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Abstract

In this study, the flexural behavior of one-way RC slabs after adding the macro discontinuous structural synthetic fiber
(DSSF) under different opening sizes is investigated. Based on the previously conducted research, the 0.55 DSSF
percentage was utilized since it was reported as the optimum value for enhancing the slab's performance. Moreover, further
increases in the DSSF percentages proved to have the same improvement obtained by the 0.55%. Experimental testing was
carried out on sixty-four one-way slabs under the effects of square opening existence (with or without), heat levels of 20,
200, 400, and 600 °C, and opening sizes of 100, 150, and 200 mm. The opening was created at the maximum bending
moment region at the slab's center between the two loading points. For comparison purposes, the tested slabs were divided
into main groups based on the DSSF existence. It was found that the resulted improvement by adding the DSSF material
is affected by the size of the created opening. Furthermore, results revealed an increasing linear relationship between the
applied load and the deflection and between the longitudinal concrete strain and the steel reinforcement. Besides,
duplicating the opening size enhances the ductility index value by a maximum improvement percentage of 13% under an
opening size ratio of less than 4.5%, while the improvement percentage becomes less under a further increase in the opening
size ratio. Moreover, initial stiffness is more affected by increasing the temperature values twice those recorded for the
yielding stiffness.
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1. Introduction

Structural stability and durability, including toughness and load-carrying capacity, are major concerns, especially
after cracking, and many materials are used to improve these properties, such as steel, ceramics, glass, and synthetic
fibers [1, 2]. Moreover, adding an appropriate quantity of fibers into concrete mixes reduces its brittle behavior, controls
the onset of microcracking, and improves the concrete's tensile strength [3, 4]. Generally, the flexural concrete toughness
and ductility are considerably affected by the fiber type, aspect ratio, and volume fraction. Literature has proved that a
good performance could be obtained by adding steel fibers into the concrete mixture [5-7]. Therefore, researchers in the
past ten years have focused on investigating the behavior of different fiber types other than steel [8-10], aiming to
improve the slab's behavior through a feasible and applicable alternative that improves the concrete tensile strength and
toughness, besides being chemically resistant to compensate for the corrosion problem [11-13]. DSSF fibers can be
further used as a substitute for steel reinforcement. It has been proved that adding a 0.55% of DSSF improves the overall
performance of the tested structural element, and this is related to its role in internal cracks stabilization [14].

Safety is a major concern during the design stage, which is affected by creating an opening within the structural
element to accommodate different passing installations. Hanging slabs are commonly used for RC structures with
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multiple floors or factories, and they contain different openings varying in size from large for elevators, stairways, and
equipment to small for heat, plumping, and electrical purposes. Structurally, opening of a small size affects the RC slab
minorly, so the resultant additional stresses can be redistributed without significant degradation. Nevertheless, when a
large opening is created, the concrete volume is reduced, and the reinforcement bars are interrupted, resulting in slab
instability problems. Thus, the total capacity is reduced [15]. Moreover, the slab's behavior is also affected by the
opening location for the probability of creating an opening in the maximum negative or positive moments to avoid losing
the slab's capacity [16]. Therefore, according to the different international code provisions, the strip method is adopted
to construct an RC slab with an opening regardless of size [17].

Creating an opening in a concrete slab minimizes the slab's performance in terms of ductility, energy absorption, and
load-carrying capacity [15, 16]. Therefore, it is important to find an alternative material that could be used to substitute
the effect of creating an opening within an RC structure and compensate for the steel reinforcement interruption,
considering the size and location of the created opening. In the past ten years, researchers have shown that the DSSF
fibers improve the concrete tensile strength and toughness, and it has been shown that short fibers can be used as an
innovative material in concrete structures, which has a special design process mentioned in the national and international
codes [18]. Furthermore, Sorelli et al. [19] stated that DSSF is the only substance that could be used in slabs on grades
due to its high indeterminacy. In contrast, adding this new substance could improve the performance by using an
optimum percentage reported as 0.55% [20, 21].

Lately, Hybrid Reinforced Concrete (HRC); a material made by combining DSSF and main reinforcing steel in a
matrix of concrete, has been recognized as a method to optimize the structural performance and reduce the time and
construction cost, and might minorly reduce the amount of the conventionally used steel reinforcement [22-24]. In
contrast, using HRC increases the susceptibility to punching shear failure due to its large aspect ratio and low stiffness
values [25]. Therefore, a combination of the randomly distributed short steel fibers and the conventionally used steel
may be used to resist the high resultant tensile stresses that occur due to the highly induced deflections.

In recent years, several experimental research has been conducted to further investigate the feasibility of utilizing
steel fibers to strengthen conventional concrete slabs. An experiment was carried out by Michels et al. [26] on concrete
slabs with steel fibers. Test results revealed that when a 1.3% volume fraction is used, the possibility of punching failure
is slightly reduced. Furthermore, a considerable effect on the slab thickness was observed in lowering the load-carrying
capacity. Moreover, Michels et al. [27] suggested a guideline for designing structures with high-quality behavior using
the Ultimate Limit States (ULS). Experimentation on a statically indeterminate slab was conducted by Pujadas et al.
[28]. Slabs were strengthened with plastic polyolefin fibers of 9 kg/m? density. Results showed that the slab behaves
more ductile under crack propagation due to the high-potential stress redistribution. Indeed, Destrée [29] investigated
the behavior of typical slabs strengthened only with steel fibers. Therefore, modifications to the existing guidelines for
slabs with steel fibers were recommended by RILEM, which overestimated the slab strength [30, 31].

High temperature severely deteriorates the overall behavior of concrete structures since it results in strength and
stiffness characteristics degradation along with the induced high deformations [32, 33]. Different research stated that
strengthening heat-damaged concrete elements with externally applied CFRP sheets generally helps restore the beam's
flexural capacity depending on many factors such as the extent of damage and the amount of strengthening. Moreover,
subjecting the damaged structure to cooling and heating cycles resulted in degrading its internal stability, which must
be considered throughout the design process stage [34]. Furthermore, it is commonly known that concrete material losses
its mechanical properties after exhibiting at a temperature greater than 500 °C, but it maintains its properties at
temperature levels of 300 °C or less. The process of rapidly cooling degrades the concrete properties due to the
temperature difference between the surface and the concrete core. The difference in temperature causes significantly
tensile stresses to be produced and cracks within the concrete material are intensified causing concrete to expand and
contract into aggregate and cement paste.

Many aspects affect the damage severity within concrete members, including the effect of cement type, size of the
structure, aggregate type, moisture content, and environmental conditions such as the time of exposure, heating rate,
cooling method, and the highest reached temperature [35]. Throughout the limited number of research available
regarding the concrete slabs with opening, the inclusion of DSSF with a 0.55% ratio along with the main steel
reinforcement is not common. It requires a further explanation for investigating the detailed behavior of the strengthened
concrete. Therefore, this study aims to investigate the effectiveness of using the optimal DSSF ratio (0.55%) [36-38] at
elevated temperature levels (20, 200, 400, and 600) °C on the flexural performance of one-way concrete slabs having a
square opening with various sizes (100, 150, and 200) mm. Results are reported in terms of the failure mode, toughness,
stiffness, load-deflection behavior, concrete and steel strains, and opening cracks. The proposed research methodology
flowchart is illustrated in Figure 1.
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Figure 1. Research methodology flowchart

2. Research Significance

From the 70s to the last century, the idea of adding fibers into concrete mixes exists. As a result of their capability
in improving the mechanical properties of concrete, ductility behavior, improving the concrete tensile strength, and
controlling the onset of concrete cracking at the micro and macro levels. The major numbers of previously conducted
research focus on the fiber's role in enhancing the structural performance of RC members. In contrast, limited research
has been conducting the effectiveness of using macro synthetic fibers to improve the slab's performance, which
composes the main motivation for this work. Creating an opening in an existing structure is necessary in some cases,
such as elevators, stairways, and for passing installation purposes. Moreover, creating an opening reduces the overall
performance of the RC slab, especially when it is located within the most critical region at the maximum positive or
negative moment. The overall stability is significantly reduced, and the structure is weakened at this position due to
concrete volume reduction and reinforcement interruption.

The slab's behavior is also affected by the presence of high-temperature levels since the mechanical characteristic of
concrete is significantly reduced, such as its strength in compression and tension, volume stability, and modulus of
elasticity, causing the slabs to lose its load-carrying capacity and failure might occur due to the additionally induced
loads. However, the combined effect of the high temperature and opening existence on RC slabs' flexural performance
has not yet been studied. Moreover, the effect of adding macro synthetic fibers (DSSF) is also examined. Therefore, two
experimental sets were tested with or without DSSF substance for slabs having different opening sizes (100, 150, and
200) mm, under the effect of high-temperature levels.

3. Experimental Program
3.1. Tested Slab Specimens

A total of (64) one-way slabs were tested for experimentation purposes. The specimens were simply supported and
dimensioned as 1100 mm (long) x 500 mm (wide) x 120 mm (high). The parameters of the study consisted of the
following: the ratio of added DSSF (0% and 0.55%), different temperatures (20, 200, 400, and 600) °C, and the side
length of the square-shaped opening (0 (without opening), 100, 150, and 200) mm, as shown in Table 1 and Figure 2-b.
Therefore, the studied slab specimens consisted of two slab sets to investigate the effect of each parameter individually,
as illustrated in Figure 2. Two steel pairs of 10mm diameter bars were installed longitudinally and transversely as the
main reinforcement of the tested slabs. These bars have yield and ultimate strength values of 460 and 660 MPa,
respectively. The main reinforcing steel at the opening location had been cut before the concrete was poured; later, a
steel mesh was put in the wood molds after well-positioning the adequate spacers.
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Table 1. RC slabs details

Slab designation Temperature, °C  Opening dimension, mm DSSF Opening Ratio%
ST2300F0 23
ST20000F0 200
0 (No Opening) None
ST40000F0 400
ST60000F0 600
ST230100F0 23
ST2000100F0 200
100 2%
ST4000100F0 400
ST6000100F0 600 )
Without (None)
ST230150F0 23
ST2000150F0 200
150 4.5%
ST4000150F0 400
ST6000150F0 600
ST230200F0 23
ST2000200F0 200
200 8%
ST4000200F0 400
ST6000200F0 600
ST2300F0.55 23
ST20000F0.55 200 .
0 (No Opening) None
ST40000F0.55 400
ST60000F0.55 600
ST230100F0.55 23
ST2000100F0.55 200
100 2%
ST4000100F0.55 400
ST6000100F0.55 600 _
With DSSF (0.55%)
ST230150F0.55 23
ST2000150F0.55 200
150 4.5%
ST4000150F0.55 400
ST6000150F0.55 600
ST230200F0.55 23
ST2000200F0.55 200
200 8%
ST4000200F0.55 400
ST6000200F0.55 600
ST2300F0
T‘L 0 (Without DSSF) and 0.55 (with DSSF)
F: DSSF Fiber
) 0 mm (No Opening), 100 mm, 150 mm, and 200 mm
~r.] 500 mm Opening Dimension(Squared)
23°C, 200°C, 400°C, and 600°C
Temperature
o Slab
[ “1100 mm
Top View of ST2300F0
s 4910 mm 2 —4¢10 mm
{2‘; - . L E EIPED 120 mm +25 Gyl R .ﬂmm
5 — s Py} = — o I i Y - P
rE | 4410 mm = r | 4$p10 mm
‘ L 1000 mm N - 500 mm N
- 1100 - Cross Section of ST2300F0
Side Veiw of ST2300F0

(a) Reinforcement details and slab designations
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(b) Opening layout and details

Figure 2. RC slab a) reinforcement and b) opening layout and details

3.2. Concrete Mixture

Initially, the concrete mixtures were adjusted, and the utilized proportioning is illustrated in Table 2. The concrete
mix contains the following proportions: 0.42:1.00:2.23:2.25 by the cement's weight ratio, knowing that the used cement
was of Ordinary Type | Portland cement. Moreover, the utilized coarse aggregate was squashed limestone, having a 19.5
mm maximum aggregate size, 2.3% absorption, and 2.62 specific gravity values. Furthermore, the concrete mix
contained fine aggregates with 1.9% absorption, 2.69 fineness modulus, and 2.65 specific gravity. The concrete mixes
workability was enhanced by adding an amount of super-plasticizer, producing a nearly 75 mm slump value. The

different aggregate grading is illustrated in Figure 3.

100 o
Coarse Aggregate

1 10 100
Sieve Size (mm)

100

Fine Aggregate
80

0.01 0.10 1.00 10.00
Sieve Size (mm)

Figure 3. Aggregate grading curves

Table 2. Mix design proportions

Components

Quantity (kg/m3)

Cement
Water
wi/c
Super- plasticizer
Coarse aggregate
Fine aggregate

400
168
0.42
8
890
900

The experimented slabs were prepared using a 0.15 m3 capacity, tilting-type drum mixer (Figure 4). The preparation
procedure started with soaking water into the internal surface of the utilized mixer. Then, a part of the water, along with
the squashed aggregates of limestone, was put in the mixer while the mixer was kept rotating. After that, the rest of the
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constituents (cement, water, and small-sized (fine) aggregates) were put moderately in the mixer. Later, the remaining
portion of water was put in the mixing machine in addition to the super-plasticizer. The last step of preparing the concrete
mixture was gradually distributing the required amount of DSSF over the prepared mix while keeping the mixing
machine rotating. The right amount of DSSF to be added can be obtained from Table 3.

Figure 4. Mixing and casting of the RC slab

Table 3. The STRUX ® 90/40 manufactured of DSSF proportions

Property Value
Length 40 mm
Aspect ratio 90
Absorption None
Elastic stiffness 9.5 GPa
Tensile capacity 620 MPa
Melting point 160°C
Ignition point 590°C

Next, all of the constituents in the mixer were thoroughly mixed for (5) minutes to ensure the mix's homogeneity
and the DSSF. After thoroughly mixing, wood molds were used to pour the concrete mix, internally dimensioned as
1100x500x120 mm; then, an electric vibrator was used to compel the molds. After being cast, the study samples were
removed from the molds for a full day (24 hours); then, the samples were subject to curing by putting for four weeks
(28 days) in a tank of water saturated with lime. At 28 days, the concrete cylinders -without DSSF (0%)- had a splitting
tensile strength of 2.73 MPa and compressive strength of 36.4 MPa, while the ones with 0.55% of DSSF had a tensile
strength of 3.10 MPa and compressive strength of 38.2 MPa. It has been noticed that adding DSSF will significantly
improve the splitting tensile strength, as it increased that strength by almost 15%, whereas the DSSF resulted in a minor
enhancement on the compressive strength, as the improvement percentage stays less than 5%.

3.3. Heat Treatment Method

An electric furnace was utilized to make the heat treatment, as shown in Figure 5. First, the concrete slabs were put
in the furnace for (2) hours under a temperature ranging from 23 to 600 °C. Then, the heat-damaged slabs were left in
the furnace for cooling down, with a 24°C/hour cooling rate, before they were wrapped with plastic wraps to avoid the
potential of self-healing that could be resulted from the steel reinforcement. It is worth mentioning that the tested
temperatures used in this work were (i.e., 23, 200, 400 and 600 °C) and were chosen to simulate the levels of temperature
that could be encountered in actual residential structures when they undergo a fire situation for at least two hours. As
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mentioned earlier, when concrete is exposed to extremely high temperatures, it encounters a considerable degradation
in its load capacity and cracks propagation. Indeed, steel reinforcement characteristics are also degraded, which may

result in the infeasibility of the repair options.

700

600

500

400

300

Temperature, °C

200

100

600 °C
400 °C

200°C

O\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

0 4 8 12 16 20 24 28 32 36
Time, Hrs
(b) The temperature history

(a) The furnace

Figure 5. The (a) electric furnace and (b) time-temperature schedule

3.4. Test Setup and Tools

The tested slabs were set up as simply supported with a 1000 mm length during the experiment. A specially designed
frame was designed in the laboratory for this experiment, as shown in (Figure 6). A Hydraulic cylinder jacket was used
to apply an intensive load (P) on a spread steel beam to obtain 400 mm-apart two points of loading (an area of a constant
moment), aiming at obtaining an a/d (shear span/effective depth) ratio of 5. During the experiment, the following
instruments were utilized: a strain gauge, a linear variable differential transformer (LVDT), and a load cell. To specify
the precise position of measuring the cracks opening, a pilot sample with a square-shaped and another with a circular-
shaped opening have experimented. LVDTSs were put to measure: vertically-oriented displacements, tensile strains,
compressive strains, and crack opening. Besides, a gauge to measure strains was placed right on the sample's
compression side, while another gauge was placed in the samples themselves to record the steel strains before the
samples were cast, as illustrated in Figure 6. In addition, the applied load was recorded using an embedded loading cell.
Finally, results were gathered from the LVDTs and strain gauges using a data acquisition system.

I 1100 mm {
i 1000 mm- i
I 350 mm- } 300 mm } 350 mm |

1 Applicd load, p

<—Hydraulic jack

7

Tt g ;,"Suer
‘*

LVDT (Tension Face)

Embedded strai
g?itee:: fheleve LVDT (mid-span deflection)

Figure 6. Reinforcement detailing and test setup

4. Results and Detailed Discussion
4.1. Concrete Strength

An overall of twelve concrete cylinders was experimentally tested to measure their modulus of elasticity,
compressive, and tensile strength. Moreover, the tested cylinders were also divided into two sets depending on the DSSF
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existence. Generally, the mechanical properties of concrete are degraded under the effect of high temperature. The
ordinary concrete tested cylinder reported average compressive strength values of (36.4, 33.9, 22.6, and 16.0) MPa under
the effect of the following temperatures (20, 200, 400, and 600) °C. Compared to the normal temperature level (20°C),
it is observed that the elevated temperature resulted in compressive strength degradation percentages of (6.8, 37.8, and
56.0)% for the (200, 400, and 600) °C, respectively. Moreover, the tensile splitting strength was reported as (2.73, 2.61,
2.11, and 1.82) MPa, corresponding to a reduction percentage of (4.3, 22.8, and 33.2) % compared to normal
temperature.

Concrete cylinders strengthened by 0.55% of DSSF reported compressive strength values of 38.4, 36.6, 26.4, and
19.5 MPa under the studied temperatures, and this corresponds to reduction percentages of 4.6, 31.1, and 49.1%
compared to the DSSF concrete cylinder under normal conditions. Splitting tensile strength values under the different
heat levels were (3.11, 3.0, 2.64, and 2.28) MPa with related reduction percentages of 3.8, 15.4, and 26.9%. Observing
the experimental testing values shows that adding the DSSF material improves the concrete strength both in tension and
compression. The average improvement percentages are 13% for compressive strength and 20% for splitting tensile
strength. Amin et al. [39] studied the behavior after cracking a DSSF reinforced concrete using direct and indirect tensile
testing techniques. An analytical model for predicting the residual tensile strength was proposed. Nevertheless, Mathews
et al. [40] realized that the resulted degradation depends on the concrete compressive strength value. The mechanical
properties of the macro synthetic fibers under elevated temperatures are investigated by Serafini et al. [41]. They reported
that after the exposure to elevated temperature levels, the flexural strength is reduced by a value up to 85% due to the
reinforcing mechanism degradation. In addition, Far and Nejadi [42] realized that adding DSSF improves the flexural
performance of the concrete by 43.5%. On the other hand, stiffness capability is also improved by 25%.

4.2. Cracking Patterns and Failure Modes

The different cracking patterns and failure modes were observed for all the tested specimens, as shown in Figures 7
and 8. A ductile failure type is observed for ordinary concrete slab where a crack is initiated at the loading location on
the slab's bottom tensile side. Furthermore, additional flexural cracks appeared in the orthogonal direction upon load
increasing until steel yielding occurred. After that, the concrete crushing within the maximum moment region in the
middle of the tested slab. When an opening exists within the tested slab, the resulted flexural cracks longitudinally
propagated on the slab's side surfaces and the inner opening faces. Moreover, cracks are widened after the steel yielding
occurs within the opening region and are intensified until the concrete crushing occurs at the slab's compression face.

a) without opening

b) with squared opening of 100 mmx100 mm
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¢) with squared opening of 150 mmx150 mm

d) with squared opening of 200 mmx200 mm

Figure 7. Typical modes of failure of slabs (Room temperature) with different opening sizes

(a) 23°C

(b) 200°C

(c) 400°C
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[

[

(b) 600°C

Figure 8. Typical modes of failure of slabs exposed to elevated temperatures with opening size of 200x200 mm

Generally, an opening within a slab plays a major role in reducing its cracking capability due to the reduced concrete
volume and the interruption of the flexural reinforcement bars. Cracking within slab specimens of square opening in the
maximum bending moment region undergoes crack propagation from the edge of the tension face. Then, cracks are
increased within the opening region. Inspection of Figure 9 revealed that adding the DSSF material helps reduce the
extent of cracking and its spreading by introducing internal stability into the structural element. Nevertheless, slabs with
ordinary used concrete exhibit extensive cracks in their number and width. Therefore, the DSSF material helps provide
the concrete with additional stability, which helps in improving the overall performance of the slabs under investigation.
The sustained forces after cracking carried by the FRC depend on the type of the used fibers [43].

b) with DSSF

Figure 9. Impact of DSSF on the modes of failure of slabs with opening size of 100 mmx100 mm and exposed to 200°C

Table 4 shows the main obtained results at the different stages, including the cracking, yielding, and ultimate stages.
Generally, it has been shown that slabs with an opening exhibited more degradation in their performance compared to
those without an opening. This could be interpreted by the resulting stress concentration at the opening edge's locations
and the crack intensification at the opening corners, as shown in Figure 7. However, it is observed that the feasibility of
adding DSSF into the concrete mix is enhanced by increasing the opening ratio causing the slab's capacity to be
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improved. The reported observation relies on the enhanced toughness and tensile characteristics after adding the DSSF
into the concrete, causing the enhancement of the internal stability of the hybrid material.

Table 4. Test results of all slabs

Slab P, kN A,,mm P, kN A, mm P, kN A, mm g&pe gpe We, MM P1 @ wer of Imm, KN
ST2300F0 23.6 1.14 60.4 4.05 72.6 41.44 4921 2418 3.96 67.0
ST20000F0 21.3 1.52 54.8 5.43 66.3 38.73 4665 2404 3.38 61.0
ST40000F0 18.9 157 48.7 5.35 59.5 36.25 4165 2277 3.26 54.5
ST60000F0 16.7 192 43.6 7.14 53.4 28.19 3624 2107 240 48.8

ST230100F0 23.0 131 54.1 4,01 66.8 44.92 6358 3725 4.29 56.4
ST2000100F0 20.5 1.74 48.6 5.57 60.5 41.86 6120 3662 3.65 50.9
ST4000100F0 175 1.74 43.0 5.54 53.8 39.03 5466 3380 351 45.2
ST6000100F0 15.3 2.09 36.7 7.21 48.0 30.27 4775 3223 2.57 39.5
ST230150F0 22.4 1.76 46.0 4.61 57.4 53.60 6468 2522 5.12 42.7
ST2000150F0 19.9 2.35 413 6.58 51.8 49.83 6186 2498 4.35 385
ST4000150F0 17.4 2.40 35.4 6.23 45.9 46.31 5921 2419 4.17 33.6
ST6000150F0 15.2 291 30.4 8.24 40.7 35.82 5640 2462 3.04 29.4
ST230200F0 21.8 2.78 318 5.15 40.9 62.89 8248 3393 6.01 23.6
ST2000200F0 19.1 3.67 28.1 7.29 36.9 58.32 6995 3252 5.09 211
ST4000200F0 16.4 3.63 246 6.97 325 5401 6380 3002 4.86 18.6
ST6000200F0 14.1 441 21.6 9.63 28.8 41.67 6166 3098 3.54 16.4
ST2300F0.55 29.4 1.46 69.2 4.81 82.8 48.90 4652 2787 4.67 76.6
ST20000F0.55 264 1.96 62.6 6.66 75.5 4570 6358 3725 3.99 69.6
ST40000F0.55 22.8 1.96 55.9 6.36 67.8 4277 6120 3662 3.85 62.3
ST60000F0.55 19.9 2.37 47.9 8.31 60.9 3326 5466 3380 2.83 54.8
ST230100F0.55 27.3 1.60 64.9 531 76.1 53.00 4775 3223 5.06 65.8
ST2000100F0.55 24.2 2.12 57.5 6.98 69.0 49.40 4418 2748 431 59.0
ST4000100F0.55 20.8 2.13 51.0 6.91 61.4 46.06 4250 2738 4.15 52.4
ST6000100F0.55 18.1 2.56 43.9 8.88 54.7 35.72 3837 2731 3.04 46.0
ST230150F0.55 26.3 214 52.8 5.63 65.4 6325 5305 2214 6.04 48.8
ST2000150F0.55 232 2.83 47.1 7.78 59.1 58.80 5159 2160 5.13 43.9
ST4000150F0.55 20.7 2.95 40.1 7.44 52.3 54.64 4940 2157 4,92 38.2
ST6000150F0.55 18.1 3.58 34.4 9.77 46.4 42.27 4789 2250 3.59 334
ST230200F0.55 23.9 321 36.0 6.16 46.7 74.22 5901 2787 7.09 26.9
ST2000200F0.55 20.8 4.18 32.0 8.68 42.0 68.82 5679 2740 6.01 24.0
ST4000200F0.55 17.7 4.15 27.8 8.33 37.1 63.73 5331 2718 5.74 21.1
ST6000200F0.55 15.1 4.90 24.4 11.27 32.8 49.17 5065 2683 4.18 18.6

Note: P, P, and P, are the cracking, yield, and ultimate loads, respectively. A, A, and A, are the cracking, yield, and ultimate deflections, respectively. &s s the steel
reinforcement tensile strain, & is the concrete compressive strain, we is the flexural crack width, and P is a load value corresponds to a crack width of 1 mm.

4.3. The Ultimate Load Capacity and Load-Deflection Behavior

The load-deflection behavior of the tested slabs is shown in Figure 10. Three different stages are observed; the first
one starts from the point of loading up to the first appearing of a flexural crack, the second is from the point of cracking
to the point of steel yielding, and finally, a plateau up to the failure point. Results are presented within two main groups
depending on the opening and DSSF material under different temperature levels. Inspection of Table 4 shows the
ultimate load and ultimate deflection values for all the tested slabs. It appears that increasing the temperature reduces
the slab's load-carrying capacity. Moreover, the relationship between the opening size and the slab's capacity is also
inversely proportional due to resulted reduction in the concrete volume and the amount of flexural reinforcement. The
effect of different temperatures up to 300°C on the overall performance of FRC, including its residual compressive
strength, cracking extent, and stress-strain curves, were investigated by Srikar et al. [44]. Different fiber dosages were
tested under the effect of temperature, and it was concluded that the maximum improvement in the ultimate compressive
strength was 15% for all cases.
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Figure 10. Load versus deflection behavior for one-way slabs

Analyzing the main finding shown in Figure 10 shows that adding DSSF material significantly enhances the ultimate
strength, unlike those with ordinary concrete. Compared to (ST2300F0) specimen; a slab without an opening or DSSF
material, tested at room temperature, the ultimate load capacity was reduced by a percentage of 8, 21, and 44% for
opening ratios 2.0, 4.5, and 8%, respectively. In addition, a reduction in the ultimate deflection values was reported
where it varies between 4% for a 2% opening ratio and 27% for the 8% opening ratio specimens compared to the control
slab.
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Adding DSSF material proves to positively impact the flexural load-carrying capacity of slabs. It was found that an
improvement percentage of 14 is recorded for a slab without an opening. Indeed, for an opening ratio of 2, 4.5, and 8,
the improvement was 13, 11, and 10%, respectively. Thus, the ultimate capacity improvement percentage does not
significantly affect by the presence of an opening. In contrast, the ultimate deflection improvement values were 19, 21,
25, and 30%. Thus, For DSSF strengthened slabs, increasing the opening ratio to twice the time causes the ultimate
deflection to be increased by 4% on average. Furthermore, when a slab is exposed to high-temperature levels, its ultimate
capacity is reduced to a value between 9 and 27%, only under the studied heat levels range. As a result, the ultimate
deflection increases by 24 to 76%, as shown in Figure 11. Moreover, the inclusion of micro synthetic fibers into the
concrete mix improves the ultimate load and deflection capabilities by (19 to 29) and (11 to 14) %, respectively.
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Figure 11. Failure load and corresponding deflection behavior
4.4. The Compressive strains in Concrete and Tensile Strains in Steel

Strain distribution values throughout the ST2300F0 model were recorded and presented in Figure 12 at different
loading stages. The maximum obtained strain value was 150 ue in both the concrete and steel materials as a result of the
induced flexural cracks. Moreover, strain values during the second load-deflection stage reach 507 and 966 ue for
concrete and steel, respectively. This corresponds to 21% of the ultimate compressive strain for concrete and 42% of
the steel yielding strain values. Upon the steel yielding occurs, the percentages increase to 34% for concrete and 100%
for steel. During the final stage, a further increase in the steel strain is observed, which exceeds its yielding strain, while
concrete strain does not exceed half the value of the crunching strain. Finally, after the failure of the reinforcing bars is
reached, a rapid increase in the concrete strain is observed, and concrete crushing occurs while the steel strain reaches
214% of its yielding strain.
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Figure 12. Distribution of strains at different depths along the ST2300F0

Table 4 records strain values for all the tested slabs for both concrete and steel materials. Observing the results
revealed that increasing the opening size within a slab caused the strain value to be further increased for steel and
concrete. However, strain values are decreased under the effect of increasing the temperature. The resulted degradation
could explain this occurred under heat levels. Normalizing the obtained results with respect to the control slab specimen
shows that a steel strain is significantly affected by the presence of opening and DSSF material. An improvement
percentage of 29, 31, and 68% were observed for opening ratios of 2.0, 4.5, and 8.0%, respectively. Indeed, temperature
increases the concrete strain values induced by 5, 15, and 26% for heat levels 200, 400, and 600°C, respectively.
Furthermore, Bazant et al. [45] stated that the compressive stress-strain curves were observed at different temperatures
(25, 200, 400, and 600)°C decreasing the concrete compressive strength by 9.2, 34.6, and 64.9% compared to concrete
at 25°C. Moreover, Carnovale and Vecchio [43] stated that larger DSSF strains are required to produce the same stress
levels induced by steel fibers. The observed phenomenon is related to a low modulus of elasticity compared to steel
fibers.

4.5. Elastic and Yielding Stiffness Characteristics

Two stiffness values were measured to represent the overall performance of the tested slabs in both the elastic and
plastic deformations. The first measure is the initial or elastic stiffness calculated as slope of the load-deflection curve
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from the loading up to the point of concrete cracking and it is defined mathematically as k| =P¢/Ar. The second measure
is the yielding stiffness, calculated as the slope of the second stage in the load-deflection curve. It is represented
mathematically as follows: ky =Pv/Av. Inspection of Table 5 reveals that a significant reduction is observed under the
effect of temperature increase, which was reduced from 10.23 to 3.95 kN/mm after it is heated at 600°C. Serafini et al.
[41] realized that the observed reduction In the concrete elastic modulus was recorded as losses of 31.0, 87.6, and 96.6%.

Table 5. Energy and ductility characteristics for the tested slabs

Slab Stiffness, kKN/mm Energy absorption, kN.mm Ductility index
Elastic Yielding Yielding At Failure pa HEA
ST2300F0 20.76 14.91 203 2542 10.23 12.54
ST20000F0 13.97 10.09 219 2087 7.13 9.52
ST40000F0 12.01 9.09 269 1665 6.77 6.20
ST60000F0 8.72 6.11 334 980 3.95 2.93
ST230100F0 17.61 13.49 207 2557 11.20 12.33
ST2000100F0 11.80 8.72 218 2063 751 9.45
ST4000100F0 10.09 7.77 265 1626 7.05 6.14
ST6000100F0 7.30 5.09 348 928 4.20 2.67
ST230150F0 12.69 9.96 217 2660 11.62 12.27
ST2000150F0 8.49 6.27 223 2148 7.57 9.65
ST4000150F0 7.25 5.68 270 1667 743 6.19
ST6000150F0 5.24 3.69 351 939 4.35 2.68
ST230200F0 7.85 6.17 186 2238 12.21 12.06
ST2000200F0 5.22 3.86 188 1796 8.00 9.58
ST4000200F0 451 353 228 1396 7.75 6.12
ST6000200F0 3.19 2.25 289 770 4.33 2.66
ST2300F0.55 20.06 14.40 271 3401 10.17 12.54
ST20000F0.55 13.49 9.39 290 2787 6.86 9.60
ST40000F0.55 11.60 8.79 361 2239 6.72 6.20
ST60000F0.55 8.42 5.77 444 1316 4.00 2.96
ST230100F0.55 17.01 12.21 272 3407 9.97 12.54
ST2000100F0.55 11.40 8.24 291 2771 7.07 9.52
ST4000100F0.55 9.75 7.39 352 2184 6.67 6.20
ST6000100F0.55 7.05 4.94 434 1274 4.02 2.93
ST230150F0.55 12.26 9.39 286 3529 11.24 12.33
ST2000150F0.55 8.20 6.06 299 2829 7.56 9.45
ST4000150F0.55 7.00 5.39 360 2210 7.35 6.14
ST6000150F0.55 5.06 3.52 470 1254 4.33 2.67
ST230200F0.55 7.45 5.85 244 2994 12.06 12.27
ST2000200F0.55 4.98 3.68 249 2405 7.93 9.65
ST4000200F0.55 4.25 3.33 300 1854 7.65 6.19
ST6000200F0.55 3.07 217 388 1038 4.36 2.68

The stiffness behavior of the one-way slabs is illustrated in Figure 13 normalized with respect to the control
specimen. For the studied temperatures, the slab's initial stiffness is reduced by 24, 52, and 60%. In contrast, the
reduction percentages for the yielding stiffness are 8, 12, and 16%. The initial stiffness is more affected by increasing
the temperature values by twice those recorded for the yielding stiffness. This could explain that the onset of cracking
is increased significantly by the occurrence of more cracks also widened. In contrast, creating an opening reduces the
slab stiffness in both stages due to the reduction of concrete volume and rein amount of reinforcement. As a result of
increasing the opening ratio, the initial stiffness values were degraded by 19, 47, and 55% compared to 30, 55, and 62%
for the yielding stiffness at different opening ratios of 2.0, 4.5, and 8%, respectively. Moreover, it has been shown by
Rambo et al. [46] that the elastic modulus and the concrete compressive strength are significantly reduced under the
effect of high temperature.
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4.6. Ductility Index

Ductility is the structure's capability to undergo an inelastic deformation without losing its load resistance properties.
Ductility is measured in this study using two main measures: displacement (ua) and energy absorption (uga), as shown
in Table 5. Generally, the dispersion of discrete fibers into concrete material reduces the concrete weakness in tension.
Thus, ductility and toughness values are improved [47].

4.6.1. Displacement Ductility Index

The displacement ductility index is the ratio between the displacement at failure and the displacement at yielding.
Figure 14 shows the effect of different opening ratios and DSSF material under different elevated temperatures. Values
were normalized with respect to (ST2300F0) specimen; a slab without an opening or DSSF material tested at room
temperature. Figure 14 shows an approximately linear relationship between the normalized ductility index, opening size
ratio, and temperature value. Generally, duplicating the opening size generally enhances the ductility index value by a
maximum improvement percentage of 13% under an opening of size ratio of less than 4.5%. Moreover, the improvement
percentage becomes less under a further increase in the opening size ratio. Furthermore, duplicating the temperature
reduced the slab's ductility by an overage value of 15%. Nana et al. [48] reported that FRC has higher ductility values
compared to conventionally reinforced concrete. Moreover, crack distribution is intensified but with smaller crack
opening values.
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Figure 14. Normalized displacement ductility versus opening ratio and exposed temperature

4.6.2. Energy Absorption Ductility Index

The energy absorption capacity (EA) was calculated as the area under the load-deflection curve. Both yielding and
ultimate energy absorption values were calculated as shown in Table 5. The presented results showed that temperature
increase causes the energy absorption value to decrease in their yielding and ultimate measures. In contrast, the energy
capability increases under different opening ratios. Figure 15 shows an increasingly linear relationship between the
energy absorption and the opening ratio. The improvement percentage varies between 6 and 34%. Meanwhile, an
inversely linear relationship exists between energy absorption and temperature. The reduction percentages range from
24 and 77%. This confirmed the reported conclusion in the literature that the energy absorption capability is generally
increased when fibers are added to the concrete mix [49-51]. Moreover, FRC is proven to have higher toughness values
compared to ordinary concrete [47, 52].
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ad versus Crack Opening Behavior

Figure 16 represents the load and crack opening relationship for all the slabs. Crack width was calculated by fixing
a 150 mm length between the transducers in their position and measuring their locations before and after testing.
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Figure 16. Load versus crack opening curves

The recorded crack width values are illustrated in Table 4. In addition, crack opening behavior is presented in Figure
16. The two measures are additional evidence of the feasibility of DSSF in providing the internal structure with more
stability even at high deflection values. Generally, the crack stabilization in control cracking behavior is increased by 8,
29, and 52% for the different opening ratios normalized with respect to a slab without an opening having an added load
at a one mm wide crack. Furthermore, increasing the temperature reduces the required load to cause a 1 mm crack width
by 15, 28, and 39% at temperatures of 200, 400, and 600°C, respectively. Furthermore, Carnovale and Vecchio [43]
stated that cracks are stabilized within the DSSF strengthened concrete, and an increase in the residual load occurs even
at large crack widths. Previously, it was reported that the relationship between the stress and the crack width was
presented as an exploration of the post-cracking behavior of the DSSF strengthened concrete, which can be extracted
directly using a uniaxial tensile testing procedure [53] or indirectly by bending test.

5. Conclusion

Based on the previous investigation into the effect of DSSF on the flexural performance of one-way slabs, adding
the DSSF material significantly improves the tensile strength and modulus of elasticity of concrete, whereas the
compressive strength is not affected. Moreover, improvements occur in the cracking and ultimate load, cracking width,
cracking and yielding stiffnesses, and cracking mechanism. This can be interpreted by the high tensile strength and
toughness of the hybrid concrete, besides its internal stability, which resulted in the ductile and stable behavior of slabs
with DSSF. Furthermore, a square opening causes the overall slab's capability to be significantly reduced compared to
those without an opening due to the resulting stress concentration and crack intensification within the opening region.
In addition, for DSSF strengthened slabs, increasing the opening ratio to twice the time causes the ultimate deflection
to be increased by 4% on average. Moreover, an increasing linear relationship exists between the applied load, the
resulting deflection, the longitudinal concrete strain, and the steel reinforcement. Finally, the opening ratio and high
temperature influence the elastic and yielding stiffnesses, where a noticeable reduction is observed under the effect of
increasing those parameters. Generally, duplicating the opening size generally enhances the ductility index value by a
maximum improvement percentage of 13% under an opening size ratio of less than 4.5%. Moreover, the improvement
percentage becomes less under a further increase in the opening size ratio. Nevertheless, the initial stiffness is more
affected by increasing the temperature values twice those recorded for the yielding stiffness.
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