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Abstract: Reinforced concrete two-way slabs are important elements in the construction field, and
their impact response under drop-weight impact is a complex mechanical issue that can cause
the collapse of heavy structures. Previous research has documented the analysis of conventional
steel-reinforced concrete slabs under impact loads. However, the investigation of layered hybrid
concrete composite flat solid slabs reinforced with carbon-fiber-reinforced polymer (CFRP) rebars is
an innovative subject. This paper examines the structural behavior of layered novel hybrid concrete
composite flat solid slabs with a combination of reactive powder concrete (RPC) in the top layer
and normal concrete (NC) in the bottom layer, reinforced with internal CFRP or traditional steel
bars in the tension zone, under an impact load test. For this purpose, ten full-scale square flat solid
slab samples with a 1550 mm length and a 150 mm depth were fabricated and divided into eight
layered hybrid concrete samples with 50% RPC and 50% NC and two samples cast with NC only.
The impact tests were carried out using a hardened steel cylindroconical impactor (projectile) with
a height of 650 mm and a diameter of 200 mm, a flat nose diameter of 90 mm, and a total mass of
150 kg released from two different heights of 5 and 7 m. The variables considered were the types and
ratios of reinforcement, as well as the free-drop weight and height. The experimental results obtained
showed that layered RPC flat solid slabs are superior in resisting and sustaining impact forces and
also have fewer scattered parts when compared to NC flat solid slabs. Additionally, the flat solid slab
samples reinforced with CFRP bar grids were overall more resistant to impact loads, by an average of
19%, compared to flat solid slabs with steel bars and showed lower deflection, by an average of 10%,
compared to the other flat solid slabs.

Keywords: drop-weight impact; reactive powder concrete; carbon-fiber-reinforced polymer reinforcement;
layered concrete

1. Introduction

In general, buildings are commonly built using reinforced concrete (RC). This main
element of construction needs to be studied intensively from all sides. Concrete may be
exposed to impact loads during its lifetime as a result of car accidents, explosions, falling
objects, etc. Increasing the structural safety of critical reinforced concrete structures such as
bridge abutments, high-rise buildings, nuclear power plants, and dams, which are at risk
of impact loads, is of great importance for the safety of people [1].

Consequently, improving and controlling the behavior of structures under impact
loading is becoming a major challenge for safe structural design, and it is important to
develop a performance-based impact-resistant design approach. The improvement of
slabs’ resistance to impact loads is currently the subject of extensive research and has
drawn the attention of many researchers [2—4]. Researchers are focusing on how to reduce
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the amount of damage to a structure by absorbing and/or dissipating the kinetic energy
generated by an impact load. They are investigating the use of different concrete mixes, the
use of fibers in hybrid concrete, or the use of different types of fiber-reinforced polymer
(FRP) bars instead of steel bars in columns, beams, and slabs. Hybrid concrete refers to
the combination of two or more concrete mixtures or two or more fiber types into one
structural element with different properties in an appropriate manner to take full advantage
of the resultant product [5-7]. Furthermore, the use of FRP and Basalt-Fiber-Reinforced
Polymer (BFRP) sheets to strengthen existing structures against static and impact loads
is also a widely studied topic [8,9]. Research using a range of concretes with different
compressive strengths, from normal to high compressive strengths exceeding 150 MPa, has
shown that the resistance of the slab to impact loading increases as the concrete strength
increases, while damage to the slab occurs in a brittle manner. The results of these studies
also showed an overall decrease in the penetration depth and crater diameter caused by
a projectile impact in the target samples with an increase in the compressive strength of
the concrete [10-12]. The researchers investigated the use of reactive powdered concretes
(RPCs) with improved homogeneity (by removing coarse aggregates and replacing natural
sand with very fine quartz sand), microstructures (using high doses of silica fume and
post-set heat treatment), and ductility (by adding specially developed steel fibers) to
improve the behavior of structural elements such as slabs, beams, and columns under
impact loading [13]. According to the research findings, using reactive powdered concrete
improved the impact strength value and reduced the deflection of the slabs. The results also
showed that increasing the steel fiber ratio effectually increased the impact strength and
the residual strength capacity of the slabs due to the steel fibers improving the mechanical
characteristics of the reactive powder concrete. It is reported that high-strength concrete
slabs without steel fibers show quasi-brittle flexural and shear failures with large localized
cracks and excessive spalling, while RPC slabs show ductile flexural behavior with multiple
well-distributed fine cracks [14,15].

The incorporation of synthetic fibers from materials such as steel, polymer, carbon,
glass, and basalt into concrete mixtures has been studied by researchers according to
many aspects because they are easy to incorporate into concrete mixtures, effective in
increasing concrete’s durability under impacts or blast-through fiber bridging, and more
cost-effective than other methods [16-18]. It has been reported that unlike ordinary concrete,
fiber-reinforced concrete (FRC) can provide a higher closing pressure at the crack surface
due to the fiber bridging effect, in which the fibers move behind the advancing crack tip
and undergo adherence slipping, lowering the stress intensity factor. When compared to
regular concrete, FRC shows noticeably improved impact resistance. The energy absorption
capacity of concrete under impact can be increased effectively by fiber reinforcement
because of the fiber bridging effect on the crack surfaces. Researchers reported that the
rate of this improvement depends on the type, amount, and geometry of fiber used in the
concrete. Employing FRC also decreases spalling and scabbing damage and the size of the
openings in slabs when they are subjected to impact loads compared to plain RC slabs [19].
Moreover, employing hybrid concrete is more effective in using the compression zone, for
which the requirements for quality and adequacy are relatively lower in the compression
zone. This meets the requirements of several international codes, the most important of
which is American Concrete Institute (ACI) 318-14 [20], and has led to the possibility of
obtaining high-strength concrete at a lower cost by using layered concrete. Hybrid RC
members combine the best features of steel RC members’ mechanical properties with the
durability performance of FRP concrete structures [21,22]. However, various types of FRP
rebars must be studied and tested before they are used in slabs. Many researchers have
considered finding alternative reinforcements or designs to improve the overall structure
and decrease costs [23-27].

The use of FRP bars is becoming popular in the construction industry as an alternative
to conventional steel reinforcing bars. Considering advantages of FRP bars such as their
high tensile strength, non-corrosive and non-conductive nature, high resistance to chem-
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ical attacks, and lightweight properties, researchers have recently begun to examine the
structural behavior of these materials under impact loading [28].

Researchers have mainly investigated FRP RC beams under impact loading. Experi-
mental studies have shown that FRP bar-reinforced concrete beams with higher reinforce-
ment ratios have higher post-cracking flexural stiffness and flexural critical failure under
static loading. However, FRP bar-reinforced concrete beams under impact loading were
found to fail in a “shear plug” pattern around the impact zone regardless of the shear
capacity. The test results revealed that flexure-critical beams experienced a failure mode
shift from flexure-governed to combined flexure—shear under impact loads. The shear-
critical beams failed according to diagonal shear under impact loads but with more severe
concrete spalling and critical diagonal cracks on both sides of the beam [29,30]. A few
studies investigating the effect of the reinforcement material, reinforcement quantity and
arrangement, and slab thickness on the impact load behavior of reinforced concrete slabs
using laboratory experiments and numerical simulations have concluded that increasing
the reinforcement ratio or slab thickness improves the performance of reinforced concrete
slabs under impact loads. By adjusting the number and arrangement of the FRP bars, slabs
with FRP bars can outperform steel-reinforced slabs, making them suitable reinforcing
materials [31-33].

A large amount of theoretical and experimental research has been undertaken on the
use of FRP and CFRP sheets to strengthen reinforced concrete beams, columns, and plates
against impacts and different loads [34-39]. Additionally, researchers have studied the
degradation of FRP and resin adhesive under various conditions [9,40—42]. These studies’
findings generally demonstrate that the impact load-carrying mechanism of RC plates
depends on the loading type and reinforcement volume of the FRP sheets; the maximum
deflection is roughly linearly distributed until the FRP sheets debone; and the impact
resistance of RC plates can be improved by adding a reinforced FRP layer on the back
surfaces, i.e., improved by flexural strengthening with FRP sheets [43—46]. Although the
reinforcement system has been used previously in reinforcing flat solid slabs [47], there
are limited investigations on utilizing FRP bars as a reinforcement in slabs against impact
loads and utilizing CFRP bars in hybrid concrete two-way slabs [48,49].

There are numerous compelling reasons to investigate the influence of impact load-
ing on structures. For instance, impact loading can result in immediate and calamitous
structural failures, which can result in property damage and loss of life. Consequently, it is
imperative to comprehend the conduct of structures that are subjected to impact loading
in order to guarantee their safety and avert potential catastrophes. In the design and
construction of structures that are susceptible to such pressures, such as buildings, bridges,
and infrastructure, it is imperative to comprehend the impact loading effect.

The challenge in this paper is whether recent investigations of traditional steel rein-
forcements for concrete two-way flat solid slabs can be substituted by CFRP bars with
diverse layouts that can enhance the strength capacity with less deformation and a better
mode of failure. Also, the present work extends the research area to involve the combina-
tion of steel bars with CFRP and the use of RPC layers, all in one investigation. The current
experimental study shows the impact resistances of the present new hybrid two-way flat
solid slabs against the impact force, and studying the effects of using CFRP reinforcement
as a tensile reinforcement grid in slabs with poured layered concrete containing RPC com-
pared to single-layer NC flat solid slabs reinforced with conventional steel reinforcements.
The impact test was conducted using a 150 Kg steel cylindroconical shell (projectile) freely
released from different heights. In addition, the effect of free weight release from different
heights of 5.0 and 7.0 meters was studied.
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2. Experimental Work
2.1. Materials
Ordinary Portland Cement Type I was used in this experimental work for all mixtures.

It was supplied from a local factory and complies with the ASTM C150-22 specification [50];
its chemical and physical properties are presented in Table 1.

Table 1. Cement powder properties.

Chemical Properties (Percentage by Weight) Physical Properties

M 4

Cagg 632. 500 Fineness, employing Blaine air permeability apparatus (m?/kg) 264
5i0, 21.40 .

S0, 1.95 Soundness, using the autoclave method 0.67
LO.1I 2.96 Compressive strength for cement paste cube at 3 days (MPa) 18.95
CHZ ;gg Setting time, using Vicat’s instrument (initial (min)—final (hour)) 125-3.93

3 .

1. Silica fume (densified micro silica): MegaAdd MS (D), which follows the requirements
of ASTM C 1240-20 [51].

2. Fine aggregate: Graded natural sand brought from a local source. A particle size
ranging from 0.15 mm to 4.75 mm was used. Complies with ASTM C33/C33M-18 [52].

3. Very fine aggregate: Graded sand brought from a local source. A particle size ranging
from 0.15 mm to 0.60 mm was used. Complies with ASTM C33/C33M-18 [52].

4.  Coarse aggregate gravel from a local source was used. The maximum size of the
particles was 20 mm. Complies with ASTM C33/C33M-18 [52].

5. Superplasticizer: Due to the high percentage of fine aggregate in the RPC mixture, the
workability of the designed mix was very low; thus, a high-water reducer was used at
a constant percentage for all mixtures. A superplasticizer under the traditional name
Sika Viscocrete 5930 L from the company Sika Germany that meets the requirements
of ASTM-C494-18 Types F [53] was used.

6.  Water: Tap water was utilized during this work for concrete mixing and curing.

7. Deformed steel bar reinforcements, with a 12 mm diameter, positioned on the tension
face of the flat solid slab, and with an average yield strength Fy of 751 MPa. Complied
with ASTM A 615-16 [54].

8.  Carbon-fiber-reinforced polymer bars with a 12 mm diameter, an average tensile
strength F, of 2025 MPa, and a modulus of elasticity Ef of 130 GPa were used,
from the manufacturing company Nanjing Fenghui Composite Material Co., Ltd.,
Nanjing, China.

2.2. Concrete Mixtures

After several trials, the mixture designs displayed in Table 2 were used. The slab
specimens were cast in separate batches, which included a normal concrete mixture in the
beginning layer and a reactive powder concrete mixture as the top layer casted freshly on
fresh concrete, and underwent an identical curing process, which included being placed
beneath damp burlap and plastic sheets for a period of 28 days. Afterwards, they were
stored in the laboratory at room temperature until they were ready for testing. Besides
this, the mechanical properties of the mixtures at 28 days were determined, to involve
compressive strength (f’,), splitting tensile strength (fsp), Young’s modulus (E.), and
modulus of rupture (f;). The standard samples were taken from the same batch and cured
under the same conditions as the slab specimens and tested according to ASTM C 39-
18 [55], ASTM C 496-11 [56], ASTM C 469-14 [57], and ASTM C 293-16 [58], respectively.
The average of three samples’ results was used to calculate each mechanical property, and
the test results are tabulated in Table 3.
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Table 2. Mixture proportions.
No. Type of Cement ! Very Fl?e Fine Sand ! Gravel ! Slhcal W/C * Additive %
Concrete Sand Fume

1 RPC 900 980 0 0 225 0.22 0.5

2 NC 350 0 960 1050 0 0.44 0
1. unit (Kg/ m?), *: water-to-binder ratio, binder (cement + silica fume).
Table 3. Mechanical properties of RPC and NC mixtures.

Mix Type Compressive Strength f’ c Splitting Tensile Strength fsp Modulus of Rupture f, Young’s Modulus E,
(MPa) (MPa) (MPa) (GPa)
RPC 165.1 11.33 11.23 60.37
NC 29.35 5.12 6.43 25.46

2.3. Specimen Design

Ten RC two-way flat solid slabs with a square-shaped geometry were tested for free
drop weights from different heights, as presented in Table 4, using CFRP and traditional
steel rebar as the internal reinforcements. Eight flat solid slabs were constructed using
layered concrete consisting of 50% RPC as the 75 mm upper layer and 50% NC as the 75 mm
lower layer, and two flat solid slabs were cast using 100% NC. The compressive strength
of RPC and NC was 165.10 and 29.35 MPa, respectively, for the cylinder strength designs.
Three parameters were varied amongst the slabs: slab reinforcement type: CFRP and steel;
reinforcement ratio: 0.448 and 0.600; and the elevation of the drop weight: 5.0 m and 7.0 m.
The slabs were (1550 x 1550 x 150) mm, reinforced with one mesh in the bottom tension
layer. The slab reinforcement layout is presented in Figure 1.

Table 4. Specimen details.

. Type of Type of Reinforcement Ratio (p) Number of .
Specimen Code Concrete Reinforcement (%) Bars Drop Height
R1 NC 0.448 6
‘;“ S6H5 Steel 0.448 6
] S8H5 0.600 8 50m
g Hybrid Layered
o C6H5 CEFRP 0.448 6
C8H5 0.600 8
R2 NC 0.448 6
o S6H7 Steel 0.448 6
=] S8H7 0.600 8 7.0m
e Hybrid Layered
Q0 C6H7 CERP 0.448 6
C8H7 0.600 8

The sample categorization systems are as follows. The letters R, S, H, and C represent
the reference, steel reinforcement, hybrid layer-type concrete, and CFRPs, respectively. The
numbers 6 and 8 denote the number of bars in each direction in the tension reinforcement
grid that represent reinforcement ratios of 0.448 and 0.600, respectively. Finally, the values
5 and 7 represent the altitude from which the weight was dropped, namely at 5.0 and 7.0 m,
respectively. For instance, specimen S8H7 indicates reinforcement with 8 steel bars, cast
using hybrid layers, and tested by dropping the weight from 7.0 m.
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TYPE ( A ) DIMENSION : 1550 * 1550 * 150 mm TYPE ( B ) DIMENSION : 1550 * 1550 * 150 mm

aoumm

COVER 25 mm % COVER 25 mm

L 6212@300 mm
8012@214 mm

A e o~

| \ |
A

6912@300 mm

8012@214 mm
/
/
PLAN PLAN

COVER 25 mm COVER 25 mm

e NN COVER 25 mm

SECTION A-A COVER 25 mim SECTION A-A
@ (b)

Figure 1. Flat solid slab dimensions and reinforcement details of (a) six bar specimens coded as: R1,
R2, S6H5, C6H5, S6H7, and C6HY. (b) Eight bar specimens coded as S8H5, C8H5, S8H7, and C8H?7.

2.4. Instrumentation

The dynamic response of the RC flat solid slabs to the impact loads was analyzed and
evaluated depending on various kinds of sensory data, including two LVDTs; the first one
(LVDT1) was positioned at the center, and the second (LVDT2) was positioned 300 mm
from the corner of the slab at the bottom of the tested slabs. Preparations were made to
preserve the LVDTs from damage due to the impact by placing them in a steel cover. Load
cells of a 200 kN capacity were located at each corner of the steel frame, with a total of
four, and were used to sense the impact weight reactions. The steel frame with a sample,
the LVDTs, and the load cells is shown in Figure 2a,b. Along with the use of three Tokyo
Measuring Instruments Laboratory (TML) strain gauges (one strain gauge attached to the
reinforcements to measure the strain of the reinforcements and one strain gauge to calculate
the strain of the concrete located on the bottom face of the specimen), the acceleration was
also measured by an accelerometer (piezometer). The sensor signals were recorded by a
high-speed data acquisition system, a National Instruments PXi-1000B chassis with four NI
6052E cards from the manufacturing company National Instruments Corporation, Texas,
USA with a high frequency (20 MHz), capable of receiving signals from the load cell, the
laser velocity, and information from the LVDTs through channel recording and analyzing
the time variation in the voltage in two directions as signals.
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(a) Sketch of test setups

Figure 2. Cont.
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Cylindroconical impactor

Sensors on the bottom surface Load cell

Slab during test with weight released

(b) Impact test equipments

(c) Slab fastened in the test, and sensors were placed

(d) Slab during test

Figure 2. Test setup in experimental test.
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2.5. Test Setup and Procedure

The customized steel frame with four load cell bases was fabricated to provide a hinge
support condition and prevent rebounding upon impact; the impact test was carried out by
utilizing free drop-weight impact loads on their centers using a total mass of 150 kg from a
hardened steel cylindroconical impactor (projectile) with a height of 650 mm, a diameter
of 200 mm, and a flat nose diameter of 90 mm. The drop weight was released from two
different altitudes of 5.0 and 7.0 m and complied with the range of heights and weights of
the drop mass used in previous studies [59-62]. As illustrated in Figure 2a—d, the impact
tests were performed utilizing a specialized apparatus designed exclusively for these types
of investigations.

1.  All specimens were subjected to the testing procedure described below; a sketch of
the test setups and the actual test frame are illustrated in Figure 2a,b.

2. Theslab is raised and positioned on the steel frame, putting the studs into the slab
holes that were prepared through molding and tying the nuts to firmly fasten the slab
onto the frame, as shown in Figure 2c.

3. Two concrete strain gauges and a piezometer are placed on the bottom surface of the
slab (see Figure 2c).

4. Check each device and ensure all wires are connected to the data logger.

5. Asshown in Figure 2d, the 150 kg mass is raised to the specified height and positioned
so that it falls in the middle of the slab.

6.  Assoon as the 150 kg mass is released, the measuring devices are also activated, and
all data during the fall process are recorded. The experiments are recorded by video
with the camera placed under the steel frame to see the floor and the cameras placed
to see the whole experimental setup.

7. Repeat Steps 4 and 5 until the slab is penetrated, causing punching failure.

3. Experimental Test Results and Discussion
3.1. Observation of Impact Tests

This section demonstrates the visible monitoring of the impact tests as well as the
crack patterns and failure modes caused by the weight dropping. The ultimate states of the
slabs after the test are also discussed. Table 5 presents the number of drops for every slab
tested. In general, all the specimens developed a similar crack pattern in both directions
and exhibited punching shear failure. Furthermore, observation of the specimens’ crack
patterns shows a decrease in cracks and micro-cracks between the NC slabs and hybrid
layered slabs. It was found that the concrete in the impact zone on the top surface was not
crushed during the first and second drops for the hybrid solid flat slabs in the first group
or for the first drop in the second group, with micro-cracks only; however, all specimens
showed a few cracks at failure that emerged around the penetration zone under the drop-
weight impact compared to the NC specimens due to the increase in rigidity and their
mechanical characteristics.

Table 5. Number of drops for failure of flat solid slabs.

Group One Group Two
(The Drop Height Is 5.0 m.) (The Drop Height Is 7.0 m.)
Specimen Name Number of Drops Specimen Name Number of Drops
R1 2 R2 2
S6H5 3 S6H7 2
S8H5 3 S8H7 2
C6H5 3 C6H7 2
C8H5 3 C8H7 3
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Also, the results revealed that using hybrid layer concrete increases the energy ab-
sorption. Moreover, it slightly decreased the dimensions of the failure area for most of the
specimens compared to the control specimen with 100% NC due to the fine materials in
the RPC mixture. The RPC, acting as a top layer, reduces the quantity of scattered concrete
fragments and cracks caused by the impacts by absorbing the impact energy. RPC as a top
layer made a significant improvement to the slab because the slab with 100% NC could not
endure the third drop; on the other hand, the slabs with RPC sustained a third drop in the
first group.

Therefore, it can be concluded that the utilization of RPC is superior for withstanding
impact loads compared to NC. Correspondingly, RPC helped attain enhanced uniformity;,
excellent manipulability, strong compression, an improved microscopic structure, and high
workability. Previous research has demonstrated that RPC is more susceptible to damage
compared to NC, and this is consistent with the current study. Consequently, to enhance the
structural integrity, NC was employed as the bottom layer. As a result, it was determined
that future investigations should incorporate steel fibers into the mixture of RPC to improve
the fragility of the RPC [63,64].

Upon visual inspection of the specimens, it was clearly noticed that there was excellent
cohesive strength between the NC layer and the RPC layer after failure from observing
the scattered falling concrete pieces, and this verifies this work by assuring us that the
specimen layers acted as one layer with no interface debonding; the test observation is
consistent with [65].

3.1.1. The R1 Specimen

The top face of the slab is shown in Figure 3a after each drop. On the first drop, the
penetration was nearly 20 mm, with a diameter of 90 mm and with no cracks. The second
drop caused full penetration, with a diameter of 180 mm on the upper face, with scattered
pieces of concrete, with no cracks, and without bending of the reinforcement bars, which
means that the concrete failed before the steel reinforcement. The shape of the failure is
circular with a diameter of 500 mm, as shown in Figure 3a.

(b)

Figure 3. Cont.
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(©)

Figure 3. Specimen R1 (a) after the 2nd drop, (b) full penetration after the 2nd drop, and (c) circular
shape of failure.

3.1.2. The S6H5 Specimen

On the first drop of the sample, the slab was not damaged; however, there was an
impact on the top surface around 3 mm deep with a diameter the size of the flat nose of
the steel projectile, as shown in Figure 4a. Also, we can see that the first drop produced
circular cracks and concrete swelling on the lower side of the slab, but there was no concrete
spalling or crashing, as shown in Figure 4b. The second drop caused partial penetration
and was 35 mm deep with a diameter of 90 mm and with more circular cracks and concrete
swelling on the lower side of the slab, as demonstrated in Figure 4c,d. The third drop fully
penetrated with a 220 mm hole diameter into the upper face, accompanied by scattered
pieces of concrete (only from the NC layer). There were no longitudinal or micro-cracks
other than the penetration opening, and the steel reinforcement bars showed minor bending.
The shape of the final crack pattern approached a circle, with a diameter of 590 mm, as seen
in Figure 4e f.

Figure 4. Cont.
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(©) -

()

Figure 4. Specimen S6H5: (a) penetration of 5 mm with diameter of 90 mm on 1st drop, (b) circular

cracks and concrete swelling on the bottom face on 1st drop, (c) circular cracks and concrete swelling
on the bottom face on 2nd drop, (d) full penetration of the upper face after the 3rd drop, (e) full
penetration of the bottom face after the 3rd drop, and (f) shape of failure on bottom face.

3.1.3. The S8H5 Specimen

On the first drop, the penetration was nearly 4 mm, with a diameter of 90 mm, into
the top surface, with few narrow and hairline cracks on the lower side of the slab, as shown
in Figures 5a and 5b, respectively. On the second drop, the penetration was 30 mm with a
diameter of 80 mm and with circular cracks on the top surface and concrete swelling on
the lower side of the slab, as seen in Figure 5c. The third drop fully penetrated, with a
diameter of 170 mm, into the upper face, with the bottom face undergoing full penetration
and opening, scattered pieces of concrete with no longitudinal or micro-cracks except for
the penetration opening, and a small amount of bending in the steel reinforcement bars.
The shape of the failure on the bottom face approached a circle with a diameter of 630 mm,
as shown in Figure 5d-g.
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Figure 5. Cont.
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(8)

Figure 5. Specimen S8H5: (a) 4 mm penetration with 9 cm diameter after 1st drop. (b) Micro-cracks
on the bottom face after 1st drop. (c) Circular cracks and concrete swelling on the bottom face on 2nd
drop. (d) Full penetration of upper face after the 3rd drop. (e) Full penetration of bottom face after
the 3rd drop. (f) Bars bending after the 3rd drop. (g) Circular shape of failure.

3.1.4. The C6H5 Specimen

The top and bottom faces of the C6H5 specimen are shown in Figure 6a—e after each
drop. On the first drop, the penetration was nearly 9.0 mm, with a diameter of 110 mm and
with micro-cracks appearing on the slab’s upper face. For the second drop, the penetration
was 50 mm, with a diameter of 140 mm, a slight defect making a concave shape, and
circular cracks and concrete swelling on the lower side of the slab. The third drop fully
penetrated with a diameter of 190 mm into the upper face without making an opening, and
small concrete pieces fell from the slab side, along with an increase in the concave defect
shape, scattered pieces of concrete with longitudinal and micro-cracks, and a small amount
of bending in the reinforcement bars. The shape of the failure was circular with a diameter
of 560 mm, and flexural diagonal cracks were observed, as shown in Figure 6d,e.

Figure 6. Cont.
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(e)

Figure 6. Specimen C6H5: (a) penetration of 9 mm with diameter of 110 mm on 1st drop,
(b) penetration of 50 mm with diameter of 140 mm on 2nd drop, (c) penetration of 190 mm on
3rd drop, (d) damage to the bottom face after the 3rd drop without making an opening, and
(e) circular shape of failure with flexural cracks.

3.1.5. The C8H5 Specimen

As shown in Figure 7a—e, on the first drop, the penetration was nearly 4 mm, with
a diameter of 90 mm and with micro-cracks appearing on the slab’s upper face. For the
second drop, the penetration was 20 mm, with a diameter of 10 mm and damage to the
slab’s corner. Circular cracks and concrete swelling were observed on the lower side of the
slab. The third drop did not cause full penetration or an opening, and small concrete pieces
spilled from the slab’s bottom side. Scattered pieces of concrete with circular and partial
longitudinal and micro-cracks and no bending in the reinforcement bars were observed.
The shape of the failure was circular, with a diameter of 660 mm, as demonstrated in
Figure 7e.
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(c) (d)

Figure 7. Specimen C8H5: (a) penetration of 4 mm with diameter of 90 mm on 1st drop, (b) penetration
of 20 mm with diameter of 100 mm on 2nd drop, (¢) damage to the slab corner, (d) damage to the
bottom face after the 3rd drop without making an opening, and (e) circular shape of failure.

3.1.6. The R2 Specimen

The top face of the R2 specimen is shown in Figure 8a after the first and second drops.
On the first drop, the penetration was 50 mm with a diameter of 150 mm and with no
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micro-cracks appearing on the slab’s upper face. On the second drop, full penetration
with a hole diameter of 200 mm occurred, generating scattered pieces of concrete with
micro-cracks and a small amount of bending in the reinforcement bars. The shape of the
failure was circular with a diameter of 470 mm, as shown in Figure 8a.

AL W R

- L

Figure 8. Specimen R2: (a) penetration with diameter of 150 mm on 1st drop, (b) full penetration of
bottom face after the 2nd drop, and (c) circular shape of failure.

3.1.7. The S6H7 Specimen

As shown in Figure 9b, on the first drop, the penetration was 30 mm, with a diameter
of 100 mm and with diagonal cracks and micro-cracks appearing on the slab’s upper face.
Circular cracks and concrete swelling on the lower side of the slab were observed. For
the second drop, the penetration was 60 mm, with a diameter of 150 mm and with more
circular cracks and concrete swelling on the lower side of the slab. Also, scattered pieces
of concrete (only from the NC layer) with no penetration opening and a small amount of
bending in the reinforcement bars were noted. The second drop caused severe damage
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to the slab’s corner. The shape of the failure was circular with a diameter of 460 mm, as
shown in Figure 9b.

Figure 9. Specimen S6H7: (a) penetration of 30 mm with diameter of 100 mm on 1st drop, (b) bottom
face damage without opening after the 2nd drop, (c) severe damage at one of the corners after the
2nd drop, and (d) circular shape of failure.

3.1.8. The S8H7 Specimen

The top face of the SSH7 specimen is shown in Figure 10c after each drop. On the first
drop, the penetration was 50 mm with a diameter of 140 mm and without any diagonal or
micro-cracks appearing on the slab’s upper face. Circular cracks and concrete swelling on
the lower side of the slab were noted. For the second drop, the penetration was 80 mm with
a diameter of 180 mm. More circular cracks and concrete swelling on the lower side of the
slab were noted. Scattered pieces of concrete (only from the NC layer) with no penetration
opening and minimal bending in the reinforcement bars were also noted. The shape of the
failure was circular with a diameter of 460 mm, as shown in Figure 10c.
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(d)

Figure 10. Specimen S8H7: (a) penetration of 5 cm with diameter of 14 cm on 1st drop, (b) penetration
of 8 cm with diameter of 18 cm on 2nd drop, (c) bottom face damage without opening after the 2nd
drop, and (d) circular shape of failure.

3.1.9. The C6H7 Specimen

As shown in Figure 11d, on the first drop, the penetration was 4 cm with a diameter
of 12 cm and with micro-cracks appearing on the slab’s upper face. Circular cracks and
concrete swelling on the lower side of the slab were noted. The second drop caused severe
damage to the slab that did not happen to any other slab. Full penetration with cracks and
micro-cracks on the bottom and upper side of the slabs with a huge falling concrete piece
and cutting-in the reinforcement bars occurred due to using the minimum reinforcement
ratio. The shape of the failure was square with dimensions of (600 x 600) mm, as shown in
Figure 11d.
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Figure 11. Specimen C6H?7: (a) penetration of 40 mm with diameter of 120 mm on 1st drop, (b) severe
damage after 2nd drop, (c) cutting-in of reinforcement bars after 2nd drop, and (d) square shape
of failure.

3.1.10. The C8HY7 Specimen

The top face of the SSH7 specimen is shown in Figure 12c after each drop. After the
first drop, the penetration was 15 mm, with a diameter of 90 mm, without micro-cracks
appearing on the upper face, and with concrete swelling and circular micro-cracks on the
lower side of the slab. The second drop penetrated through 25 mm of 110 mm. On the third
drop, the penetration was 40 mm with a 130 mm diameter. After this drop, micro-cracks
became visible on the upper face of the slab. The lower side was damaged without an
opening; also, the shape of the failure was a half-circle with a diameter of 250 mm, as
demonstrated in Figure 12e.
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(c) | , \ S __(d)

(e)

Figure 12. Specimen C8HY: (a) concrete swelling of bottom face after the 1st drop, (b) penetration of
25 mm with diameter of 110 mm on 2nd drop, (c) penetration of 40 mm with diameter of 130 mm on
3rd drop, (d) bottom face damage without opening after the 3rd drop, and (e) half-circle shape of
failure on bottom face after the 3rd drop.
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3.2. Deformation Behavior

The value of the displacement is higher with an increased number of drops until
failure occurs, as shown in Figure 13 for each group’s results at the center (LVDT1) and
300 mm from the center (LVDT?2) for the last drop at failure. Figure 14 presents a comparison
between the specimens in group one and two; the comparison for group one did not include
the control specimen because it failed before the other specimens (instead of looking to
Figure 14, it is better to give the maximum deflection readings from LVDT1 and 2 for each
drop). The ultimate deformation at the center LVDT of the R1 specimen was 43 mm at
failure on the second drop, while it was 34 and 30 mm for the S6H5 and S8H5 speciments,
respectively, for the same drop, which clearly shows enhancement of the resistance by
using the RPC layer; RPC’s higher durability, ductility, and toughness made it an effective
absorbing layer for impact loading [64]. Furthermore, it made the specimens endure a
third drop that the NC-only specimens did not endure, and the ultimate deformation for
those two slabs was 47.50 and 43.50 mm for the S6H5 and S8H5 specimens, respectively,
on the third drop at failure. Deviation in the deformation readings was mainly attributed
to the number of reinforcement bars and the RPC layer in the compressive zone. Abbas
et al. [66] observed similar behavior when conducting an experimental investigation on the
reinforcement bar spacing in concrete slabs subjected to projectile impacts. The ultimate
deformation at the center LVDT of the C6H5 and C8HS5 specimens was 33.50 and 29 mm,
respectively, on the third drop at failure, which shows that using CFRP is substantially
more influential in reducing the impact damage compared to steel reinforcement slabs
with and without an RPC layer. This finding is in agreement with the findings of previous
studies. CFRP rebar have been found to possess a higher strength-to-weight ratio and
tensile strength than steel rebar, and they are also capable of resisting more shear forces
than steel rebars, which necessitates the replacement of steel rebars with additional shear
rebars in order to improve their punching resistance [67,68]. Comparison of the number of
bars of the same type demonstrates a decrease in deflection at the mid-span for steel and
CFRP. In the second group, the deformation readings increased due to the increase in the
projectile drop height to 7 m, where the ultimate deflection reading for the R2 specimen
was 64 mm on the second drop at failure, and it decreased for S6H7, S8H7, C6H7, and
C8H?7, which registered 53, 50, 43, and 41 mm, respectively, seeing that C8H7 did not fail on
the second drop along with the other specimens and endured a third drop, which recorded
a 51 mm deflection.
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Group 1 slabs—center deflection at failure.

Group 1 slabs—deflection at 300 mm from center at failure.

Figure 13. Cont.
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Figure 14. Comparing deflection readings of LVDT1 and 2 for groups one and two.
3.3. The Reinforcement Strain

Every specimen had a strain gauge attached to its reinforcement rebar to study the
reinforcement strain—time history for the slab bars. The value of the reinforcement strain
increased with an increase in the number of drops until failure occurred, as shown in the
comparison of the specimen reinforcement strain results at failure in Figures 15 and 16.
Figure 17 presents a comparison between the specimens in groups one and two; the
comparison of group one did not include the control specimen because it failed before the
other specimens. Also, the comparison of the second group included the CFRP specimen
C8HY7, which failed one drop after the other specimens, so we took its second drop result
for comparison. The lag between the arrival time of the strain waves at the front point
and the back point of the column in the figures below is caused by the difference in the
magnitude of the compressive strain and the difference in the slab reinforcements and
concrete mixtures, which can be noticed by comparing all the hybrid slabs with the NC
slabs. By comparing the strain gauge results for the steel reinforcements, with calculation
of the steel reinforcement yield strain and the ultimate yield strain from Hooke’s law, it was
determined that the values were equal to 0.0037 and 0.01 mm/mm [20]. This demonstrates
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that only the R1, R2, and S6H7 specimens exhibit plastic behavior without exceeding the
ultimate strain. Visual observation of the tested specimens showed that all the steel rebars
illustrated bending in the damaged area under the penetration zone. At the same time,
the CFRP rebars did not exhibit bending or cuts, with only one exception, specimen C6H?7,
which showed a cut in the CFRP rebars. The strain gauge findings for the CFRP bars
indicated that all the specimens had elastic behavior, suggesting that the superior tensile
strength qualities of the CFRP bars were not completely exploited. When the compressive
strength of the concrete remains constant, increasing the CFRP reinforcement ratio results in
a decrease in the strain level of the CFRP bars and a decrease in the utilization rate of their
tensile qualities. Due to the absence of yield points like those found in standard steel bars,
CFRP bars do not undergo any yielding and instead sustain damage directly [69]. Through
visual examination, it is evident that the bond performance between steel and concrete
is superior, indicating a greater level of cooperative efficiency between the two materials.
These two factors explain the decreased stress level of the CFRP.
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Figure 15. Specimen reinforcement strain result comparison at failure for group one.
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Figure 16. Specimen reinforcement strain result comparison at failure for group two.
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Figure 17. Strain comparison of reinforcements between specimens in groups one and two at failure.

3.4. Strain of Concrete

The concrete strain data results were obtained by placing strain gauges on the lower
sides of the slabs near the center. The concrete strain values are very similar on the first
drop; from then on, according to the number of drops, we see diverse results because they
depend on the cracks created and their position after each strike, as shown in Figure 18, a
specimen concrete strain result comparison at failure for group one, and Figure 19, that
for group two. Figures 20 and 21 present a comparison between the specimens in groups
one and two; the comparison of group one did not include the control specimen because it
failed before the other specimens. Also, the comparison of the second group included the
specimen C8H?7, which failed one drop after the other specimens, so we took its second
drop result for comparison. Comparison of the specimens’ concrete strain curves exhibits
a significant amount of variation and differences in the strain values because the strain
values are dependent on the cracks that are created and their position after each strike and
the concrete’s compressive strength.
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Figure 19. Specimen concrete strain results for the last drop at failure for group two.

The resulting concrete strain—time history for the first group shows that the RPC as a
top layer made a significant improvement to the slab because the slab with 100% NC could
not endure the third drop; on the other hand, the slabs with RPC sustained a third drop,
meaning that using hybrid layer concrete increases impact energy absorption.
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Figure 21. Impact behaviors of specimens in the 1st group on consequent drops.

3.5. Impact Load

Impact force-time histories were recorded by four load cells (with a 500 kN capacity).
A load cell was placed at each corner below the slabs, and when a mass was dropped on
the specimen, the impact load was recorded, and this process was repeated until failure.

None of the specimens failed upon the first drop, so the number of strikes was
increased until failure occurred in all specimens. The specimens in the first group failed
after the third drop, except the control specimen, which failed after the second, and all
the specimens in the second group failed after the second drop. After the first drop, the
impact force was very similar in all the specimens, as shown in Figure 21 for each specimen
in the 1st group and Figure 22 for each specimen in the 2nd group. Figure 23 presents a
comparison between the specimens in group one and group two. Taking into consideration
that the C8H7 specimen failed one drop after the other specimens in group two, its second
drop results are compared. The adoption of a low percentage of reinforcement was to
clearly demonstrate the failure and provide the hybrid concrete with an opportunity to
show its performance under impact loads. Moreover, where the percentage of reinforcement
increases with the strength of the hybrid concrete used in this experimental work, this will
lead to an increase in the number of impacts required to reach failure. Therefore, it can be
concluded that the utilization of RPC is superior in withstanding impact loads compared to
NC. Correspondingly, RPC helped us attain enhanced uniformity, excellent manipulability,
strong compression, an improved microscopic structure, and high workability. Previous
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research has demonstrated that RPC is more susceptible to damage compared to NC, and
this is consistent with the current study [70].
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Figure 22. Impact load behavior of specimens in the 2nd group on consequent drops.
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4. Conclusions

Using layered concrete decreased the deflection at failure by an average of 12, 12.7,
14, and 16.2% for S6H5 and S6H7, SSH5 and S8H7, C6H5 and C6H7, and C8H5 and C8H?7,
respectively, compared to the control specimens R1 and R2. The third drop points to a
huge enhancement because the control specimen did not endure the third drop; on the
other hand, the slabs with RPC sustained a third drop with nearly the same percentages
mentioned above. Using CERP bars had a significant effect on deflection; it decreased the
deflection at failure by an average of 10% compared to the slabs with steel bars. Increasing
the reinforcement ratio of steel and CFRP decreased the deflection at failure by an average of
10.8 and 11.2% respectively. Improving the value of deflection is considered a fundamental
player in preserving lives, as it increases the survival rate when the structure is exposed to
impact loading.

1. Layered concrete helped decrease the strain in the reinforcement at failure by an
average of 15.3, 20.5, 19.2, and 25.5% for S6H5, SSH5, C6H5, and C8HS5, respectively,
compared to R1, and that large difference in the percentage is because R1 failed after
the second drop. Meanwhile, decreases of 3.8, 16.3, 8.4, and 27.3% were seen for S6H?7,
S8H7, C6H7, and C8H?7, respectively, compared to R2, and that large difference in the
percentage is because C8H7 sustained and endured a third drop. Using CFRP bars
had a significant effect on strain; it decreased the strain at failure by an average of
5.5% compared to the slabs with steel bars. Increasing the reinforcement ratio of steel
and CFRP decreased the strain at failure by an average of 7.2 and 16.9%, respectively.

2. Layered concrete helped decrease the strain in the concrete at failure by an average of
45.6,34.3, 39, and 29.6% for S6H5, S8H5, C6H5, and C8HS5, respectively, compared to
R1, and that large difference in the percentage is because R1 failed after the second
drop. Meanwhile, 9.2, 7.2, 5.7, and 35.8% decreases were recorded for S6H7, SSH7,
C6H7, and C8HY7, respectively, compared to R2, and that large difference in the
percentage is because C8H7 sustained and endured a third drop, as well as because it
depends on the cracks created and the position after each strike. Using CFRP bars had
an important effect on the strain in the concrete; it decreased the strain at failure by an
average of 5.5% compared to the slabs with steel bars. Increasing the reinforcement
ratio of steel and CFRP had a variable outcome for each drop, but in general, the
average decrease was 4.6 and 13.1%, respectively.

3. The RPC as a top layer helped to increase the specimens’ resistance by increasing the
maximum impact load results at failure by an average of 40, 41.6, 42.1, and 44.5% for
S6HS5, S8H5, C6HS5, and C8HS5, respectively, compared to R1 and by 15.2,22.5,19.8,
and 91.1% for S6H7, S8H7, C6H7, and C8H?, respectively, compared to R2, for the
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same reason mentioned earlier. Using CFRP bars increased the maximum impact
load at failure by an average of 19% compared to the slabs with steel bars. Increasing
the reinforcement ratio of steel and CFRP had a variable outcome for each drop, but
in general, the average decrease was 11.6 and 36.2%, respectively. This issue can be
explained by the increase in the cumulative strain values in the reinforcements, which
led to an increase in the slabs’ resistance to impact loading.

4.  C8HY presented the best impact and deformation resistance results by far because it
was the only slab that could endure and sustain a third drop and presented advanced
results in all aspects during testing. These parameters can be further studied and
improved for use in structures that are exposed to impact loading.
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List of Notations

Ap Cross-sectional area of CFRP strap
B Side length of flat solid slab

Ec Concrete’s Young’s modulus

Ep CFRP strap Young’s modulus

Es Steel’s Young’s modulus

fC' Concrete (cylinder)’s compressive strength
fep Concrete’s tensile strength

fr Modulus of rupture

h Slab thickness

%] Bar diameter

RPC Reactive powder concrete

NC Normal concrete

RC Reinforced concrete

FRP Fiber-reinforced polymer

BFRP  Basalt-Fiber-Reinforced Polymer

CFRP  Carbon-fiber-reinforced polymer

ACI American Concrete Institute

ASTM  American Society for Testing and Materials
LVDT  Linear Variable Differential Transformer
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