tested RC slab
samples, and the rate of temperature rise is small up to 100°C, after which the
temperature increases rapidly with time. This is due to the energy consumption of
evaporating water [34, 57]. Also, the temperature of the inner part of the slab
(TC3 and TC4) is lower than the temperature recorded at the steel reinforcement
location (TC2). Because of the low thermal conductivity and high specific heat of
concrete, which delays the rise in temperature in the inner layers of concrete [25].
Figure 6 represents the temperature distribution of composite slabs. From this
figure, it can be noticed that using a layer of FAC or BFSC (slab specimen F-N
or G-N) can reduce the temperature at different thicknesses by approximately
50°C compared to slab specimen using a layer of HSC (slab specimen H-N), as
depicted in Figure 6a. This is due to the use of FA or GGBFS (concrete mix FAC
or GGBFC), which resulted in lower thermal conductivity of these concretes com-
pared to HSC, and this is in agreement with the results of Khaliq and Kodur [5].
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Moreover, the use of different types of fibers plays an important role in the
temperature distribution of composite slabs. Where composite slab FP-N cast with
FAC and PPF observed higher variation between rebar (T2) and inner parts (T3
and T4) in comparison to composite slab FS-N and FSP-N, which cast with steel
or hybrid fibers (mixtures FAC-SF and FAC-(S+P)), respectively, as see in Fig-
ure 6b. This temperature difference is due to the fact that the use of PPF, which
melts at 160°C and produces more voids, and decreases thermal conductivity [20,
21]. While the higher recorded temperatures in composite slabs FS-N and FAC-
(S+P) are attributed to the contribution from the higher thermal conductivity of
steel fibers [5].

3.2. Structural Behavior of RC Slab Specimens After Exposure to Elevated
Temperature

Four-point loading test was conducted on RC slab with a clear span of 600 mm.
The structural output results from the test included cracking load (P..), ultimate
load (P,), mid span deflection, stiffness, toughness, and ductility index have been
studied for different RC slabs as presented in Table 6 and plotted in Figures 7, 8,
9, 10 and 11.
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Where the ductility index is defined as the ratio between the deflections at fail-
ure load (Ar) and deflection at yield (Ay) Equation 1 [58].

A
Ductility index = =t (1)
Ay

Stiffness is defined according to [59] and can be calculated by Equation 2

P
Stiffness — - % 7 (2)
A5

where P50, is the load level at 75% of the peak load in kN and A5, is the corre-
sponding mid-span deflection in mm, and toughness is the total area under the
load—deflection curve until failure load.
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3.2.1. Load-Deflection Behavior 3.2.1.1. Single-Concrete Slabs The load—deflec-
tion behavior of single-concrete slabs cast with different concrete types after one
cyclic heating—cooling scheme is depicted in Figure 7. It is evident from Figure 7
that after exposure to 600°C, the slab specimen N showed a decrease in cracking
load, ultimate load, ductility, stiffness, and toughness by 31.11%, 54.52%,
17.53%, 26%, and 74%, respectively, compared with the control slab specimen
N25 (unexposed to elevated temperature). This decrease is due to the loss in
strength of concrete with increasing temperature [2], as well as the loss of bonding
strength between the reinforcing rebar and concrete at high temperature [23].

Furthermore, the slab specimens F and G cast with mix FAC and BFSC,
respectively, showed an improvement in the cracking and ultimate loads compared
to slab specimens N and H, as shown in Figure 8 and Table 6. The slab speci-
mens F and G give the same cracking load, which increased by 101.6% and
12.8% compared to slab specimens N and H, respectively, where the ultimate load
increased by (101%, 13.8%) and (96%, 11%), respectively, for slab specimens F
and G relative to slab specimens N and H. This increase is due to the rehydration
of FA, GGBFS, and cement particles after the cooling scheme, and the produc-
tion of calcium silicate hydrate gel (C-S-H) [60], which results in recovery of
mechanical properties as shown in Table 4. The results agree with Khaliq and
Kodur [25], who indicated that the structural behavior of FA concrete column is
better than that of HSC column.

The use of different fiber types (SF, PPF, and hybrid (SF+ PPF)) had a positive
effect on the cracking and ultimate loads of single concrete slab specimens, as lis-
ted in Table 6. The increase in cracking load of slab specimens FS, FP, FSP, and
GS is 109.7%, 117.7%, 101.6%, and 120.16%, while the increase in ultimate load
is 92.2%, 103.7%, 106.3%, and 123.3% compared to slab specimen N. These
results are consistent with findings from the literature [8, 23]. The increase in
cracking and ultimate loads is attributed to the use of SF, which improves the
mechanical properties of concrete at high temperatures (see Table 3) [4, 5, 20, 61,
62]. PPF melts at 160°C and produces new voids, which reduce the thermal con-
ductivity of concrete and consequently, reduce the temperature of reinforcement
[4, 21]. On the other hand, fibers had a marginal effect on the ultimate load com-
pared to the same slab specimen without fibers as shown in Figure 8.

Moreover, the slab specimens cast with different types of HPC (H, F, G, FS,
FP, FSP, and GS) showed a ductile manner coupled with a large mid-span deflec-
tion compared to slab specimen N. The maximum recorded mid span deflection
ranged from 18.6 mm to 30 mm, compared to 15.89 mm for the slab specimen N
with an increasing percentage of 17.1% to 88.8%. The increment in the mid span
deflection may be due to the use of FA and GGBFS, which improve the concrete
compressive strength at high temperatures [29] and increase the bond strength
between reinforcement bar and concrete. Moreover, the incorporation of SF
enhances the ductility of slabs under elevated temperatures, as reported by Ghazy
et al. [18] and Ahmed et al. [62].

3.2.1.2. Composite Slabs Figure 9 shows the load deflection curves for composite
RC slabs. Figure 9a illustrates the effect of using different concrete types without
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fibers on the behavior of composite RC slabs after exposure to elevated tempera-
ture, where slab specimens H-N, F-N, and G-N were strengthened with HSC,
FAC, and BFSC in tension, respectively. From Figure 9a, it can be noted that
composite slabs H-N and F-N exhibited better performance than the single con-
crete slab specimen N. Cracking and ultimate loads are shown in Figure 8 and lis-
ted in Table 6. The slab specimen F-N yielded the highest cracking and ultimate
loads with 77.4% and 61.3% higher than slab specimen N, while G-N showed a
decrease in cracking and ultimate loads by 3.22% and 6.4%, respectively. The
decrease in the cracking and ultimate loads of slab specimen G-N is due to the
deference in the thermal expansion of the BFSC layer and NSC layer, which
resulted in a crack on the interface between the two concrete layers and conse-
quently reduced the shear transfer strength on the interface, as discussed by [42,
43]. On the other hand, slab specimen H-N recorded cracking and ultimate loads
with significant increases of 21% and 33.6%, respectively, compared to slab speci-
men N.

Regarding the influence of different fiber types, Figure 9b depicts the load
deflection relationships for composite slab specimens FS-N, FP-N, FSP-N, and
GS-N. The results showed that all composite slabs recorded an increase in the
mid-span deflection by 57% compared to slab specimen N (concrete mix without
fibers). The results presented in Figure 8 and Table 6 show that using fibres signif-
icantly enhanced the cracking and ultimate load of the composite slab in compar-
ison with slab specimen N. The percentages of increases in the cracking load
relative to slab specimen N are (45.2%, 75%, 117.7%, and 27%) for slab speci-
mens FS-N, FP-N, FSP-N, and GS-N, respectively, while the improvements in the
ultimate load are (65.6%, 79.2%, 116.1%, and 22.5%). This increase is due to the
chemical reaction of HPC constitutive, which fills the pores in the interface
between the two concrete layers and produces a shear connector that is able to
enhance the interface bond strength [63]. In addition, the strong bond between
fibres and concrete for slabs FS-N, FSP-N, and GS-N, as observed by Shariq
et al. [23]. Moreover, the use of SF minimizes the crack width and delays the
crack propagation, in addition to its role in improving the bond between rein-
forcement bar and concrete, as discussed by Haddad et al. [36]. Besides, shear
studs play a role in improving the bond between the two concrete layers and
increasing the shear transfer strength at the interface [40, 41].

It should be noted that composite slab cast with fly ash concrete and using
hybrid fibers tension side (slab FSP-N) had optimal behavior after exposure to
elevated temperature. As depicted in Table 6, slab specimen FSP-N exhibits the
highest cracking and ultimate loads and recoded 27 kN and 31.94 kN, respec-
tively, with increased ratios of 117.7% and 116.1% compared to slab specimen N.
Moreover, the cracking and ultimate loads for slab FSP-N exceed those of single
slab FSP by 8% and 4.76%, respectively. This proved the strong bonding between
the substrate and overlay layer after exposure to elevated temperature. The results
agree with previous findings in the literature [21]. The better performance is due
to the development of a control crack by SF, which reduces the stress relaxation
phenomenon and the size of new pores [32]. In addition, thermal mismatch of PP
fiber expansion and concrete expansion leads to development of thermal stresses
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as well as microcracking, along with the increase in permeability due to melting
and burning of PP fibers. These two mechanisms together mitigate spalling in con-
crete. Moreover, these actions increase microcracking which releases the pore
pressure [64, 65].

Furthermore, the effect of using steel reinforcement on the behavior of compos-
ite slab under elevated temperature was studied through composite slab specimens
GS-N and GS-N® strengthened in tension side by BFSC-SF layer with and with-
out steel reinforcement, respectively. Figure 9b depicts the load deflection relation-
ships for the two slabs. From this figure, it can be indicated that the slab
specimen GS-N® showed brittle failure as the slab reached the ultimate load and
the load decreased rapidly. This decrease is attributed to the steel reinforcement
which distributes the stress along the slab span and delays the crack formation
which helped in increasing the capacity of the strengthened RC slab [12]. The
reduction in cracking and ultimate loads are 62.5% and 61.5%, respectively com-
pared to slab GS-N. When comparing the two composite slabs GS-N and GS-N®
with single concrete slab which whole thickness cast with HPC mix BFSC-SF
(slab GYS), the two composite slabs suffered more deterioration with a decrease of
(41.4%, 78%) and (45%, 79%) in cracking and ultimate loads, respectively. This
decrease may be resulted from the weak bond between the two concrete layers
under elevated temperature exposure [42].

According to the fire exposure side, slab specimens FP-N and FP-N© (the
strengthening layer cast with HPC mix FAC-PPF in tension) exposed to elevated
temperature from the tension and compression sides, respectively, are compared to
slab specimen N as shown in Figure 9b. The results illustrated that the two slab
specimens had a similar trend, suffering a decrease in load after reaching ultimate
load, but staying higher than slab specimen N. From the results presented in Fig-
ure 8§ and Table 6, it can be concluded that slab specimen FP-N provides higher
cracking and ultimate loads than slab specimens FP-N¢ and N. The cracking and
ultimate loads for slab FP-N increased by (29.7%, 93.5%) and (18%, 79%) as
compared with slab specimens FP-N¢ and N, respectively. This is attributed to
the fact that the concrete mix FAC-PPF has low thermal properties, which
reduced the reinforcement temperature and reduced the temperature transfer to
the layer cast with NSC. Although composite slabs FP-N and FP-N€ had an
increase in structural properties as compared to slab specimen N, they couldn’t
satisfy the cracking and ultimate loads of single concrete slab FP. The cracking
load decreased by 11% and 32% for slab specimens FP-N and FP-N€, respec-
tively, as compared to single slab specimen FP, while the ultimate load decreased
by 12% and 25%, respectively.

With regard to the effect of strengthening side, slab specimen strengthening in
compression side N-FSP is compared with slab strengthening in tension side FSP-
N, as depicted in Figure 9¢. Slab N-FSP recorded a decrease in cracking and ulti-
mate loads of 18.5% and 15.9%, respectively, compared to slab FSP-N. On the
other hand, slab N-FSP recorded 22 kN and 26.68 kN for cracking and ultimate
loads, respectively, with a significant increase of 77.4% and 81.7% compared to
slab specimen N. The results agreed with Naghibdehi et al. [11], who concluded
that the addition of a topping layer of steel fiber reinforced concrete to RC slab
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increased the cracking and ultimate loads at ambient temperature. This improve-
ment is due to the chemical reaction of HPC that fills the pore in the interface
between the two concrete layers and produces a shear connector that is able to
enhance the interface bond strength, as discussed by Mansour and Fayed [63].
Regarding the efficiency of bond connection of slab specimens, composite slab
FS-N with shear stud and FS-NF with epoxy bond are compared (see Figure 9b),
as well as composite slab N-FSP is compared to slab N-FSP* (see Figure 9c). It is
clear that the shear stud officiously increased the cracking and ultimate loads with
an increase of 170.7%, 152.71%, and 100%, 123.83%, for slab specimens FS-N
and N-FSP in comparison with slab specimens FS-NF and N-FSPF, respectively.
This increase is due to the performance of the strengthened structures, which
strongly depend on the interaction of the two concrete layers. The performance of
the interface can be improved by using a shear stud, as mentioned by Fernandes
et al. [40]. On the other hand, slab specimens FS-N¥ and N-FSPF failed to
achieve the cracking and ultimate loads of slab specimen N, with decreases of
46.4%, 35%, and 11.3%, 18.8%, respectively, with respect to slab specimen N.
This decrease is attributed to the loss of bonding between the two layers of con-
crete after exposure to elevated temperature as mentioned in the previous [40].

3.2.2. Ductility Index, Stiffness and Toughness The results of ductility, stiffness,
and toughness for different tested RC slabs are given in Table 6 and plotted in
Figures 10 and 11.

3.2.2.1. Single-Concrete Slabs Table 6 displays that the different types of single
slab concrete significantly raised the structural properties, as slab G recorded the
highest ductility and toughness with an increase of 63% and 355% relative to slab
specimen N, while slab specimen H recorded the highest stiffness of 5.76 kIN/mm
with a ratio of 85% higher than slab specimen N. The better performance of slab
G is attributed to the GGBFS, which recorded the smallest temperature throw
concrete slab thickness in addition to the highest residual properties after exposure
to 600°C, as reported by Ghazy et al. [29].

The positive effect of fiber was very evident in ductility, stiffness, and toughness
with recoded increases of (73.7%, 81%, 63%, 89.9%), (62%, 106%, 51%, 97%),
and (317.8%, 339%, 318%, 396%) for slab specimens FS, FP, FSP, and GS,
respectively. The results agreed with Ghazy et al. [18].

3.2.2.2. Composite Slabs Figure 11 illustrates the percentage of variation in ductil-
ity, stiffness, and toughness for different composite slabs as compared to single
slab N and the corresponding HPC single concrete slab specimens.

Regarding the inclusion of different types of fibers, RC composite slab speci-
mens with PPF, SF, and PPF+SF in slab specimens FS-N, FP-N, FSP-N, and
GS-N exhibited better performance in terms of ductility, stiffness and toughness
than slab specimen N, with increases of 34% to 86.9%, 19.5% to 157%, and
138% to 335%, respectively, as shown in Figure 11. It can be noted that slab
FSP-N displayed the highest ductility index, stiffness, and toughness compared to
slab specimen N, with an increase of 86.9%, 157.2%, and 335.7%, respectively.
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This is because SF improves the ductility of slabs exposed to fire (Ghaz et al. [18]
and Ahmed et al. [62]).

Whereas composite slab specimen without using the steel reinforcement GS-N®
resulted in a decrease of (29.9%, 37.3%, 87.6%) and (2.6%, 25%, 70.4%) in duc-
tility, stiffness, and toughness relative to slab specimens GS-N and N, respectively.

On the other hand, the use of epoxy resin to prepare the bonding surface of the
layers of RC composite slabs (FS-NF¥ and N-FSPY) recorded low performance
compared to slab specimen N and the corresponding single HPC slabs due to the
deterioration of the epoxy bond under elevated temperatures.

3.3. Prediction of the Ultimate Limit Capacity of RC Slab Specimens

To predict the flexural capacity of single concrete and composite slabs, the section
analysis method was used. The sectional analysis method, which is based on strain
compatibility and force equilibrium conditions, is one approach for predicting and
analyzing the flexural responses of the RC slab strengthened with HPC [66-68]. In
this method, the RC slab cross section was divided into M slices as presented in
Figure 12, and for each slice, the temperature rise by exposure to fire was deter-
mined according to Lie and Leir [69], and then the residual mechanical properties
were defined using Ghazy et al. [29]. The suggested analysis considers the effects
of both fibers and high strength concrete according to MC2010 [70], where the
stresses in the compression zone can be calculated considering two factors 4 and g
(Egs. 3, 4) which define the height of the compressive zone and the effective
strength, respectively, as follows:

.= 0.8 for f,; < 50 MPa,

/

S ki /
— . _ CK1 < <
=028 200 for 50 < f;, < 100 MPa, (3)
n:l—@ for 50 < f.,. < 100 MPa. (4)
200 —=J cki =

The tensile strength of cracked HPC containing steel fiber is taken into account
assuming uniform distribution stress f;; and can be calculated according to Qi
et al. [71] as follows, Equation 5.

]
Fi= 0304\ fp . (5)

For unit width of slab b, the compression force can be calculated according to
Erdem [72], Equation 6.
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Ay
N =i fibAy. (6)
i=1

The tension force (T) equals the force in steel reinforcement rebar (Ts) in all slabs
except slabs cast with HPC containing steel fiber, where the effect of steel fiber is
taken into consideration (Tgg) according to Teng and Khayat [66] by using
Egs. 7-10.

=T+ TFSv (7)
T, = ksAsfya (8)
M5
Trs = Z fbAy, for single concrete slab, 9)
i1
ho
Ay
Trs = ZfﬁbAy, for composite. (10)

i=1

The location of the neutral axis can be specified by using the equilibrium force of
the cross section, as shown in Equation 11:

N =T+ Tps. (11)

The flexural load capacity P, can be determined using Egs. 12 to 14.

nFek s Concrete overlay nFek
3 o= 3 N
: {| tlE ¥ N
a4 - 2
K j; - =R
S = M,
T | "
B / & Trs
== <
LY & T’—f;‘: o o o o oy Iy
b= unit width fi Concrete substrate fi
a) Single concrete slab b) composite slab

Figure 12. Distribution of stress along the cross section.
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5, A
M, =in fckibAy(d - 7y - iAy>
i=1

M—5
Y A
+ Z fubAy (d —x— 7)/ — iAy) ,for single concrete slab, (12)
i=1

5, A
M, =n chkibAy(d - 7y - iAy>
i=1

ho
LY A
+ Zf’ibAy <7y + iAy) ,for composite slab, (13)
i=1
6M,,
Pth = I ) (14)

where M, is the ultimate flexural moment, N is the axial load of concrete in com-
pression, f /cki is the residual compressive strength at ith layer,f, is the yield
strength of reinforcement at room temperature, & is the reduction factor with the
temperature increase in reinforcement according to EN 1993 [73, 71], f,; is the
residual tensile strength at ith layer, p is the volume fraction of steel fiber, / and d
are length and diameter of steel fiber, b unit width of slab.

For analytical analysis, the following assumptions are taken into account:

e Plain section before bending remain plane after bending.

e Prefect bond between reinforcement and concrete, concrete substrate and con-
crete overlay.

e Temperature in reinforcement is equal to the temperature of surround concrete.

e Concrete in tension zone is neglected except concrete containing steel fiber.

Table 7 displays the predicted flexural capacity as compared to the experimental
results and the ratio between the experimental and predicted flexural capacities. It
is clear from the table that the prediction of flexural capacity by using MC2010
[70] is suitable for single concrete slabs cast with HPC with and without steel
fibers, where the ratio between experimental and predicted values varied from 7%
to 20%. On the other hand, the predicted flexural capacity of RC slab cast with
NSC at room temperature and after exposure to elevated temperature is underesti-
mated by approximately 30% and 40%, respectively.

The flexural capacity calculated by using equations is excellent for composite
slabs, except slabs strengthened with blast furnace slag concrete layer (G-N and
GS-N) and in the case of epoxy resin (FS-NF and N-FSP®). The variance between
the predicted and experimental flexural capacity is 0 to 20%, where the resulting
theoretical flexural capacity underestimates the experimental result of composite
slabs G-N and GS-N by 44% and 39%, respectively. This large variance is due to
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Table 7

Comparison Between Experimental and Predicted Flexural Capacity
Slab Py (KN) Py, (kN) PE;: Slab Py (KN) Py (kN) "E::
N25 325 24.85 1.31 G-N 13.83 24.69 0.56
N 14.78 24.60 0.60 FS-N 24.26 29.70 0.82
H 26.14 25.00 1.04 FS-NE 9.60 29.70 0.32
F 29.76 25.19 1.18 FP-N 26.48 24.66 1.07
G 29.00 25.03 1.16 FP-N€ 22.4 24.48 0.92
FS 28.4 30.61 0.93 FSP-N 31.94 30.10 1.06
FP 30.1 25.25 1.19 GS-N 18.11 29.4 0.61
FSP 30.49 31.55 0.97 GS-NR 6.97 5.80 1.20
GS 33 31.70 1.04 N-FSP 26.86 25.79 1.04
H-N 19.75 24.20 0.82 N-FSPE 12.00 26.40 0.45
F-N 23.84 24.70 1.17

the fact that the equation doesn’t take the difference in thermal expansion
between the two concrete layers into consideration. Whereas the differences
between the experimental and theoretical results for composite slabs N-FSP* and
FS-NF are 55% and 70%, respectively. Note that using f, is more appropriate to
estimate the flexural capacity of single concrete and composite slabs cast with
HPC containing steel fiber, the results agree with Teng and Khayat [66] and Jafar-
zadeh and Nematzadeh [74].

3.4. Crack Patterns and Mode of Failure

3.4.1. Pre-loading After Heating and Cooling Phase The cracking pattern of slab
specimens exposed to a temperature of 600°C for 2 h is presented in Figure 13.
From the figure, it can be noticed that the slab specimen N recorded a few fine
cracks on the exposed surface, while no cracks appeared on the unexposed sur-
face, as shown in Figure 13a. On the other hand, HPC slabs did not record cracks
on the surface exposed to fire except slab specimen FS, which showed a number
of fewer cracks on the exposed surface as depicted in Figure 13b. This is attrib-
uted to SF, which prevents the vapor water from escaping into the atmosphere,
which causes cracks [38].

For composite RC slabs exposed to elevated temperature up to 600°C for 2 h,
there were not cracks appear on concrete slab surface except composite slabs G-
N, GS-N, FS-N¥ and N-FSPE. For composite slabs G-N and GS-N, there is a
fine crack in the interface between the two concrete layers as presented in Fig-
ure 13c. This crack may be is due to the difference in the thermal expansion of
NSC and BFSC. Where composite slabs FS-NF and N-FSP® which used epoxy
resin in bonding the two concrete layers, the first crack was observed on the inter-
face between the two concrete layers after 20 min to 30 min when the temperature
on the interface became 90°C to 100°C. This is because epoxy reaches the glass
transition temperature (T,) as mentioned by [44]. After 90 min, epoxy is evapo-
rated and a hot brown smook was escaped through the interface crack. After the
composite slab cooled down to room temperature, slab specimens FS-N¥ and N-
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¢) FS-NE

Figure13. Crack pattern of single concrete and composite slabs after
exposing to temperature of 600°C.

FSP® showed a large crack on the interface and no seperation occurred as shown
in Figure 13d and e.

3.4.2. Post-loading Similar crack patterns were recoreded for both of the control
slab specimen N25 and the heated one N under flexural load, but the heated slab
N generated much more and wider cracks. It was shown in tests that the first flex-
ural crack occurred at the mid span of the slab at a load of 18 and 12.4 kN for
slab specimens N25 and N, respectively, then more flexural cracks appeared as the
load increased. The decrease in the first crack load for slab specimen N is attrib-
uted to the tensile strength deterioration with increasing temperature. The final
failure modes of the specimens are shown in as shown in Figure 14.

For single HPC slabs H, F, G, FS, FP, FSP, and GS, the observation showed
that there were two mean vertical crack patterns on the tension side that propa-
gated with increasing load towards the compression zone until the crushing of
concrete in the compression zone. There was a small variance in the cracking load
recorded, as it was observed in the range 25 kN to 27.9 kN. This is because of the
strong bond between HPC and reinforcement [12]. The crack propagated in com-
pression side under point load because of the yielding of reinforcement. For slab
specimens FS, FP, FSP, and GS, more minor cracks were shown in the middle
third of the RC slab between the two mean cracks with increasing load, as pre-
sented in Figure 14.

The failure patterns for all composite slabs after load are presented in Fig-
ure 14. There is a significant difference in cracking load (6 kN to 27 kN) for com-
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posite slabs. The large variance is due to the bond technique between the two con-
crete layers, and the presence of reinforcement, where the temperature had an
adverse affect on the shear transfer strength of concrete, and using the shear stud
technique led to improve the shear transfer strength in the interface between the

f) G from compression side
NE _" ¥ . 1

h) FS (compression side)
L

ki IESP 1) FSP (tension side)

Figure 14. Failure modes of different single and composite slabs
after flexural bending test.
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V) GS-NR |

Figure 14. continved.

two concrete layers, as mentioned by Ahmad et al. [42]. With the increasing load,
a sliding of the upper concrete layer was observed, and flexural cracks were prop-
agated throughout the slab soffit. In addition, diagonal cracks initiated from the
tension side and propagated towards the compression side. This is due to the fact
that the shear strength of concrete decreased with the increase in temperature.
Also, cracks occurred above support in the substrate layer. Slab specimen FSP-N
showed the highest cracking load, which equaled 27 kN with a 92.8% increasing
ratio as compared to slab specimen N. This proved a good bond between the two
concrete layers. The efficiency of the bond technique used to achieve a good bond
between concrete layers was also demonstrated by other researchers [10, 11, 41].
As the load increased, the crack widened and propagated throw the two concrete
layers toward the compression zone. Also, longitudinal cracks appeared at the
reinforcement and on the interface between the two concrete layers.
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Slab specimen GS-N® showed one main crack in the tension side propagated at
a load of 6 kN, when the slab reached its maximum load of 6.9 kN, a rapid
increase in deflection was observed.

4. Conclusions

This study focused on the flexural behavior of RC slab specimens cast with con-
ventional normal strength conrete (NSC) and strengthened with a layer of high-
performance conrete (HPC) after exposure to elevated temperature. The investi-
gated parameters include concrete types, fiber types, reinforcement ratio, side of
exposure to elevated temperature, strengthened side, and the method of bonding
the composite layers. Based on the results and analysis, the following conclusions
can be drawn:

— No spalling in either single slabs or composite slabs. In addition, the tempera-
ture distribution in HPC single slabs and composite slabs is lower than the tem-
perature distribution in single slab cast with NSC.

— The use of polypropylene fibers plays an important role in the temperature dis-
tribution of composite slabs. Composite slab cast with fly ash and polypropy-
lene fiber displayed a higher temperature variation between the reinforcing steel
and the inner parts compared to composite slab cast with steel fiber or hybrid
fibers.

— Single slab cast with NSC showed more deterioration after exposure to elevated
temperature, as the cracking load, ultimate load, ductility, stiffness, and tough-
ness decreased by 31.11%, 54.52%, 17.53%, 26%, and 74% compared to NSC
at 25°C, respectively.

— Generally, strengthening the RC slab in tension or compression with HPC sig-
nificantly improved slab performance after exposure to elevated temperature
compared to a single slab cast with NSC, with relative increases in cracking
laod, ultimate load, ductility, stiffness, and toughness of (21% to 117%),
(22.5% to 116%), (23.7% to 86.9%), (8% to 157%), and (17% to 335.6%),
respectively.

— The highest cracking load, ultimate load capacity, stiffness, toughness, and duc-
tility index was recoded for composite slab cast with fly ash concrete and using
hybrid fibers in tension side (slab FSP-N) compared to a single slab specimen
cast with NSC with increasing ratios of 92.8%, 116%, 157%, 335, and 86.9%,
respectively.

— Composite slab without steel reinforcement showed the least performance as
compared to slab with steel reinforcement.

— The direction of the fire clearly affects the flexural behvior of composite slab, as
the composite slab cast with fly ash concrete and polypropylene fibers in the
tension side proves its efficiency in case of exposure to elevated temperature
from the tension side more than from the compression side.
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— Shear studs efficiently contribute to enhancing the flexural behavior of the com-
posite slab after exposure to an elevated temperature, while the use of epoxy
resin is not suitable in the case of elevated temperature.

— All composite RC slabs showed a decrease in flexural properties after exposure
to elevated temperature compared to the single slab cast with the same types of
HPC, except the slab specimen cast with hybrid fibers, which showed a signifi-
cant improvement.

— The theoretical models used appear to be qualified for predicting the flexural
properties with reasonable accuracy for slab specimens cast with HPC. Model-
ling revealed that HPC incorporating fibers and fly ash in addition to being
cost-effective can be effective for expansion in a certain direction serving some
environmentally friendly construction applications, which is attributed to the
remarkable improvement in the flexural properties of RC composite slabs when
subjected to fire.

— Additional parameters, such as fiber content, HPC thickness, and geometry of
RC members, should also be evaluated to comprehensively explore the potential
of HPC material for composite RC members exposed to fire.
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