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Abstract

This research explores the dynamic responses of reinforced concrete (RC) slabs under high-velocity impacts.
The study utilizes advanced numerical simulations to investigate the effects of varied impact loading and slab
depths, unveiling complex rate-dependent behaviors (i.e., impact forces, reactions, accelerations, and
displacements) across a diverse range of velocities. The alignment of simulation results with experimental
data validates the robustness and accuracy of the employed approach. Additionally, an analytical model
predicting the load-carrying capacity and deflection of these slabs under high-velocity loads is proposed. The
results indicated that higher loading rates correlate with increased forces and damage until perforation.
Analytical models exhibit strong performance within a £10% error margin, and response surface analysis
quantifies the impactor velocity's influence on load for a constant thickness. Overall, this investigation sheds
light on the dynamic complexities of RC slabs subjected to high-velocity impacts, providing valuable insights
for structural design considerations.
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INTRODUCTION

Background

The versatility and importance of Reinforced concrete (RC) as a construction material are widely attested by its
ability to withstand extreme loading conditions, including impact from projectiles, vehicles, aircraft, and debris. Several
factors influence the impact resistance of reinforced concrete structures, including the density of the material, the
configuration of the reinforcement, the characteristics of the projectile, and the boundary conditions at the time of
impact (Andrew et al. 2019; Dhiman, P., Kumar 2023; Taietal. 2011; J. Liuetal. 2023). It is therefore crucial to
understand the behavior and failure modes of RC structures under impact loading, as well as to develop reliable
numerical methods to simulate and predict their response under impact loading to develop reliable designs.

Numeral analysis involves algorithms that solve problems in mathematics through numerical approximations,
including differential equations, linear algebra, optimization, and interpolation. Deformation and damage to RC
structures under impact loading can be modeled numerically using continuous variables (Fan et al. 2022; J. Liu et al. 2023;
Othman and Marzouk 2017). RC structures under impact loading present some challenges during the numerical analysis
of the structure, including the need to account for nonlinear and dynamic characteristics of the materials within the
structure as well as the effect of the loading (Richard et al. 2016; Quan et al. 2003; Karagdz isleyen et al. 2023). As a
heterogeneous and brittle material, concrete is susceptible to strain rate effects such as cracking, crushing, and spalling
as a result of high strain rates (Zhang et al. 2021; Hao, Zhang, and Hao 2011; Erzar and Forquin 2011). As well as its
ductility, mild steel reinforcement can exhibit strain-rate effects, yielding, and fracture phenomena at high-stress levels
(Cadoni et al. 2013; Chandran et al. 2022). The binding and slipping behavior between concrete and steel reinforcement
is determined by bond-slip behavior, which can have a profound effect on load transfer and energy dissipation
(Bencardino, Condello, and Ashour 2017; Sahani and Samanta 2022; Deng et al. 2022). The impact scenario may cause
the structure to experience large deformations, vibrations, and global or local failure modes, as a result of its
deformations.

Bibliographical overview

The dynamic loading-induced response of both concrete and reinforced concrete (RC) structures has garnered
substantial attention in both civilian and military applications. Extensive research has been dedicated to investigating the
impact behavior of reinforced concrete, encompassing not solely empirical investigations but also analytical and
numerical inquiries (Bruhl, Varma, and Johnson 2015; Hering and Curbach 2018; Hering et al. 2020; Lu, Li, and Wang
2012; Daudeville and Malécot 2011; Korucu and Irfanoglu 2018). Within this framework, a multitude of factors, including
but not limited to compressive strength, tensile strength, fracture energy, strain-rate sensitivity, impact velocity, target
geometry, and impactor properties, have been meticulously examined and recognized as pivotal elements influencing
the structural response to dynamic loading (Chen et al. 2007; 2008).

Additionally, Bruhl et al. (Bruhl, Varma, and Johnson 2015) outlined a three-step method for designing steel plate
composite (SC) walls to prevent perforation by missile impact. It calculates the required steel plate thickness for SC walls
to resist a realistic range of missile threats. Additionally, the paper introduces 3D finite element models to predict SC wall
behavior during missile impact and validates them through parametric studies. Hering and Curbach (Hering and Curbach
2018) presented an innovative testing approach aimed at identifying the optimal fabric reinforcement for enhancing the
impact resistance of reinforced concrete structures. A comparison is made between the different velocities of Textile
Reinforced Concrete (TRC) and conventional concrete slabs. The study's findings highlight that the disparity in velocity
could function as an evaluative metric for gauging the impact resistance of fabric used in slab reinforcement. Lu et al.
(Lu, Li, and Wang 2012) reported numerical simulations of rigid projectile impacts hitting plain concrete and fiber-
reinforced concrete targets with compressive strengths ranging from 45 to 235 MPa. The study utilized a combined
dynamic constitutive model to study concrete damage due to compressive and tensile forces. The prediction of this study
highlighted that as the projectile moves at high speed, an extrusion dilation of the target material is observed early in
the penetration process. It was also found that with increasing penetration depths and decreasing projectile speeds,
damage zones gradually reduce. Furthermore, the study demonstrated that tensile damage distributes around the
impact center, whereas compression damage becomes prominent near the projectile and it is vicinity. In Daudeville and
Malecot (Daudeville and Malécot 2011) the paper focused on identifying the response of concrete structures subjected
to impulsive loading such as impact. The study examined a wide range of existing basic relations and empirical formulas.
The study indicated that according to experimental analyses of concrete behavior under high triaxial stresses, empirical
formulas should be used with caution. Despite a limited understanding of material behavior in this range of loading, the
paper emphasizes the need for analytical treatments comparable to those for structures under static loading. Using finite
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element (FE) and Smooth Particles Hydrodynamics (SPH), Korucu and Irfanoglu (Korucu and Irfanoglu 2018) applied a
fluid-filled projectile with various velocities on reinforced concrete beams featuring either rectangular or circular
transverse reinforcements to study and assess the reliability of the numerical modeling and simulation technique to
verify the ability to reasonably estimate damage inflicted by fluid impact. The results demonstrated that the beams with
spiral transverse reinforcement exhibited much better performance. The study also highlighted that at low-impact
velocities, the residual velocities of the projectile after perforation exhibited no significant differences between the
rectangular and circular specimens. Chen et al. (Chen et al. 2007; 2008) adopted an analytical model for the normal
perforation of reinforced concrete slabs by rigid projectiles. In the model, reinforcing bars are taken into account and
three dimensionless numbers are used, including impact, geometry, and concrete thickness. In addition, the concrete
reinforcement ratio and the reinforcing bar tensile strength are considered to influence the process of perforation. A
comparison of the crater dimensions of the theoretical predictions of the model and the experimental ones indicated
that the analytical model can well capture the perforation of RC slabs. The model also demonstrated a higher degree of
accuracy compared to other proposed models, for instance, Dancygier (Dancygier 1997). Using inclined reinforcement in
reinforced concrete slabs, Vijayetal. (Vijayetal. 2020) carried out an investigation aimed at enhancing the
understanding of their impact behavior. It emphasizes the importance of investigating the impact behavior of RC slabs
embedded with non-conventional reinforcement patterns. The study provides experimental evidence that inclined
reinforced RC slabs can absorb higher impact energy and withstand significant impact factors for longer periods than
conventional slabs. Gomathi et al. (Gomathi et al. 2020) introduced a plasticity-based approach for reinforced concrete
slabs exposed to impact and blast loading. A new failure surface is proposed along with a modified equation of state
(EOS), strain rate, and damage. The model was implemented utilizing a user-defined UMAT subroutine of LS-Dyna finite
element software. Both impact and blast analysis demonstrate the effectiveness of the proposed approach.
Furthermore, the study conducted a systematic analysis, varying parameters like concrete strength, slab thickness, and
reinforcement ratio, to scrutinize mechanical and damage responses. Overall, the study introduces an innovative
approach for analyzing the dynamic response of RC slabs under impact and blast loads, offering insights applicable to the
design of structures engineered to endure such load conditions.

Scope and significance of the research

This research explores the impact of high-velocity projectiles on RC slab structural behavior. In particular, this
research aims to provide a deeper understanding of the failure mechanisms and performance of these structures under
extreme loading conditions. The results of this study may contribute valuable insight into both civilian and military
contexts. The knowledge gained from this research could enable civil infrastructure to be designed and built in a more
durable and ductile manner to withstand the impact of unforeseen projectiles. Further, it would be possible to use the
findings to develop protection measures for structures exposed to high-velocity threats, making defense systems safer
and more effective. The current study utilizes a comprehensive numerical analysis to fill a critical research gap in this
field. By studying factors such as material behavior, structural deformation, and failure modes of RC slabs, we aim to fill
the knowledge gap that exists regarding their response to high-velocity projectile impacts. This study may contribute to
guiding engineering practices, influencing design codes, and improving protective technologies in scenarios where
projectile impact poses a significant risk. In pursuit of the study objective, we have formulated and fine-tuned a numerical
model using the widely recognized finite element modeling technique. The model's accuracy has been confirmed through
comparison with published experimental findings. Subsequently, the model results have been used to gain insights into
the effects of high-velocity loading on RC slabs.

NUMERICAL MODELING

In this study, a finite element (FE) numerical model of RC slabs under high-velocity loading was created. The
simulations were performed utilizing the LS-Dyna FE software (LS-DYNA R11.1.0), which is particularly well-suited for
analyzing dynamic issues of this kind. The validity of the developed model was established by comparing its numerical
outcomes with experimental test results from 15 specimens that were tested by other researchers. In this context, impact
test simulations were conducted using a setup similar to the one documented by Hering et al. (Hering et al. 2020).
Detailed information about the developed model and its performance capabilities are presented in the subsequent
sections.

Latin American Journal of Solids and Structures, 2024, 21(3), €536 3/23



Kinetic response of reinforced concrete slabs to high-velocity projectile impact-robust numerical and Babiker et al.
statistical driven modeling techniques

Creating the geometry, mesh, and interactions of the model

Geometry and discretization

In the current research, the comprehensive model consists of multiple elements, encompassing the concrete slab,
reinforcement steel, impactor, load cells, and binders. The concrete portion of the designated slab was simulated using
eight-node continuum hexahedron solid elements with the single integration element formulation. The steel reinforcement
was explicitly represented using two-node beam elements, utilizing the default Hughes-Liu element formulation.

Table 1 Element details of the FE model.

Component Element type Number of elements Number of nodes
Concrete, depth 100 mm 8-node solid 225,000 250,811
Concrete, depth 200 mm 450,000 478,821
Concrete, depth 300 mm 675,000 706,831

Impactor 35,420 37,518
Load cells 82,620 90,368
Binders 1,152 2,028
Reinforcement 2-node beam 16,240 32,536

In this context, the concrete section was discretized with a mesh size of 10 mm, while the reinforcement bars were
discretized uniformly with a mesh size of 5 mm. The binders, load cells, and impactors were all simulated using eight-
node solid elements. Figure 1 illustrates the representative discretization for the reinforced concrete (RC) slab with a
depth of 300 mm. A comprehensive breakdown of the elements and nodes constituting each component within each
model is outlined in Table 1.

Concrete slab Impactor
(Grade €35/45) with initial
velocity

N\

Reinforcement
(BSt 5005)

Binders

OO
\)
KOO0
V) \X/
KO

s

9.9
6 X
55

0
%

Load cells
(LS)

Figure 1 FE discretization of the model components.

Modeling steel-concrete contact and other interactions

In this study, the explicit modeling of reinforcement led to the adoption of the constraint node method, which
effectively integrated the reinforcement bars into the continuous volume elements of the concrete. This integration was
achieved through the implementation of the constrained beam in a solid algorithm, a feature available within LS-Dyna.
Furthermore, interaction dynamics at the interface among the concrete, reinforcement, and impactor were established
using the standard contact algorithm, employing an eroding surface-to-surface technique. This approach ensured
ongoing interaction throughout the gradual penetration process of the impactor, even after the elimination of highly
distorted elements (erosion elements). Additionally, interactions involving the binders, load cells, and the concrete slab
were simulated using a frictional contact automatic surface-to-surface method.
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Constitutive material models

A constitutive material model is a mathematical framework utilized to describe the behavior of a particular material
under different loading conditions. These models exist in diverse forms, each designed to effectively capture the
characteristics of different material types and loading scenarios. Here are the detailed characteristics of the material
models applied to both concrete and steel.

In the case of each model, the process involves assigning the initial velocity denoted as vy, to the designated

impactor node-set. This assignment is carried out using the LS-DYNA software, specifically by utilizing the keyword "initial
velocity generation." Additionally, a precautionary measure is taken to ensure that the model remains immobile
throughout the analysis. To achieve this, a set of actions is implemented. Firstly, the load cells, responsible for measuring
forces or reactions, are subjected to constraints that restrict any potential movement they might otherwise undergo.
This constraint applies across all directions, preventing any inadvertent shifts. Furthermore, the binders, which serve to
hold components together, are also subjected to similar constraints, disallowing any form of movement in any
conceivable direction. This comprehensive approach to immobilization guarantees that the model's structural integrity
and intended analytical conditions are maintained without interference.

Concrete material model

The LS-Dyna finite element code provides a diverse range of material formulations that can be employed to
characterize the mechanical behavior of concrete and cement-based composites subjected to impact loading. Previous
research has extensively examined and evaluated various material models to ascertain their effectiveness in representing
concrete's response under impact conditions, as explored in (Babiker 2021; Babiker et al. 2022). In light of this approach,
the continuous surface cap model (*Mat 159), Schwer & Murray cap model (*Mat 145), and Karagozian & Case concrete
model (*Mat 072R3) were considered as potential options. Among these options, the Schwer & Murray Cap Model
(SMCM) was selected for this study due to its demonstrated high accuracy and the ease with which its material
parameters can be adjusted to suit the specific requirements of the investigation.

elliptic cap

(a) (b)

Figure 2 A schematic representation of the continuous surface cap model: (a) single surface smooth cap failure, and (b) non-
dimensional function utilized with the cap portion of the smooth cap failure function.

The Schwer & Murray cap model (SMCM), developed by Schwer and Murray (Schwer and Murray 1994; 2002;
Schwer 1994), is an extension of the Geologic cap model (*Mat 025) and incorporates three invariants. This
formulation features a seamless failure surface and employs damage mechanics to account for strain softening
and modulus degradation in both tension and compression. It also integrates viscoplasticity to address strain rate
dependency (Jiang and Zhao 2015). An integral aspect of this model is the inclusion of an elliptical cap surface,
which enables the effective representation of various geomaterials, encompassing soils, rocks, and concrete
materials (LIVERMORE SOFTWARE TECHNOLOGY (LST) 2021). Furthermore, the model encompasses a unified
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yield surface, consisting of a shear failure surface Ff(Jl) and a cap surface F(:(Jl,/ﬁ) ,interconnected continuously
and smoothly, as depicted in Figure 2.
The shear failure of the smooth cap, depicted in Figure 2 (a), can be mathematically expressed in relation to J;

through an exponential function outlined in Eq. (1).
Ff(‘]l):\/TQZQ_’VGXP(_BJI)—I_Q‘]I (1)

where, J, represent the first invariant of the stress tensor J; = 0, = 3P . The model parameters o, v, 3, and 0 are

employed to align experimental material data obtained in the laboratory.

The isotropic hardening behavior of the material formulation is contingent upon a non-dimensional function,
illustrated in Figure 2 (b), and can be represented by the expression provided in Eq. (2).

F;:(Jla’{) = (2)

where k is the hardening parameter used to control the movement of the cap surface, L(x)and X(x)define the shape
of the cap surface, respectively. The function F, equals one when J,is below L(x)and takes an elliptical form for
Lk) < J;, < X(k).

To characterize the ellipticity of the cap surface, an additional parameter (material constant) denoted as R must
be taken into account. This parameter is linked to the geometric parameters L(x) and X (k) in the following manner.

X(k) = L(k) + R F;[L(r)] (3)
in which parameter L(x) is given by:

Ky K> K
K= . 4
Kq s otherwise @

where k, is the value of J; at the initial intersection of the failure and cap surfaces.

The evolution of the cap's motion is governed by the rule of isotropic hardening, which can be expressed as given
in Eq. (5).

e? = W{l - exp(l - D[X - X,] - D,[X - X, )} (5)

where 55 = tr afj denotes the plastic volumetric strain, W represents the maximum plastic volumetric strain, X, is
the initial abscissa intercept of the cap surface, D, and D, are shape factors.

The parameters L, = L(k,) = k,, X, = X(k,), and Rrepresent the material inputs based on laboratory

data. The incorporation of strain softening and modulus reduction for the concrete is achieved through an
isotropic damage formulation. Strain softening captures the decline in strength beyond the peak point, while
modulus reduction accounts for the decrease in elastic modulus during cyclic loading. The damage criterion is
derived from the approach proposed by Simo and Ju (Simo and Ju 1987), which entails assessing the rate of
energy release linked to damage progression.
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Table 2 Constitutive model coefficients for concrete of grade C35/45.

Babiker et al.

Coefficient Acronym Value
Mass density [kg/m?3] RO 2240
Shear modulus [ GPa] SHEAR 12.916
Bulk modulus [GPa] BULK 17.222
Gruneisen ratio GRUN 0
Shock velocity parameter SHOCK 0
Flag for pore collapse PORE 1
Shear failure Parameter [GPa] ALPHA 0.0195098
Shear failure Parameter THETA 0.3195781
Shear failure [GPa] GAMMA 0.0117587
Shear failure [ GPa™] BETA 16.132549
Dilatation damage mechanics EFIT 0
Kinematic strain hardening ALPHA 0
Kinematic strain hardening CALPHA 0
Initial cap surface ellipticity [ GPa™] RO 1.977944
Initial cap surface for [ GPa] X0 0.130607
Material type IROCK 1
Shear enhanced compaction SECP 0
Ductile damage mechanics AFIT 1
Ductile damage mechanics BFIT 0.606
Ductile damage mechanics RDAMO 0.0107763
Plastic volume strain [ GPa] w 0.065
Plastic volume strain [ GPa™] D1 0.611
Plastic volume strain [ GPa™] D2 2.224
History variable NPLOT 23
Maximum permitted strain increment EPSMAX 0
Brittle damage mechanics CFIT 1
Brittle damage mechanics DFIT 34.969
Tensile failure stress [GPa] TFAIL 0.00297
Failure Flag, failed element FAILFG 1
Rounded vertices DBEAT 0
Rounded vertices DDELTA 0
Viscoplasticity relaxation time VPTAU 0
Torsion scaling parameter ALPHA1 8.20E-04
Torsion scaling parameter [ GPa-1] THETA1 0.0
Torsion scaling parameter GAMMA1 2.410e-4
Torsion scaling parameter [ GPa-1] BETA1 6.758225
Tri-axial extension scaling parameter ALPHA2 7.600e-4
Tri-axial extension scaling [ GPa-1] THETA2 0.0
Tri-axial extension scaling GAMMA?2 2.600e-4
Tri-axial extension scaling [ GPa-1] BETA2 5.8666859

The smooth cap model illustrated in Figure 2 (a) is achieved by multiplying the failure and hardening surface

functions, resulting in a continuous derivative function represented as:

(11, JyK) = Jy = F{F,R,
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1
where J, = §Sij5ij is the second invariant of the deviatoric stress tensor, SM =0, — P(Sjj is the stress tensor, and R

is the Rubin scaling function (Rubin 1991). The material parameters for C35/35 concrete grade were determined by
utilizing the fitting method proposed by Jiang and Zhao (Jiang and Zhao 2015), which is based on the uniaxial compressive

strength, fc’ . The estimated material parameters for C35/45 concrete grade are given in Table 2.

Reinforcing-steel material model

In comparison to concrete, the complexity of steel reinforcement is relatively straightforward. In structural analysis,
steel reinforcement is often assumed to exhibit linear elastic behavior. Nevertheless, it can also be represented with
either an elastic-perfectly plastic or an elastic-plastic hardening model (LIVERMORE SOFTWARE TECHNOLOGY (LST) 2021;
Simo and Ju 1987). In this research, the mechanical properties for steel reinforcement were established using the
Piecewise linear plasticity material formulation (*Mat 024) (LIVERMORE SOFTWARE TECHNOLOGY (LST) 2021). This
formulation is an ideal plastic material model that combines elasticity with plasticity and allows for the utilization of the
Mises yield criterion alongside associated plastic flow. In this formulation, the evolution of the yield surface is defined by
a piecewise linear relationship between effective stress and effective plastic strain. For many metallic materials, this
model can be simplified into a bilinear elastic-plastic stress-strain relationship, as depicted in Figure 3.

A/

m

el

Figure 3 Elastic and plastic bilinear stress-strain curve with uniaxial geometry.

The Cowper-Symonds strength multiplier (Simo and Ju 1987) additionally offers the option of incorporating strain
rate dependencies when necessary. This multiplier functions to amplify the material's yield strength as the effective
plastic strain rate rises. The Cowper-Symonds multiplier can be adjusted using Eq. (7), wherein & denotes the strain rate,
while C' and p represent the Cowper-Symonds constants. It is important to note that strain rate dependencies are not
considered in this context. According to DIN 488-1 (DIN Deutsches Institut Fir Normung 2009), the material parameters
for BSt 500S are listed in Table 3.

: 1/p
=1+|= (7)
8 +[C]

Table 3 Constitutive model coefficients for BSt 500S steel.

Coefficient Acronym Value

Mass density [kg/m3] RO 7850
Elastic modulus [ GPa] E 210
Poisson’s ratio [-] PR 0.3
Yield stress [GPa] SIG 0.5
Tangent modulus [GPa] ETAN 0.0

Failure flag [-] FAIL 0.165
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Modeling approaches for load cells and binders

In this study, the load cells and support binders are considered to demonstrate linear elastic characteristics. As a
result, their mechanical attributes were described utilizing LS-Dyna's Elastic material model (*Mat 001). The parameters
required for each support in the simulation model are summarized in Table 4.

Table 4 Constitutive model coefficients of the binders and load cells.

Coefficient Acronym Value
Mass density [kg/m3] RO 7850
Elastic modulus [ GPa] E 210

Poisson’s ratio [-] PR 0.3

Verification of the formulated finite element model

In order to evaluate the precision of the formulated FE model and to establish a reliable basis for studying its behavior, the
research turns to the experimental investigation carried out by (Hering et al. 2020) at the Otto Mohr Laboratory of Dresden
University of Technology in Germany. This experimental initiative is leveraged to validate the accuracy of the developed FE model.
Here, we provide a summarized overview of the particulars encompassing this experimental program.

The experimentation encompassed assessments performed on multiple RC slabs utilizing concrete of C35/45 grade.
These slabs underwent testing within a high-energy accelerated drop tower apparatus, boasting a maximum drop height
of 11 m, a drop mass reaching 2.5 tons, an unfettered fall energy equivalent to roughly 200 kJ, and an acceleration
peaking at 160 m/s. The visual representation of the drop tower facility is illustrated in Figure 4. For in-depth insights,
please refer to the works of (Just, M., Curbach, M., Kiihn, T., & Hering, M. 2016) and (Hering et al. 2020; 2016).

Figure 4 Schematic representation of Otto Mohr drop-tower apparatus: (left) free fall configuration, (right) accelerated
configuration.

The tested reinforced concrete (RC) slabs were accurately made to possess dimensions of 1500 mm in length and
1500 mm in width, while establishing varying depths denoted as ({,; ), of 100, 200, and 300 mm. Each slab underwent
reinforcement through the inclusion of high-yield steel bars (BSt 500S) with an 8 mm diameter, deliberately positioned
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both at the upper and lower sections of the slab's structure. As per the guidelines outlined in DIN 488-1 (DIN Deutsches
Institut Fir Normung 2009), it was anticipated that the reinforcing steel bars exhibited a yield strength reaching 500 MPa.
The arrangement of the reinforcing bars adhered to a consistent spacing of 100 mm intervals. A concrete cover measuring
25 mm was deliberately maintained between the longitudinal reinforcement and both the upper and lower edges of the
slabs. Figure 5 illustrates a comprehensive depiction of the reinforcement arrangement and the geometric configuration

of the RC slab.
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Figure 5 Slab’s dimensions and arrangement of the reinforcing steel.
For all experiments, a cylindrical flat-nose impactor was utilized, featuring a diameter of 100 mm, a length measuring

380 mm, and an overall mass of 21.66 kg. The impactor is set in motion within the drop tower machine through a pipe,
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and its velocity can be regulated by modifying the charge pressure of the machine. To investigate the impact
characteristics and the resulting crack patterns causing damage to the RC slabs, various groups were subjected to testing
under distinct impactor velocities. Table 5 lists the tested RC slabs, their corresponding charge pressures, and the
equivalent impactor velocities applied during the experiments.

Table 5 The details of the tested RC slabs.

Group Siab D Slab depth Charge pressure Impactor velocity
tea, [mm] [bar] Vpp [M/8]
A PL133 100 0.0 9.2
PL132 0.0 12.7
PL134 0.5 21.6
PL131 1.0 26.1
PL130 20 334
B PL124 200 1.0 25.2
PL121 20 32.7
PL120 4.0 44.6
PL122 6.0 53.9
PL123 8.0 61.4
C PL143 300 4.0 44.6
PL140 6.0 54.5
PL142 8.0 61.3
PL141 10.0 68.4
PL144 12.0 73.9

RESULTS AND DISCUSSION
Efficiency of the formulated finite element model

Analysis of reaction forces

lllustrated in Table 1, the subject slab is upheld at four distinct points, a design intended to serve a dual role: allowing
for the assessment of both the support reactions and the deflections of the slab. The support reaction forces were
individually gauged at every support point, referred to as LCs (Load Cells), and then aggregated to ascertain the
comprehensive reaction forces exerted on the slab at each specific support position. Figure 6 shows the computed support
reactions for the three different investigated groups of slabs, analyzed across a wide range of impactor velocities. The
experimental measurements are represented by dashed lines, while the additional details are summarized in Table 6. This
table reveals that the developed model exhibited a relatively accurate prediction of the reaction forces, showing an average
predicted-to-tested value ratio of approximately 71.3% and a coefficient of variation (COV) of 31.1%. Additionally, Table 6
highlights that the developed model showcased a reasonably precise forecast of the displacements, demonstrating an
average predicted-to-tested value ratio of roughly 1.18 and a COV amounting to 29.3%. The disparity observed between
numerical reaction forces and their experimental counterparts can be attributed to various factors, notably the consistent
algorithm employed at the interface between the load cells and the RC slab.

Upon a thorough examination of the simulation outcomes presented in Figure 6(a)—(c), an obvious trend emerges
the reaction force escalates in a cycle with the velocity of the impactor. This observed pattern concurs with the
experimental findings, notably pronounced in the context of group B slabs, as highlighted in Figure 6 (e). It is important
to note, however, that this escalation in reaction force remains apparent only until the point of what is referred to as the
"perforation limit," which, for group B slabs, resides between 54 and 61 m/s. In an overarching context, the simulated
reaction forces exhibit a commendable degree of convergence with the experimental counterparts, particularly regarding
their peak values, as explained in Figure 6. Nevertheless, for a more careful alignment with the experimental results, a
deeper convergence may necessitate additional endeavors such as material calibration, discretization refinements, and
other enhancements.
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Figure 6 Reaction forces for varied slab depths.
Table 6 Summary of the experimental results.
Load cell force [kN] P Slab displacement [mm] S
Exp Exp
Slab ID E P _— E 5 e
Xp. Exp Num. PNum PNum Xp- Exp Num. 6Num 6Num
PL133 145.1 250.1 0.580 -3.5 -2.7 1.296
PL132 339.2 278.0 1.220 -5.4 -3.2 1.688
PL134 180.9 3354 0.539 -6.8 -6.1 1.115
PL131 186.9 370.1 0.505 -5.5 -7.7 0.714
PL130 173.8 435.7 0.399 -5.7 -10.2 0.559
PL124 375.1 723.7 0.518 -3.9 -2.7 1.444
PL121 447.9 794.6 0.564 -4.7 -3.3 1.424
PL120 656.7 832.1 0.789 -6.3 -4.4 1.432
PL122 773.9 846.1 0.915 -7.1 -5.6 1.268
PL123 558.8 862.1 0.683 4.4 -6.6 0.667
PL143 884.5 1103.9 0.801 -3.4 -2.7 1.259
PL140 1048.1 1209.9 0.866 - -3.3 -
PL142 812.2 1264.6 0.642 -3.8 -3.6 1.056
PL141 795.12 1223.6 0.650 -6.1 -3.9 1.564
PL144 1192.7 1167.1 1.022 -4.3 -4.3 1.000
H 0.713 1.178
0 [%] 22.204 34.462
COV [%] 31.144 29.266

Note. [l :mean, O :standard deviation, COV: coefficient of variance.
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Analysis of displacement responses

Figure 7 illustrates the displacement-time profiles of the studied slabs, compared with the corresponding
experimental outcomes. These profiles were extracted from the upper surface of the plate, specifically at the designated
"Vibrometer" point located at a distance of 212 mm from the impact center, as depicted in Figure 5. Notably, an
incremental rise in displacement amplitude is observed with the projectile velocity, culminating upon reaching the
perforation limit.
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Figure 7 Slab displacements for varied slab depths.

Itis of utmost importance to acknowledge that the calculation of slab displacement profiles was limited to a duration
of 50 ms in order to optimize computational efficiency. Nevertheless, to ensure accurate measurements, particularly in
the context of group A and B slabs, an extended simulation time of approximately 100 ms was deemed necessary. The
aforementioned observations suggest that when compared to the experimental displacement profiles, the simulation
results exhibit a level of agreement that can be considered generally acceptable.

Analysis of acceleration responses

To capture the accelerations of the slabs, an array of acceleration sensors labeled ACC1 to ACC4 were purposefully
positioned on both the upper and lower surfaces of the slabs. The layout of these sensors is visibly presented in Figure 5.
Remarkably, it is worth noting that among these sensors, only ACC4 was attached to the lower surface of the slab. The
simulated acceleration profiles, calculated for the ACC1 and ACC2 sensor locations, are visually depicted in Figure 8,
alongside their respective experimental measurements. Likewise, predictions for ACC3 and ACC4 are graphically portrayed
in Figure 9.
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Figure 8 Slab accelerations for varied slab depths, ACC1 and ACC2.
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Figure 9 Slab accelerations for varied slab depths, ACC3 and ACC4.

In contrast to the trends observed in load cell forces, where their relationship with impact velocities shows a
proportional increase, the behavior of acceleration is different. The acceleration doesn't exhibit a direct increase in
magnitude as the impact velocity rises. This dissimilarity is significant, especially considering that the acceleration sensors
ACC1 and ACC2 are both situated at an equidistant distance from the impact point, as depicted in Figure 5. Consequently,
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the acceleration profiles computed at these sensors demonstrate nearly identical patterns. Nevertheless, it is essential
to emphasize that the experimental measurements deviated from this consistent behavior.

Upon a thorough comparison between the numerical graphs illustrated in Figure 8 (a), (b), and (c) and their
corresponding experimental plots depicted in Figure 8 (d), (e), and (f), a noticeable discrepancy becomes evident.
Specifically, the experimental acceleration measurements tend to exhibit an overestimation in relation to the numerical
simulations. Consequently, a prudent recommendation would be to consider the utilization of acceleration sensors
endowed with a narrower measurement range for enhanced accuracy.

Analysis of impact forces

Figure 10 displays the contact force, or impact force, exerted at the interface between the impactor and the target
slabs. It's important to emphasize that these curves are absent from the experimental data, thus only the numerical
results are provided for reference. Taking a look at Figure 10, it becomes apparent that, during initial contact between
the impactor and the target slab, there is an impact force that is reminiscent of a half-sine wave during the initial impact
phase. Figure 10 (a) shows that the peak contact force of 1809 kN for slabs in group A suddenly rises at 0.33 ms, and
then falls as the speed of the impactor decreases, falling to 17.4 kN in approximately 8.91 ms. Similarly, for group B slabs
(Figure 10 (b)) and group C slabs (Figure 10 (c)), the peak contact force is 3388.44 and 4273.13 kN, respectively.
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Figure 10 Impact forces for varied slab depths.

Analysis of impactor velocities

Figure 11 depicts a chronology of the impactor's velocity as it collides with the target slab from the moment of impact.
This figure highlights the differing impactor dynamics at different velocities upon hitting the slabs. Based on the analysis of
Figure 11 (a), it can be seen that velocity has decreased rapidly over time. A similar trend is observed for the slabs in groups
B and C, as shown in Figure 11 (b)—(c). respectively. Additionally, the visual depictions furnished by Figure 11 substantiate
the previously expounded concept of the perforation limit. The congruence between these graphical representations and
the previously addressed idea bolsters the comprehension that a distinct threshold exists, surpassing which results in the
occurrence of perforation.
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Figure 11 Variation of the impactor velocities during penetration.

Patterns of failure

In accordance with Kennedy's work (Kennedy 1976), the impact of a projectile on the target slab is expected to give
rise to a range of distinct damage scenarios. These encompass spalling, projectile penetration, perforation, and concrete
scabbing. In Figure 12, a comparative assessment of the final damage state, as deduced from experiments and analyses,
is presented for the center cut plane of the investigated slabs. The observed failure of group A slabs, both in simulations
and experimental observations, manifested as a combination of bending and shearing cone failure. As expected, the
increment of projectile velocity led to a corresponding escalation in damage until the target slab was completely
perforated. This consistent behavior was evident in both the analysis and experimental findings demonstrating the
reliability of the chosen material models.

PL133
PL132
PL134
PL131
PL130

Figure 12 Final state failure pattern at the center of the slab cut plan: (left) experimental observation, and (right) numerical result, group A.

The crack patterns of group B and C slabs, observed through both experiments and numerical simulations, are in
Figure 13 and Figure 14, respectively. Upon comparing the experimental and numerical representations of damage for
group B slabs, no significant distinctions are discernible.

PL124
PL121
PL120
PL122

PL123

i~

Figure 13 Final state failure pattern at the center of the slab cut plan: (left) experimental observation, and (right) numerical result, group B.

Across all five scenarios encompassing varying projectile velocities (ranging from 25.5 to 61.4 m/s), the extent of
destruction is substantial enough to generate a conical punch that penetrates the slab's depth. However, unlike the cases
of group A and B slabs, the fractured slabs within group C display slightly different behavior. In instances of low projectile
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speeds (PL143 and PL40), only a very hard noticeable conical punch is observed in the experimental observations. This
conical punch becomes notably more prominent at higher projectile speeds (PL142, PL141, and PL144). Nevertheless,

this observation exhibits some divergence in the numerical results.

PL143

PL140

PL142

PL141

PL144

Figure 14 Final state failure pattern at the center of the slab cut plan: (left) experimental observation, and (right) numerical result, group C.

Response surface analysis

Proposed response surface formulation

In this investigation, a straightforward analytical framework was formulated to forecast the load-carrying capability

(p,) and the accompanying deflection (9,,) of a slab subjected to high-velocity loads. This framework was crafted

utilizing the preceding experimental data from Table 5 and Table 6 and harnessed the capabilities of a versatile statistical

software program [Minitab (Rinaman 1959) (version 19.0)].
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Figure 15 Predicted vs. tested results: (a) p,, , and (b) 6m .

The autonomous factors of the model were the slab’s thickness ( z, ) and the impactor velocity ( z, ). Here, the model

was constructed utilizing a fully crossed design element, which facilitates the exploration of both the singular effects of
individual parameters on an independent variable and the repercussions arising from interactions among dependent
variables. This analysis has yielded the formulation of two models as presented in Egs. (8)—(9). Both analytical approaches
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have exhibited satisfactory performance, as evidenced by their coefficient of correlation presented in these equations.
This reasonable predictive accuracy is also demonstrated in Figure 15, where the calculated results are compared to the
tested data. This figure illustrates that a significant portion of the tested-to-predicted values exhibited proximity within
a £10% error margin.

P =-101+ 3.02z, — 0.9z, — 0.0037z] — 0.005z; + 0.03z,z, (R* = 0.64) (8)

6 = 3.84 + 0.0076z; + 0.098z, — 0.00027z7 — 0.0054z; + 0.0203z,2, (R* = 0.64) 9)

Isoresponses of slabs subjected to high-velocity loading

The formulation of the earlier response surface-based model [Egs. (8)—(9)] facilitates the creation of response
contours, offering a deeper understanding of how different parameters influence the response surface. The outcomes
of this analysis are displayed in Figure 16 and Figure 17. These figures can be used to design RC slabs that can withstand
different impact scenarios. Figure 16 shows how the impactor velocity and the thickness affect the load of a RC slab. The
figure shows that for a fixed thickness, the load will likely increase as the impactor velocity decreases. This means that
the slab material can resist higher loads by slowing down the impactor more. This result is consistent with some previous
research on the impact behavior of RC slabs. For example, Yilmaz et al. (Yilmaz et al. 2020) found that the impact load
decreased as the impactor velocity decreased for RC slabs with different support types. Similarly, Al-Dala’ien et al. (Al-
Dala’ien et al. 2023) reported that the impact load decreased as the impactor velocity decreased for RC slabs with
different reinforcement ratios.
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Figure 16 Load: (a) response surface, and (b) contours isoresponses.

Moreover, Figure 17 depicts the contour plots of impactor velocity vs. thickness with displacement. From the figure,
it can be seen the likelihood of displacement increases with the impactor velocity. This means that the slab is more likely
to deform when it is hit by a faster impactor. Additionally, the displacement also seems to have a nonlinear relationship
with both variables. It is noteworthy that this finding is consistent with the results of Liu et al. (H. Liu et al. 2020), who
studied the low-velocity impact behavior of fiber-reinforced composites using two types of impactors: a hemispherical
head and a flat-ended one. These investigators concluded that the damaged area and depth increased with both the
impact energy and the thickness of the composite specimens. They also observed a nonlinear relationship between these
variables, as the damage growth rate was higher for higher energy levels and thicker specimens.
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Figure 17 Deflection: (a) response surface, and (b) contours isoresponses.

CONCLUSION

The present study was focused on investigating the dynamic response of RC slabs when subjected to high-velocity
projectile impacts. The primary objective was to assess the influence of varying levels of impact loading and slab depths on
these structures, utilizing numerical simulations and response surface analysis techniques. Elaborate numerical models
were meticulously constructed and simulated using the LS-Dyna explicit finite element software. Initial emphasis was placed
on comprehending the rate-dependent behavior of RC slabs under impact conditions. To achieve this, the developed models
underwent a range of impactor velocities, enabling in-depth exploration of failure patterns, damage severity, impact forces
at the interface between the impactor and slab, reaction forces at the interface between the load cell and slab, as well as
slab accelerations and vertical displacements. These simulations were enriched with experimental data, which validated the
simulation outcomes by exhibiting a commendable alighment with corresponding experimental findings. Furthermore, a
straightforward analytical framework was established to predict the load-carrying capacity and deflection of slabs exposed
to high-velocity loads. Based on the findings of this study, the following conclusions were drawn:

1. The chosen material models and contact algorithms within LS-Dyna effectively captured experimental behavior
across a spectrum of impact loading rates. However, achieving a more precise agreement between the finite
element (FE) model and experimental results may necessitate additional efforts, including fine-tuning material
calibration, refining discretization, and implementing other enhancements.

2. Both analytical approaches demonstrated satisfactory performance, with a significant portion of predicted values
closely aligned within a £10% error margin.

3. The response surface analysis highlighted that, for a fixed thickness, the load is expected to increase as impactor
velocity decreases. This implies that the slab material can withstand higher loads by decelerating the impactor.
Moreover, the displacement exhibited a nonlinear relationship with both slab thickness and impactor velocity.

4. The finite element analysis has proven invaluable in providing insights into material complexities and is deemed
essential for achieving a profound understanding and accurate outcomes in specific material scenarios. The study's
outcomes shed light on the intricate dynamics of RC slabs subjected to high-velocity impacts, offering valuable
implications for structural design and analysis.
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