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In this research work, different combinations of normal strength concrete
(NSC), ultra-high-performance concrete (UHPC), and steel fiber-reinforced
UHPC (SFR-UHPC) concrete with re-bars of conventional steel and of
carbon fiber-reinforced polymer (C-FRP) are used in a two-way square slab
of size 1000mm x 1000mm x 75mm subjected to 2500 mm free-fall impact
loading. Experimental arrangement consisting of 105 kg dropping weight with
the circular flat impacting face of 40 mm diameter used for carrying out impact
test is modeled using a high-fidelity physics-based finite element computer
code, ABAQUS/Explicit-v.6.15. After validating the experimental results of the
NSC slab with steel bars, analyses are extended by replacing NSC and steel bars
with UHPC/SFR-UHPC and C-FRP bars, respectively, under the same dropping
weight. Only the remote face (tension face) of the slabs is provided with the re-
bars. Widely employed and available with the ABAQUS, the Concrete Damage
Plasticity model with strain-rate effects has been entrusted for simulating the
concrete plastic response. Re-bars of steel are idealized with the Johnson-
Cook plasticity damage model. C-FRP re-bars are defined with the classical
plasticity model following the elastic-plastic constitutive laws. The impact
responses of the slabs consisting of NSC/UHPC/SFR-UHPC concrete with
re-bars of steel, and C-FRP combinations considered are discussed and
compared. Slabs made of UHPC/SFR-UHPC concrete with the C-FRP re-
bars are found to offer a promising combination of materials to withstand
low-velocity impact load with little damage and extraordinary impact
performance.
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Introduction

Impulsive loadings on reinforced concrete structures are
found to be commonly acting from projectile generated by
tornados, blasts, accidental explosions, earthquakes, sea waves,
and crashing of aircraft/helicopters (Yilmaz et al., 2018). Such
loadings have a high magnitude and act over a small duration
thereby causing a high strain rate in the materials. Impact loads
particularly generated from rolling boulders by landslips, wind,
or ground vibrations produced by heavy machines/earthquakes
act on certain elements of a structure (Yilmaz et al., 2018). In
comparison to quasi-static gravity/lateral loads, these loads are
more detrimental to cause severe structural damage by
developing strain rate in the materials along with the inertia
effect. Current design standards do not have the provisions for
impact loading on structures (Yilmaz et al., 2018). Rather the
effect
specifications

of impulsive loading is considered with richer

of the
specifications for minimum impact load are not available. It is

material’s  strength.  However,
because of a lack of comprehensive understanding of structural
response under impact loading. With the advent of UHPC, SFR-
UHPC, and very high strength reinforcing bars made of C-FRP,
these materials should be used to excel the impact response and
damage resistance of the structural elements and control the
disproportionate or catastrophic failures of the structure (Ruano
et al,, 2015; Hu et al.,, 2021).

RC slabs are thin plates and their thickness is governed by the
limit state of serviceability-deflection criterion (Anas and Alam,
2022a; Anas et al., 2022a; Anas et al., 2022b; Anas et al., 2022¢).
More often they are singly reinforced with much less
than  their of
irrespective of their use in interior or exterior portions of the
building structures (Anas and Alam, 2022a; Anas et al.,, 2022a;
Anas et al., 2022b; Anas et al., 2022c¢).

Response of the structural elements such as RC slabs under

reinforcement limiting ~ percentage steel

impact loading depends upon a number of parameters like
geometry, boundary conditions, the strength of concrete and
reinforcing material, percentage and orientation of the
reinforcements, and nature of impact loading (low, moderate,
and high-velocity) (Abbas et al, 2004; Zineddin and
Krauthammer, 2007; Chen and May, 2009; Fareed, 2018; Anas
et al.,, 2022a). The RC slabs being thin structural elements are
susceptible to flexure and two-way shearing modes of failure and
get damaged through phenomena of perforation/penetration and
scabbing under projectile as well as drop-weight impacts (Abbas
et al., 2004; Zineddin and Krauthammer, 2007; Chen and May,
2009; Fareed, 2018; Anas et al., 2022a). The most frequent impact
situations in civil engineering are low-velocity, high-mass loads
with speeds up to 10 m/sec. Transportation structures exposed to
vehicle crashes, massive drop weights, airport runway platforms
during aircraft landing, and offshore structures exposed to ice
and/or ship impact were some examples of typical low-velocity
impact scenarios. Also connected to low-velocity impact is
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impulsive loading brought on by natural disasters like
earthquakes, landslides, and tornadoes.

To the
phenomenon and response of RC slabs, a large number of

comprehensively — understand load-carrying
experiments is required to be performed on slabs under
impact loading which needs well organized strong laboratory
setup equipped with sensors/transducers, gauges, data logger,
and highly skilled technical support other than the requirement
of the materials involving huge financial support (Abbas et al.,
2004; Zineddin and Krauthammer, 2007; Chen and May, 2009;
Fareed, 2018; Anas et al., 2022a). However, the finite-element
method based numerical approach having conducted a few
experiments only is being popularly followed by researchers
(Chen and May, 2009; Anas et al., 2022a).

Striking of the rolling boulders from the top of the hills due to
high-velocity wind, heavy rainfall, shelling from across the
border, and seismic movement of the ground, on to the slabs
of the nearby structures is quite common (Anas and Alam, 2022a;
Anas et al., 2022a; Anas et al.,, 2022b; Anas et al., 2022¢c). Such
incidents are more frequent in hilly terrain regions in close
proximity to the rivers or water bodies having poor geological
conditions/media (Anas and Alam, 2022a; Anas et al.,, 2022a;
Anas et al., 2022b; Anas et al., 2022c¢).

Concrete floors of a building quite often suffer from damage
caused by the impact of falling rigid objects, explosion-induced
flying debris, and vehicle accidents (Anas and Alam, 2022a; Anas
et al.,, 2022a; Anas et al., 2022b; Anas et al., 2022¢). Collapsing
load of a floor under gravity may develop a large transient
dynamic load on the lower slab. Also, the failure of a slab due
to an explosion on it may cause a high-velocity impact on the
lower slab.

A good number of studies have been done by the researchers
in past years to examine the low- and high-velocity impact
performance of RC slabs (Kojima, 1991; Kishi et al., 1997;
Abbas et al., 2004; Zineddin and Krauthammer, 2007; Chen
and May, 2009; Saatci and Vecchio, 2009; Kishi et al., 2011;
Elavenil and Knight, 2012; Mokhatar and Abdullah, 2012;
Erdem, 2014; Kuhn and Curbach, 2015; Sudarsana et al.,
2015; Othman and Marzouk, 2016; Erdem and Giiciiyen,
2017; Shaheen et al., 2017; Fareed, 2018; Sadraie et al., 2019;
Erdem, 2021; Anas and Alam, 2022a; Anas et al., 2022a; Anas
et al., 2022b; Anas et al,, 2022c). Apart from this, parametric
studies considering thickness of slab (Anas et al., 2022b), strength
of concrete (Sudarsana et al., 2015), percentage of steel (Othman
and Marzouk, 2016; Shaheen et al., 2017; Sadraie et al., 2019),
shear reinforcement (Othman and Marzouk, 2016; Shaheen et al.,
2017; Sadraie et al., 2019), reinforcement orientation (Othman
and Marzouk, 2016; Shaheen et al., 2017; Sadraie et al., 2019),
impact velocity (Othman and Marzouk, 2016; Shaheen et al.,
2017; Sadraie et al., 2019), drop-mass (Othman and Marzouk,
2016; Shaheen et al., 2017; Sadraie et al., 2019), drop-height
(Othman and Marzouk, 2016; Shaheen et al., 2017; Sadraie et al.,
2019), impactor geometry (Othman and Marzouk, 2016;
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Shaheen et al., 2017; Sadraie et al., 2019), and opening in the slab
(Othman and Marzouk, 2016; Shaheen et al., 2017; Sadraie et al.,
2019). Miyamoto et al. (1991a); Miyamoto et al. (1991b), in an
experimental study, found that shear mechanisms dominate the
response of RC slabs under impact loading and the failure load is
greatly associated with the rate of loading. A failure envelope was
also developed based on the load-deflection response of RC slabs
under impact. It was also observed that increasing the rate of
loading caused a failure mode change from flexure-shear to two-
way shearing. When compared to the elements’ equivalent quasi-
static reaction, Saito et al. (1995) similarly observed an increase in
the failure load of various RC structural components exposed to
high-velocity impact. The deformation and damage mode
changed as well. Delhomme et al. (2007) performed drop-
weight experiments on RC slabs and discovered that bending
failure occurs during the very first stage of impact, when the
impactor makes contact with the slab. This results in an increase
in slab stiffness that is equivalent to the impact noted by Hughes
and Beeby (1982) and Cotsovos and Pavlovi (2008); Cotsovos
(2010). In order to better understand the impact response of RC
slabs, several approaches such as single-degree-of-freedom
system, energy conservation models, and artificial neural
networks have been utilized by a number of researchers (Zhao
et al., 2010; Stochino and Carta, 2014; Pham and Hao, 2016;
Pham and Hao, 2018). However, the load-carrying mechanism of
the slab under impact is not yet well understood.

Fiber-reinforced concrete is increasingly being utilized in
construction for its enormous strength, hardness, good energy
absorption capacity, cracking resistance, durability, excellent
ductility and it also imparts high stiffness to the structure.
The use of fibers greatly enhances the tensile, fatigue, flexural,
and shear strengths of the concrete (Gao et al., 1997; Zollo, 1997;
Song and Hwang, 2004). Furthermore, the addition of fibers to
concrete lessens brittleness and changes the mode of damage
(Gao et al.,, 1997; Zollo, 1997; Song and Hwang, 2004).

Grdh and Laine (1999), in a FEM-based study using LS-
DYNA, simulated the projectile impact effect on an FRC slab
subjected to free-fall load with an impact velocity of 1500 m/s.
Subsequently, Huang et al. (2005) performed a computational
analysis in LS-DYNA code to study the bullet penetration effect
on the RC slab, 610 mm x 610 mm x 178 mm. The crater sizes on
the impacting and remote faces of the slab as well as residual
velocities were computed, and the effect of steel bar mesh on the
concrete slab perforation was investigated. Tham (2006) in
AUTODYN code estimated the penetration depth and stress
response of concrete slab subjected to impact loading. Rao et al.
(2010), in an experimental study, investigated the effect of fiber
volume (8%, 10%, and 12%) and reinforcement on the impact
resistance of 600 mm x 600 mm x 50 mm two-way SIFCON slab,
and compared its performance with FRC, RC, and PCC slabs
under the identical impact load. It was reported that the SIFCON
slab with conventional steel bar mesh showed higher energy
absorption capacity than the other slabs, and the energy
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absorption capacity significantly increases with the increase of
fiber volume. Song et al. (2004) found that steel FRC concrete
outperformed non-fibrous concrete in static impact resistance
tests. Ramakrishna and Sundararajan (2005) exposed cement
mortar slabs to impact loading after reinforcing them with four
different types of natural fibers: (1) coir, (2) sisal, (3) jute, and (4)
Hibiscus cannabinus. The results demonstrate that adding fibers
enhances impact resistance by 4-15 times that of the plain slab
without fibers, and coir fiber outperforms the other four fibers.
Teng et al.( 2004) established a finite element analysis based
methodology for evaluating the impact response of RC slabs.
Dancygier et al. (2007) investigated the behavior of high-strength
concrete plates to non-deforming bullet impact. Lee et al. (2003)
used the Impact-Echo technique to determine the concrete
velocity-strength relation.

Numerous studies (Yon et al., 1992; Malvar and Ross, 1998;
Lambert and Allen Ross, 2000; Grote et al., 2001; Li and Meng,
2003; Weerheijm and Van Doormaal, 2007; Kumar et al., 2022;
Srivastava et al., 2022) have found that the pace of loading
improves concrete’s tensile and compressive strengths.
Cotsovos and Pavlovi (2008) provide an in-depth analysis of
experimental studies pertaining to the enhancement of concrete
strength with loading rate. The effect of strain rate on the
strengths and modulus of concrete can be estimated as per fib
Model Codes 1990 and 2010 (International Federation for
Structural Concrete, 20102010). It is important to take into
account how steel is affected by loading rate (Safaei, 2020;
Shi-ju et al.,, 2020; Yi et al.,, 2020; Chen et al., 2021; Li et al,
2021; Safaei, 2021; Safaei and Nuhu, 2022). The research that is
currently available (Campbell, 1953; Mainstone, 1975) shown
that steel’s yield strength increases with the rate of loading. The
model by Malvar and Crawford (1998) offers empirical
relationships that show that steel’s yield strength increases
with loading rate.

Resilience is the latent requirement of the structure against
possible extreme loadings for safety and longevity against
damage (Anas and Alam, 2022a; Anas et al., 2022a; Anas
et al., 2022b; Anas et al., 2022¢). Therefore, it necessitates to
assess the response of the structure under such loadings to
improve structure design philosophy (Anas and Alam, 2022a;
Anas et al, 2022a; Anas et al, 2022b; Anas et al, 2022c).
Understanding of the structure behavior subjected to impact
loading is still in its infancy, nonetheless, development in this
area is spurred by a wide range of engineering applications such
as vehicular collisions with structures, aircraft crash loading on
structures, the impact of projectiles, and impact of falling
boulder/rock, etc.

The research work presented herein is divided into five main
sections: section one discusses the background, review of the
latest literature, and research significance; section two will discuss
the description of the problem, the novelty of the work, and the
methodology used; section three discusses on finite element
modeling and validation of the RC slab subjected to low-
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(Unit: mm)

RC slab

Beam support

Reinforcement
steel bars

3-D numerical model

FE model

FIGURE 1

170

Details of impactor

Impacting test setup model, (A) 3-D numerical model (B) FE model (C) Details of impactor.

TABLE 1 Nomenclature of the slabs.

Slab ID Concrete type

*r/f type

and material

S-NSC-Steel8 NSC Steel re-bar
S-UHPC-Steel8 UHPC Steel re-bar
S-SFRUHPC-Steel8 SFRUHPC Steel re-bar
S-NSC-CFRP4.66 NSC C-FRP re-bar
S-NSC-CFRP8 NSC C-FRP re-bar
S-UHPC-CFRP8 UHPC C-FRP re-bar
S-SFRUHPC-CFRP8 SFRUHPC C-FRP re-bar

*r/f = reinforcement.

velocity impact load; the fourth section deals with the discussion
of the computational results in terms of peak displacement,
principal stresses, peak acceleration, and damage profiles; and
the last section highlights the major outcomes and practical
application of the study.

Frontiers in Materials

Re-bar diameter Tension r/f f. (MPa)
(mm) (%)

8.0 0.88 29.70

8.0 0.88 99.50

8.0 0.88 149.50
4.66 0.50 29.70

8.0 0.88 29.70

8.0 0.88 99.50

8.0 0.88 149.50

Problem statement and methodology
used

A 105 kg steel weight was dropped onto the centroid of a
reinforced concrete slab, 1,000 mm x 1,000 mm x 75 mm, at a

04 frontiersin.org
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FIGURE 2
Details of reinforcement of the control model "S-NSC-Steel8", adapted from (Sadraie et al, 2019; Anas et al., 2022a; Anas et al., 2022b).

(9]
-

A

S-NSC-Steel8 (control model) S-UHPC-Steel8 S-SFRUHPC-Steel8

D A

| sSLABID | : | S-NsSC-Steels |

Re-bar
Slab+—— diameter (mm)
z‘l‘x Concrete type Reinforcement
material

S-NSC-CFRP4.66

S-NSC-CFRPS8 S-UHPC-CFRP8 S-SFRUHPC-CFRP8
*Note: NSC: normal strength concrete; UHPC: ultra-high-performance concrete; SFR-UHPC: steel fib inforced ultra-high-perf te; CFRP: carbon fiber-reinforced
polymer
FIGURE 3

Slab models developed in ABAQUS explicit code. (A) S-NSC-Steel8 (control model). (B) S-UHPC-Steel8. (C) S-SFRUHPC-Steel8. (D) S-NSC-
CFRP4.66. (E) S-NSC-CFRP8. (F) S-UHPC-CFRP8. (G) S-SFRUHPC-CFRP8.
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(b)
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FIGURE 4

10-mm mesh

()

(d) Experimental slab
(Sadraie et al., 2019)

Comparison of damage profiles of numerical and experimental RC slabs

(*Unit: mm)

Comparison of computational results with Sadraie et al. (Sadraie et al., 2019) experimental observations for control slab model “S-NSC-Steel8".
(A) Comparison of displacement-time history plots for various element sizes of RC slab under drop-weight impact. (B) Comparison of damage

profiles of numerical and experimental RC slabs.

height of 2,500 mm by Sadraie et al. (Anas and Alam, 2022a;
Anas et al., 2022a; Anas et al., 2022b; Anas et al., 2022c¢) as part of
an experiment to determine how concrete would react in terms of
damage. The experiment involved casting and testing 15 slabs, of
which 2 were made of plain concrete, five had traditional steel
reinforcement with different ratios, six had G-FRP bars mesh
reinforcement, and 2 were 100 mm thick and had steel bar mesh
only. Increases in the steel ratio or slab thickness, together with
the performance of the G-FRP-reinforced slab above the steel-
reinforced slab, were observed to increase the impact resistance
of the slab.

Understanding the behaviour of RC components under
impact load is particularly important for both the designing
phases as well as any retrofitting opportunities later on in order to
avoid disastrous implications of potential low-velocity impact
The
investigation that focuses on the application of ultra-high-
performance concretes (UHPC and SFR-UHPC) and high

occurrences. current study emphasizes numerical
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strength C-FRP tension reinforcement in slabs under free-fall
impact loading.

Ultra-high-performance concrete (UHPC) is finding its
application gradually increased for strengthening/retrofitting
and construction of certain structural elements because of its
superior characteristics with respect to strength, durability,
toughness, cracking resistance, etc. Other reinforcing materials
than conventional steel such as fiber-reinforced polymer are also
not uncommon and need to be combined with UHPC to make
CFRP-reinforced UHPC components like slabs to withstand low-
velocity impact loads. Available Codes of Practice give no
mention of such high-performance materials to design the
slabs under impact loading. Investigations on the application
of high-performance materials in the slabs to safely carry the
impact load are of considerable interest.

Different approaches for investigating the response of RC
slabs under impact loading conditions draw interest from many
researchers (Anas et al., 2021a; Anas et al.,, 2022a). The most
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Displacement time plots of the slabs.
TABLE 2 Computational results.
Slab No. Slab ID ay [*g] Ay [mm] Max™. DDE [J]
Slab Re-bars

S-1 S-NSC-Steel8 294.73 -27.31 —22.68 190.98
S-2 S-UHPC-Steel8 395.15 (—34) —4.54 (83) —4.12 (82) 92.77 (51)
S-3 S-SFRUHPC-Steel8$ 426.55 (—45) —2.04 (93) ~1.86 (92) 62.15 (67)
S-4 S-NSC-CFRP4.66 245.70 (17) —-39.68 (-45) —-36.25 (—60) 203.86 (-7)
S-5 S-NSC-CFRP8 282.13 (4) -24.89 (9) —-22.73 (-0.5) 173.21 (9)
S-6 S-UHPC-CFRP8 366.03 (-24) —-4.05 (85) —-3.68 (84) 87.11 (54)
S-7 S-SFRUHPC-CFRP8 388.92 (-32) -1.80 (94) —1.64 (93) 54.94 (71)

*Note: Entries in parenthesis are percentage decrease in displacement/DDE with respect to control model (S-NSC-Steel8); *g = acceleration due to gravity (9.81 m/s); a, = peak vertical

acceleration; A, = peak vertical displacement; DDE = damage dissipation energy.

common numerical technique, Finite Element Method (FEM), is
employed by many researchers to analyze structures under
various types of dynamic loading conditions such as blast,
the FEM
performed by researchers are presented herein.

impact, and wind. Therefore, investigations

Finite element modeling of RC slabs
under free-fall impact

ABAQUS/Explicit, a computer program, is used to carry out
computational analysis utilising the FEM approach (ABAQUS,
2020). ABAQUS/Explicit is a finite element analysis product that
is particularly well-suited to simulate brief transient dynamic
events such as consumer electronics drop testing, automotive
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crashworthiness, and ballistic impact (Safaei, 2020; Shi-ju et al.,
2020; Yi et al., 2020; Chen et al., 2021; Li et al., 2021; Safaei, 2021;
Anas and Alam, 2022a; Anas et al., 2022a; Anas et al., 2022b;
Anas et al., 2022¢; Safaei and Nuhu, 2022). In order to mimic the
impact experiments performed by Sadraie et al. [23], a three
dimensional model consisting of an RC slab, a steel impactor,
supporting beams, and columns is first created (Figure 1). The
computed outcomes are then contrasted with the test findings
that are already accessible. The verified slab model is also used in
the parametric research.

Seven FE models of RC slabs with dimensions of 1,000 mm
by 1,000 mm by 75mm are used in the numerical analyses
conducted herein, as shown in Table 1. The first model has a
slab of strength 29.70 MPa reinforced with 8 mm diameter steel
tension bar mesh of static yield strength 422 MPa at 100 mm c/c
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S-UHPC-CFRPS8

Y-displacement (mm) contour of the slabs. (A) S-NSC-Steel8 (control model). (B) S-UHPC-Steel8. (C) S-SFRUHPC-Steel8. (D) S-NSC-
CFRP4.66. (E) S-NSC-CFRP8. (F) S-UHPC-CFRP8. (G) S-SFRUHPC-CFRP8.

S-SFRUHPC-CFRP8

with 10 mm clear cover and percentage of steel 0.88%, Figures 2,
3A. This model is known as the control model, where each slab
model is exposed to an identical impact load of 1035N at the
center. The second and third slab models are having the
reinforcement and its layout of the first model but with
UHPC (99.50 MPa) and SFR-UHPC (149.50 MPa) concrete,
respectively (Figure 3B,C). The next model is of NSC slab
reinforced with the C-FRP re-bar mesh of 4.66 mm diameter
of ultimate strength 1240 MPa at 100 mm c/c, Figure 3D. This
model is made with an area of the C-FRP reinforcement
equivalent to that of the steel provided in the first model. The
fifth model is the prototype of the first model but with a
difference in that the tension steel reinforcement is replaced
by the C-FRP reinforcement of 8 mm diameter, Figure 3E. The
last two slab models namely the sixth and seventh, have been
obtained from the fifth model by replacing the NSC with UHPC
and SFR-UHPC concrete, respectively (Figures 3F,G). A 1035N
impact load is applied to the centroid of each slab model in the
same way.
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The constructed finite element model utilized in this
investigation is depicted schematically in 3-D rendered
form in Figure 1. Except for the tension reinforcements,
which are specified using 2-node beam elements (B31), the
FE model is discretized using 8-node solid elements (C3D8R)
of the explicit kind, more details of these elements are
available in (ABAQUS, 2020). The slab is supported on a
support system consisting of I-beams and columns, reported
in (Anas and Alam, 2022a; Anas et al., 2022a; Anas et al,,
2022b; Anas et al., 2022¢). The columns have their base fixed.
Default interactions in the ABAQUS code have been used to
define the contact between beams and columns and between
the impactor and the slab. Hinges have been introduced
between the common nodes of the slab and supporting
beams through connecting bolts used by Sadraie et al.
(2019) for stable boundary conditions of the slab. The
boundary conditions that are taken into account and how
they are described are the same as those in Refs [Anas and
Alam, 2022a; Anas et al., 2022a; Shaheen et al., 2017]. Under
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Principal stress (MPa) contour of the reinforcing bars (+ve values indicate tensile stress). (A) S-NSC-Steel8 (control model). (B) S-UHPC-Steel8.
(C) S-SFRUHPC-Steel8. (D) S-NSC-CFRP4.66. (E) S-NSC-CFRP8. (F) S-UHPC-CFRP8. (G) S-SFRUHPC-CFRP8.

free-fall conditions, the impactor is prevented from striking
the slab by its sole translation in the vertical direction (-Y).
Through a mesh sensitivity test, the proper element size for
the slab has been determined. From Figure 4, the peak
displacement increases with an increase in the finite
element size. The slab with 10 mm size has a peak
displacement of 27.31 mm (3% higher than experimental)
while the 20 mm FE size shows a much higher displacement
of 33.94mm (25% higher than experimental). The 15 mm
element size results in a peak displacement of 30.31 mm (11%
higher than experimental). Thus, the 10 mm element size,
with a difference of 3% in peak displacement, is deemed
reasonable to predict the response of the slab in terms of peak
displacement under the considered impact load. With
reference to Figure 4, the mode of damage caused by
punching shear, which includes the failure of the bond
between embedded steel and surrounding concrete as well
as the development of diagonal cracks and maximum
displacement, closely matches and is in perfect agreement
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with the experimental findings of Sadraie et al., 2019) using
10 mm finite elements.

Default constraint keycard in (ABAQUS, 2020) is selected to
represent a flawless connection between the steel mesh and
concrete. Applying drop-weight eliminates the possibility of
any restitution since the slab top surface is deemed to be in
close contact with the impacting instrument. Surface interaction
keyword, which is used to specify the connection between the
impacting device and the RC slab, is one of the default
interactions that connects the geometric elements of the
impacting test setup model. Defining the slab as the “slave
surface” in ABAQUS and the hitting device as the “master
surface”. References (Sadraie et al., 2019; ABAQUS, 2020;
Anas et al,, 2022a; Anas et al., 2022b) provide more details on
the keycards used. In addition, while designing the contact
surfaces, a little amount of friction with a coefficient of 0.02 is
taken into account.

Time steps or increments are important for the outcomes
since the problem is dynamic and nonlinear, reported in (Anas
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(f) S-UHPC-CFRPS8

Principal stress (MPa) contour of the concrete of the slabs: Part I. (A) S-NSC-Steel8 (control model). (B) S-UHPC-Steel8. (C) S-SFRUHPC-Steel8.
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S-SFRUHPC-CFRPS

et al., 2022a; Anas et al., 2022b). The authors have utilised an
explicit dynamic module of the software, which automatically
determines the time step/increment, to reduce the amount of
time the programmes need to execute. For this study, a step time
that is a tiny bit longer (1.0 s) than the length of free fall (0.71 s) is
taken into account.

Previous studies have demonstrated that the inertia effect, as
opposed to the strain-rate effect, has a greater positive impact on
a material’s strength properties (Kojima, 1991; Kishi et al., 1997;
Abbas et al.,, 2004; Zineddin and Krauthammer, 2007; Chen and
May, 2009; Saatci and Vecchio, 2009; Kishi et al., 2011; Elavenil
and Knight, 2012; Mokhatar and Abdullah, 2012; Erdem, 2014;
Kuhn and Curbach, 2015; Sudarsana et al., 2015; Othman and
Marzouk, 2016; Erdem and Gticiiyen, 2017; Shaheen et al., 2017;
Fareed, 2018; Sadraie et al., 2019; Erdem, 2021; Anas and Alam,
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2022a; Anas et al., 2022a; Anas et al., 2022b; Anas et al., 2022¢).
Further highlighting the effects of the inertia effect on the RC
slab’s impact resistance are references (Anas et al., 2022a; Anas
et al., 2022b). The software’s built-in explicit module is used to
take the inertia effect into consideration.

Each of the geometric components, including concrete,
steel/CFRP,  impactors,
columns, is given the sectional elastic and plastic characteristics
required in the ABAQUS code. Similar to what was stated in
(Zhao et al., 2019), C-FRP reinforcement bars have an ultimate
strength of 1240MPa, an elastic modulus of 120GPa, and an ultimate
strain of 1.07%. UHPC and SFR-UHPC concretes have static elastic
moduli of 51 GPa and 63GPa, respectively (Anas et al., 2022d). Static
tensile strengths for UHPC and SFR-UHPC concrete are 11.34 MPa
and 19.50 MPa, respectively. In Refs. (Sadraie et al., 2019; Anas et al,,

reinforcing and supporting beams/
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2022a; Anas et al., 2022b; Anas et al., 2022d), the given attributes are
further described. Numerous studies (Anas et al., 2022a; Anas et al.,
2022b; Anas et al.,, 2022d; Ahmadi et al., 2021; Anas et al., 2020a;
Anas et al., 2020b; Anas et al.,, 2020c; Anas and Ansari, 2021; Anas
et al,, 2021a; Anas et al.,, 2021b; Anas and Alam, 2021; Anas et al.,
2021¢; Anas et al., 2021d; Anas et al., 2021e; Anas et al,, 2021f; Anas
and Alam, 2022b; Anas and Alam, 2022¢; Anas et al., 2022¢; Anas
et al,, 2022f; Anas et al, 2022g; Anas et al,, 2022h; Anas et al., 2021g;
Shariq et al., 2022a; Tahzeeb et al., 2022a; Tahzeeb et al., 2022b;
Tahzeeb et al., 2022¢; Ul Ain et al., 2021; Ul Ain et al,, 2022; Anas
et al,, 2022i; Anas et al,, 2022j; Ahmadi et al,, 2022; Shariq et al,
2022b; Shariq et al., 2022¢; Shariq et al., 2022d; Anas et al., 2022k;
Anas and Alam, 2022d; Anas et al., 2022m; Anas et al., 2022n; Shariq
et al,, 2022¢; Anas et al,, 20220; Anas et al., 2022p; Shariq et al., 2022f;
Anas and Alam, 2022e; Shariq et al., 2022g; Anas et al., 2022q; Shariq
et al, 2022h; Anas et al, 2022r) employ the Concrete Damage
Plasticity (CDP) model, which takes the strain-rate effect into
account. A damage plasticity model can be used to describe the
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Principal stress (MPa) contour of the concrete of the slabs: Part II. (A) S-NSC-Steel8 (control model). (B) S-UHPC-Steel8. (C) S-SFRUHPC-
Steel8. (D) S-NSC-CFRP4.66. (E) S-NSC-CFRP8. (F) S-UHPC-CFRP8. (G) S-SFRUHPC-CFRP8.

1

S-SFRUHPC-CFRP8

mechanical behavior of concrete. The program ABAQUS was
adopted to build a damage plasticity model of concrete. This
model required definition of the material's uni-axial constitutive
relationships and the damage parameters. In order to define
concrete plasticity properties and forecast damage to the slab
under impact load, Model Code 2010 was used. The CDP model
uses tension and compression damage parameters (d; and d,
respectively), to capture any degradation in strength and stiffness.
dt and dc can take values from zero to one. Zero represents the
undamaged material state where one represents totally damaged
material with no stiffness left. There is a thorough explanation of the
CDP in Ref. (Yilmaz et al., 2018; Anas et al., 2022a; Anas et al., 2022b;
Anas et al., 2022d; Ahmadi et al., 2021; Anas et al., 2020a; Anas et al.,
2020b; Anas et al., 2020c; Anas and Ansari, 2021; Anas et al., 2021a;
Anas et al, 2021b; Anas and Alam, 2021; Anas et al,, 2021¢; Anas
et al,, 2021d; Anas et al,, 2021e; Anas et al., 2021f; Anas and Alam,
2022b; Anas and Alam, 2022c; Anas et al., 2022¢; Anas et al., 2022f;
Anas et al,, 2022g; Anas et al., 2022h; Anas et al,, 2021g; Shariq et al,,
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Damage profile of the slabs: Part I. (A) S-NSC-Steel8 (control model). (B) S-UHPC-Steel8. (C) S-SFRUHPC-Steel8. (D) S-NSC-CFRP4.66. (E)
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2022a; Tahzeeb et al., 2022a; Tahzeeb et al., 2022b; Tahzeeb et al.,
2022¢; Ul Ain et al,, 2021; Ul Ain et al,, 1007). The analysis makes use
of previous research information on NSC, UHPC, and SFR-UHPC
concrete found in References (Anas et al., 2022a; Anas et al., 2022b;
Anas et al,, 2022d). For the steel reinforcement, the Johnson-Cook
model is employed as reported in (ABAQUS, 2020), but for the
C-FRP reinforcement, the elastic-plastic constitutive law is applied.
To simulate the load transfer between cracks through the rebar, the
effects associated with the rebar-concrete interface were modeled
approximately by introducing tension stiffening into the tensile
stress-strain relationship of the concrete. The dynamic increase
factors (DIFs) utilised in References (Anas et al, 2022a; Anas
et al, 2022b) are in accordance with fib Model Code R2010
(International Federation for Structural Concrete, 20102010) and
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were used to take into account the strain rate influence on the
strength of the materials employed in the study. It is important to
note that the studies conducted in this study only take into account
the first effect of free-fall and do not account for rebound
consequences.

Results and discussion

Control slab behavior under impact load: 1) the slab has
very little movement and carries its own weight before the
drop-weight force is applied., 2) the slab reacts as a temporary
elastic tension membrane when the impacting object makes
contact with the top surface, 3) When the concrete under and
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,Less severe damage in the form
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the
reinforcing bars break, which causes the impactor to

surrounding the affected region cracks severely,
penetrate the concrete, followed by perforation, this causes
the slab’s stiffness to degrade as the cracks spread before the
reinforcement yields, 4) when the re-bars begin to give,
diagonal fractures begin to form and spread from the edge
of the affected region, 5) instantaneous movement of the slab
accelerates the creation and fast propagation of yield lines,
and 6) this loosened concrete is thrown out of the ground due
to severe cracking beneath the impacting pressure, rupturing
of the bars, and maximal displacement. A report on this slab’s
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impact resistance mechanism may be found in References
(Abbas et al., 2004; Zineddin and Krauthammer, 2007; Anas
and Alam, 2022a; Anas et al., 2022a; Anas et al., 2022b; Anas
et al., 2022¢).

Slab Y-displacement and normal stresses
Variation of Y-displacement with a time of the slabs is

represented in Figure 5. The peak Y-displacements are given
in Table 2. The displacement contours are shown in Figure 6. The
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peak displacement of the control slab S-1 is 27.31 mm at the
impacted region.

From Table 2, it is found that the peak displacement value of
slabs S-2 and S-3 made of UHPC and SFR-UHPC concrete,
respectively, with embedded steel bars of 8 mm diameter is much
lower than that of the control slab S-1 made of NSC with the steel
bars. Slab S-2 made with UHPC exhibits 83% lesser displacement
than slab S-1. The maximum displacement of slab S-3 is 93%
lower than that of slab S-1. This increase in stiffness of the slabs is
attributed to the enormous strength and modulus of the UHPC
and SFR-UHPC concretes. Severe kind of localized damage in
slab S-1 i.., perforation, cracking, and steel yielding, is not
encountered in slabs S-2 and S-3. The very high shear
strength of UHPC/SFR-UHPC concrete controls localized
shear failure and prevents penetration of the impactor into
the slab. Accordingly, the normal stress in the re-bars of slabs
S-2 and S-3 is much lesser than in the re-bars of slab S-1, Figure 7.

Computed normal stress profiles of the concrete of the slabs
are shown in Figures 8, 9. Referring to Figure 10, it is observed
that scabbing of concrete in UHPC and SFR-UHPC slabs i.e., S-2
and S-3, is on account of the flexural bond failure under the
impacted area. Moreover, this failure occurs at much higher
compressive stress of concrete (>>f.) in slabs S-2 and S-3 than in
slab S-1, Figure 8. Replacing the steel bars of slab S-1 with an
equivalent area of the C-FRP bars in slab S-4 increases the
displacement, cracking, and DDE on account of decreased
percentage of tension reinforcement. From Table 2, the
respective maximum displacement values of slabs S-5 to S-7
i.e., with C-FRP bars of 8 mm diameter are found comparable to
those of slabs S-1 to S-3 ie., with 8 mm diameter steel bars.
However, the slabs S-5 to S-7 exhibit much improved damage
resistance as compared to slabs S-1 to S-3, Table 2.

From above discussion, it is concluded that the strength of
concrete plays a bigger in reducing the displacement of the slab
than the strength of the reinforcement under the identical free-
fall impacting load.

Peak vertical acceleration

The peak acceleration of the slabs under the applied load is
given in Table 2. From the comparison of data in Table 2, it is
observed that maximum acceleration is directly related to the
stiffness of the slabs. The maximum acceleration values of slabs
made of UHPC and SFR-UHPC are greater than that of the NSC
slab because increasing the concrete strength provides more
stiffness/rigidity. The slabs S-2 and S-3 exhibit 34% and 45%
greater maximum acceleration values, respectively, compared
with the control slab S-1. On the other hand, the peak
acceleration of the NSC slab S-3 with C-FRP bars of 4.66 mm
diameter is 17% lower than that of the control model S-1 on
account of decreased percentage of reinforcement. It is worth
noting that the acceleration values of slabs S-5 to S-7 with C-FRP
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bars of 8 mm diameter are slightly lower than those of the slabs S-
1 to S-3 with 8 mm steel bars attributed to the lower elastic
modulus of the C-FRP bars than of the steel bars.

Damage

The damage profiles of the slabs are shown in Figure 10
and Figure 11. The damage dissipation energy (DDE) i.e., the
amount of energy dissipated by damage, of the slabs under the
applied impact is listed in Table 2. The control slab exhibits
total damage (DDE) of 190.98]. Application of UHPC and
SFR-UHPC in slabs S-2 and S-3 enhances the energy
absorption capacity and significantly reduces the damage
under the drop-weight load. From Table 2, it is observed
that the DDE values for slabs S-2 and S-3 are 51% and 67%
lower than that of control slab S-1. Replacement of the 8 mm
steel bars by 4.66 mm C-FRP bars of the equivalent area in slab
S-4 with NSC concrete
displacement with widened diagonal cracks on the tension

increases the slab maximum
side. On the other hand, 8 mm diameter high tensile strength
C-FRP bars in lieu of 8 mm steel bars in slabs S-5 to S-7 are
much more effective to control the damage by limiting its
severity to the level of little scabbing, Figure 10. However, the
combination of UHPC and SFR-UHPC with C-FRP
reinforcing bars in slabs S-6 and S-7, respectively, shows an
by the
absorption capacity and cracking resistance of the slabs.

extraordinary performance enhancing energy

Conclusion

A research study using the ABAQUS code is performed to
evaluate the performance of two-way NSC, UHPC, and SFR-
UHPC concrete slabs with conventional tension reinforcements
of (1) steel and (2) C-FRP under impact load of a falling weight.
The striking event of the impactor generating an impacting
weight of 105kg through falling from rest at a height of
2500 mm with an impacting velocity of 7 m/s generating an
impact force of 1035N on the slab top face at its mid-point has
been simulated using FEM-based explicit solver of ABAQUS.
The main conclusions are:

« Slabs made of UHPC and SFR-UHPC concrete with either

conventional steel or C-FRP reinforcing bars of 8 mm
exhibited
performance in resisting applied falling-weight load
nevertheless, the slabs with the C-FRP bars displayed
slightly greater resistance than steel bars embedded slabs

diameter at 100 mm c/c, extraordinary

with regard to cracking and size of concrete scabbing.

o Slabs’ peak acceleration is influenced by their stiffness
ie, the slabs with higher stiffness displayed greater
acceleration under the impacting load.
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o The use of C-FRP re-bars in lieu of steel re-bars decreased
the severity of diagonal cracks and scabbing size. More
concrete was ejected from the bottom face of the slab with a
lower reinforcement ratio (0.50%) and concrete strength
(29.70 MPa), and vice versa. The steel re-bars yielded in the
slab with NSC concrete only but not with UHPC/SFR-
UHPC however, the C-FRP bars neither yielded with NSC
nor with UHPC/SFR-UHPC under the drop-weight load.

o Replacement of the 8 mm steel bars by 4.66 mm C-FRP
bars of the equivalent area in the slab with NSC concrete
significantly reduced its performance under the impact on
account of decreased steel ratio and led to an increase in
maximum displacement, crack severity, scabbing size,
and DDE.
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