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Concrete two-way slabs could be subjected to impulse load due to accidents, which force the
structural member to undergo strain hardening faster than its ability to dampen and absorb
much of the applied energy, which has not been previously investigated in the literature.
Theoretical and numerical models were developed and validated against experimental
results to explore this behavior. A reinforced concrete square slab of 1 m length and 0.08m
thickness was simulated with several case studies investigated, such as the impulse load
intensity, concrete compressive strength magnitude, the model's free vibration, and the
model solution. It was concluded that the slab's response under impulse load depends, to the
first degree, on the impulse quantity. If this sudden load equals two-thirds of the static load,
the model starts to show visible cracks. Furthermore, the maximum displacement does not
necessarily occur at the instant of loading; unlike static conditions, the designer can expect
the higher deflection several seconds after the applied load is applied.
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1. Introduction

Constructions are exposed to several dynamic
loads (as a time-dependent force) besides the
monotonic loads during their service life.
Dynamic loads generally accelerate the member
and activate its velocity, which affects the
member mass and the damping factor. There are
many dynamic loads, such as impact, impulse,
cyclic, harmonic, transient, and seismic loads.
Impulsive or shock loads are frequently
significant in designing specific structural
systems, e.g, vehicles such as trucks,
automobiles, or traveling cranes. [1]. An impulse
load is a short-duration, very high intensity of a
stepped load that is applied for a very short
period. This type of dynamic load, as well as all
extra types of dynamic loads, causes a high rate of
straining and attacks the mass, damping, and
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stiffness of the member, which leads to strain
hardening for the material. The damping factor is
of little importance in controlling the maximum
response of members exposed to impulse load
because the maximum response to a particular
impulsive load will be reached quickly. [1], [2].
Stain hardening happens when a significant
and fast load is applied for a short period of time;
at that moment, the stressed material particles
cannot deform and redistribute under such fast
stress, so it fails suddenly. Most metals, especially
steel, tend to exhibit enhanced mechanical
properties at high strain rates due to dynamic
loads compared to their properties under static
and quasi-static loading. This phenomenon
occurs when exposed to high rates of dynamic
loadings or even high rates of monotonic loads.
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The reinforced concrete two-way slab was
discussed widely in different materials and
additives besides the conventional concrete
under monotonic loads. [3], [4], Cyclic loads [5],
harmonic loads [6], [7], and impact loads [8], [9],
[10]. Too few articles in the literature deal with
the impulse load besides the two-way reinforced
concrete slabs under pulse load. The Shape
memory alloy (SMA) hybrid composite beams
were investigated under the exposure of impulse
load, considering the instantaneous phase
transformation. [11]. Based on the reference
results, as the amplitude of the impulse loading
rises, the SMA wires display a greater ability to
dampen the response amplitude. In other words,
the SMA wires behave as a useful innovative
material for vibration damping in construction
applications, so the dissolution of vibration
response is viewed significantly more quickly.

Miyamoto et al. [12] introduced an analytical
model for the reinforced concrete slab subjected
to an impulse load. The theoretical solution
agreed with the actual phenomenon and found
that the failure patterns are influenced by the
loading values and impulse from the impulsive
load equation.

The influence of applying a pulse load during
the construction of concrete slabs was
investigated previously by Muttashar M. [13] It
was found that significant damage was observed
between the seconds 91-97 sec, while the overall
load period reached 398 sec. Besides, to treat the
building construction exposed to impulse load, a
longitudinal reinforcement near the neutral axis
could be placed to treat the slab member [13].

Zahid M.A.[14] investigated experimentally
and theoretically the effect of the impact load on
cambered reactive powder concrete slabs using
the falling mass method. The maximum and
minimum kinematic energy used were 93 Joules
and 17 Joule respectively. Many parameters were
investigated, such as steel fiber amount, main
reinforcement ratio, slab thickness, and loading
plate stiffness. It was concluded that by creating
a cambering up to (20 mm), the maximum mid-
span displacement, permanent deflection, and
crack width are decreased by about 65%, 86%,
67% respectively. Ultrasonic Pulse Velocity
(UPV) test showed that cambering of (10 mm)
has reduced the visible cracks' width but
multiplied the number of invisible cracks,
whereas a cambered slab (20 mm) has minimized
both the visible crack’s width and the number of
invisible cracks.

Hrynyk T. [15] Seven slabs of intermediate
size were built and put through a failure test
under successive drop-weight impacts. In
addition to having longitudinal reinforcing bars,
the slabs were built with steel fiber
concentrations that ranged from zero (traditional
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reinforced concrete) to 1.50 percent by volume.
The testing program's data were utilized to
further evaluate steel fiber-reinforced concretes'
performance in impact-resistant applications and
to offer a well-documented dataset related to a
field of study that is currently underrepresented
in the literature. The test findings demonstrated
that the steel fiber addition effectively increased
slab capacity, decreased fracture widths and
spacings, and mitigated local impact damage.

Concrete, as a material, is brittle in normal
cases and can convert its behavior into ductile by
using some additives. Steel fibers, wherever their
type was working on gaining the concrete some
ductility by enhancing all the mechanical
properties of the material, and working on
merging the crack sides to delay the failure [16],
[17], [18], [19]. Also, replacing a percentage of
aggregate (gravel or sand or both) with the same
size and grades of scraped ties rubbers also
modified the concrete ductility. [20], [21], [22].
The rubbers inside the concrete mix (which is
considered a new material called rubcrete) work
as micro-embedded springs inside the concrete
particles, leading to a greater resistance against
the dynamic loadings, despite its mechanical
properties being lower than those of
conventional concrete [21]. Because of that, the
rubber has an elastic modulus that differs widely
from the other concrete component's young
modulus, and that difference creates several
microcracks between the cement paste and
rubber particles. [20], [21], [23]. So this article
focuses on studying the behavior of conventional
concrete two-way slabs, steel fibered concrete
slabs, rubcrete slabs, and slabs containing both
steel fibers and rubber under several cases of
dynamic loadings.

2. Investigation Methodology

The monotonically tested reactive powder
concrete two-way slab, which was tested
experimentally within the reference [3], was used
to verify the numerical analysis of this article. The
slab of dimensions equal 1000 x 1000 x 80 mm
was solved using yield line theory under the
effect of monotonic (static) loads to evaluate the
estimated collapse load of the model. Then, these
experimental and theoretical solutions were used
to clarify the numerical model. Numerical
analysis using ANSYS APDL (Version 2019) was
first made as a static load to compare with the
failure load, estimated from the theory, and the
same slab dimensions were utilized to investigate
the effect of pulse load on the slab. Six rebars in
each direction were utilized with a yielding and
fracture stress equal to 475 MPa and 523 MPa,
respectively.
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An impulse load was subjected to a point load
similar to the theoretical solution of the static
load with different amounts of impulse and over
0.1 sec (as shown in Fig. 1). It is essential to
mention that the shape of the pulse is
rectangular. The study investigates the effect of
load intensity on the slab, the compressive
strength of the concrete, and the change in the
concrete material to rubberized concrete.

A

Pulse load {kN)

Time (sec)

| }
0.1 Sec

Fig. 1. Applied impulse load diagram

0Sec 0.02 Sec

3. Theoretical Solution by Yield Line
Theory

Two methods of analyzing structural
members could be used to estimate the failure
collapse load for the members: lower- and upper-
bound theories. [24], [25]. The lower bound
theory gives the collapse load just before starting
to yield. Meanwhile, the upper bound theory
gives an ultimate correct or higher load than the
actual value. So, the upper bound theory was used
in this study to approve and certify the numerical
analysis. The failure mechanism and the
calculation details are illustrated in Fig. 2.
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Fig. 2. The expected yield line crack patterns
and slab failure modes

3.1. Bending Strength Solutions

As of one bar = 28.286 mm? @8]
As in whole member = 188.57 mm? 2
0.00159 > p = 0.00281 3)
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As fy

a= m = 1.35mm (4)
As fy
=——=1.35 5
=085 fch mm (5)
a
M, = 4s fy (d - 5) =5.94 kN.m (6)
External work =P 6,
(7)
while internal work =m a
Internal work = m* X a x % =2m*s (8)
Z internal work = 4 x2xmt x4 )

=8m*§

When equating between internal and external
work, got:

8m*6=P&f=>p=8m*=>P=8x%x594

= 4752 kN (10)
3.2. Shear Strength Calculations
1 d
==/f' o X ———— 11
Ve =gV/fexbx 3555 (11)
b. = 4(100 + d) = 668 mm (12)
v, = 131.75 kN > p = 47.52kN (13)

which means that the slab failed by bending
before punching shear occurs.

4. Numerical Inputs and Analysis

Solid 65 (a hexahedral brick element) was
selected for simulating concrete material. It is an
eighty-node isoperimetric brick element; each
node contains three degrees of freedom (DOF): u
in the x coordinate, v in the y axis, and w in the z
coordinate. Solid 65 is suitable for representing
concrete due to its ability to crack in 3-direction
orthogonally, its creeping and crushing behavior,
and finally, its capability to deform plastically.
Solid 65 is defined as a linear behavior (inserting
Young's modulus and Poisson's ratio) and a
nonlinear behavior by specifying the stress
versus strain curve, concrete properties, and
concrete mass [26], [27].

Link180 is a truss element, a uniaxial tension-
compression element of three degrees of freedom
at each node. It includes significant properties
like creep, plasticity, stress stiffening, swelling,
and large deformation capacity. It's defined by
linear and bilinear behavior to view the steel
plasticity [28].
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The SOLID185 element was suitable for use in
steel-bearing plate material. The element has
eight nodes with three degrees of freedom at each
one of its nodes' translations in the nodal x, y, and
z directions. The element was defined only by
elastic modulus and Poisson's ratio to keep it
within the elastic range and avoid absorbing the
applied load [29], [30].

Simply supporting was selected at all slab
edges, and the analysis was done using a modified
Newton-Raphson method with a tolerance of
0.001. The model before analysis, steel rebars,
and meshing are shown in Fig. 3.

Modeling rubberized concrete could be
provided in ANSYS APDL using the rubcrete
elastic modulus, stress-strain curves for the
mixes, and the rubcrete tensile and compressive
strengths. Three stress vs. strain curves for the
rubberized concrete (S10, S20, and S30) were
selected to be simulated with the program
published at the reference [31].

— ANSYS

R16.0,

A

Fig. 3. Meshed concrete and steel elements with
support and axes of symmetry

5. Results And Discussions

5.1. Verify the Model

Several mesh sizes were used to find a
solution matching the yield line theory and the
experimental results, which were published in
reference [3]. The numerical model, after
analysis, failed at exactly 46.2 kN. This little
difference could be due to the more realistic
model of nature, which considers all the details of
concrete, from cracking, creeping, and shrinking,
compared with the theoretical solution. The load
deflection curves for the numerical and
experimental models are listed in Fig. 4. It can be
concluded that the slab begins with the elastic
behaviour till 20 kN, then it undergoes the
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nonlinearity up to the failure at 46 kN. The
numerical deflection is slightly less than the
experiment; due to that, the numerical models in
general do not contain plastic shrinkage cracks
and the initial formation of microcracks.

5.2. Modal Analysis

The primary foundation for all dynamic
analysis and its starting point is the model
analysis due to many reasons, such as
examination of the modes of failure of the
specimen, calculating the period of vibration, and
finding the natural frequencies of all modes of
failure to avoid the interaction with the
frequencies of applied load, in which the
structure may continue to resonate then
damaged.

Despite the natural frequency of the modal
analysis introducing values of displacements for
the model, these deflections must only be utilized
to visualize the mode shape. That is, the amounts
of the deflections are relative to each other. The
natural frequency is a theoretical result due to
unspecified dynamic loads, so the results will not
depend on displacements. Figure 5 lists the
frequencies for the conventional concrete slab for
12 failure modes.

In linear analysis, each single mode shape is
separate and independent from other modes.
Generally, all mode shapes have different
frequencies, with higher modes having higher
frequencies, depending on the material type,
structure, and the conditions. Figure 6 lists
different shapes of modes for the cambered
concrete slab.

—e— Experimental test

—e— Numerical modelling

0 1 2 3 4 5 6 7 8 9
Deflection (mm)

Fig. 4. The experimental versus numerical model validation,
the experimental data were taken from [3]
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Fig. 6. Several modes of failure for concrete slabs
under dynamic loads

5.3. Impulse Load Intensity

After applying different impulse load
intensities, the results in Fig. 7 showed that the
concrete slab deflects with the loads up and down
to enlarge a series of undulations with increasing
load amount. All displacement versus time waves
fluctuated within the negative range, meaning the
slab undergoes nonlinearity. Despite the load
becoming zero at 0.03, the concrete slab gave the
highest displacement value due to the
concentration of the impulse stresses after the
hit; then, all curves tend to rest after such a high
impact, so the curves fluctuate towards the zero
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axis. When viewing the nodal displacement of the
slab for all loading stages at impulse time (0.02
sec) and at the final period (0.1 sec), it could be
noted that the displacement of the concrete slab
with the exposing load and the crack patterns. It
is clear that the displacement at the exact
moment of impulse forms below the loading
region and then starts to cross for the remaining
parts of the slab due to stress extending.

For low amounts of impulse load, a local
failure happens beneath the load. Still, when
exposing an impulse larger than the statical
failure load, a plastic hinge forms at the side of the
slab, which converts it from a fixed slab to a
simply supported slab, as shown in Fig. 8 ataload
of 60 kN.

5.4. Free Vibration

Two hundred seconds were allowed for the
specimens to view the behavior of free vibration
waves. Specimens with low intensities of impulse
load (4 and 20 kN) introduce waves hesitating
between negative and positive axes, which means
that the load does not cause any crack in the
model till rest after approximately 50 sec and 200
sec for 4kN and 20kN, respectively. While for a
slightly higher load (32 kN), the waves showed a
sudden large negative displacement at the
impulse time (0.2 sec), then started to fluctuate
within the negative axis, which means that
significant cracks appeared on the model,
preventing it from behaving elastically, as
illustrated in Fig. 9 and Fig. 10.

When applying loads approximately equal to
the static load or higher than it, the model
collapses after 0.1 sec, and no wave of free
vibration can be obtained (40 kN and 60 kN of
load).

A single conclusion can summarize the
results: if the impulse load magnitude equals
two-thirds of the monotonic failure load or less,
the slab still behaves elastically, and no cracks
can appear on the model. Still, if the impulse load
was higher than or equal to two-thirds of the
static load, the model undergoes a plastic
deformation. The nodal solution and crack
mechanism at the last loading step are provided
in Fig. 11.

Steel rebar is also affected by the exposure to
load, but for high intensity load. Figure 12 shows
the displacement in three directions for the main
steel reinforcement due to applying 60 kN of
impulse load. This means that there is a specialty
for the impulse amount that could change the
behavior of reinforced concrete slabs.
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-0.02
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-0.04
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-0.08
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Displacement at mid span (mm)

Cracks at hit time
(at 0.02 sec)

ANSYS

R161)

20

24

Time (sec)

Fig. 7. Effect of different pulses on the concrete model

Cracks at the final step
(at 0.1 sec)
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Fig. 8. Crack patterns and nodal displacement for the slab during several impulses and different stages of loadings
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Fig. 12. nodal displacement of steel rebars after 200 sec for Ux, Uy, and Uz
5.5. Influence of Compressive Strength discussed and inputted with all its accessories, like

stress versus strain curves, modulus of elasticity,
and the equivalent (8-12% of compressive
strength)[19, 20] tensile strength.

The 60kN load intensity model was used to
investigate the influence of concrete compressive
strength because it presented a critical case. Three
different amounts of concrete strength were
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Results illustrated in Fig. 13 and presented by
displacement versus time showed that the
deflection of the concrete slab minimized when
increasing the concrete strength and keeping the
same ripple behavior, i.e., at the same loading
steps, the same wave was repeated for all concrete
strengths. It can be concluded from such a case
that the stronger concrete slab fluctuated similarly
but in low deflections due to its strength.

The crack paths leave the supports and recede
beneath the applied load after each increment in
concrete strength.

Nodal displacement participates in the crack
pattern with the behavior; the nodal displacement
reaches the supports at the weaker concrete slab
but recedes towards the applied load after each
increment in slab strength, as shown in Fig. 14.

5.6. Rubberized Slab

The 20 kN of load intensity was chosen to
investigate the influence of rubcrete mixes. The
vibration response of the rubcrete specimens was
recorded for 60 sec and provided in Fig. 15. It
could be noted that the first point of results after
the zero is -0.02 mm, i.e,, it started with a negative
value due to the impulse, which affected
downward. The responses for the models in the
first 4 seconds matched each other and then began
to behave separately after the 8th second. S30
shows an opposite signal value of deflection when
compared with the standard concrete model after
the 10th second. The same behavior is observed in
S20 at the 11th second. This means that the
rubcrete's response to the impulse changed due to
energy absorption.

0.03
0.02 ﬂ

0.01

-0.01

Displacement (mm)

—

-0.02

-0.03

40 MPa 30 MPa F'c Displacement (mm)

50 MPa

0 @
-002 0
-0.04
-0.06
-0.08

-0.1
-0.12
-0.14

0.0

.0.16 =—*—fc=50MPa
F'c=40 MPa
018 o pc=30MPa

-0.2

R

Time (Sec)

Fig. 13. Influence of concrete compressive strength
on the response

Crack at the final load step

Nodal displacement

ANSYS
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ANSYS|
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RI6D)

Fig. 14. Nodal solution of the analyzed models

== NC: =510
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520 —S§30

Fig. 15. Changes in wave response due to inserting rubberized concrete properties
(with three degrees of replacement) instead of the conventional
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Fig.16. Repeated applied load for 40 and 30 kN,
respectively, typically for 20 kN too.

5.7. Influence of Several Impulses

Repeating load for 3 times for the load
intensities equals 20, 30, and 40 kN respectively,
and as illustrated in Fig. 16, leads to the conclusion
of the time versus displacement curve, which is
viewed in Fig. 17.

It could be concluded that, repeating the 40 kN
load, the concrete slab failed at the second pulse,
so that the data of deflection with time was
stopped at Fig. 16. The same behavior was
observed when repeating 30 kN of load three
times. The concrete model overcomes the second
hit, but it fails after that, so the results were not
continued after 0.06 sec. Exposing 20 kN as a pulse
load on the slab three times allows the slab to
resist them, but it undergoes plastic deformation
and final collapse after 0.1 seconds.

Figure 18 illustrates the final stage of nodal
solution before failure by the first and the second
hit for 40 kN and 30 kN, respectively.

Figure 19 shows a detailed nodal solution for
all loading stages, in which it can be concluded that
the concrete slab during the impulse does not have
much time to undergo all its deformation at the
moment of the pulse, so the displacement in the
steps next to the hit develops as shown in Fig. 19
at time 0.02 and 0.03 seconds, respectively. The
load was exposed at 0.02 sec, and the slab
deformed due to it, but when looking at the
deformation at 0.03 seconds, the deformation
enlarged despite the lack of load at that time. So, it
could be said that the concrete slab under impulse
load deforms during or even after the applied load
due to the high velocity of the applying load.

Furthermore, it is worth mentioning that the
concrete slab, after the second hit state to form a
plastic hinge at the slab corner, started to be
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viewed at Fig. 19, time equals 0.06 sec, which
indicates that the whole section of the slab resists
the applied repeated load, not only the slab center.

0 e

0.04 0.06 0.08 0.1

-0.02
-0.04
-0.06
-0.08

ol —+—40 kN by 3 times

-0.12 —*—30KkN by 3 times

Displacement at mid span (mm)

—=—20 kN by 3 times

-0.14 -
Time (sec)

Fig. 17. Concrete slab behavior under repeating impulses

08:37: 56

sssssssssssssssssssssssssssssssssss

Fig. 18. Model after ending the first hit of 40kN and failure

Fig. 19. Model after ending the second hit of 30kN and failure

Figure 20 compares the crack amounts and the
width between the second hit and the next second
for the 20 kN repeating loads. It could be noticed
that the crack increases in quantity and becomes
larger after each hit and after the single impulse
itself due to stress distribution.
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Fig. 20. Nodal solution for all the loading stages of the specimen

6. Conclusions

1.

The response of the slab under impulse
load depends, to the first degree, on the
impulse quantity. If this sudden load
equals two-thirds of the static load, the
model starts to show visible cracks.

It is not conditional on finding the
maximum displacement value at the
exact second of applying the load, as in
the static test; in impulse loading, the
designer can expect a higher deflection
several seconds after the applied load.

Stresses keep spreading after exposing
the load till the wave rests.

If the response wave rests after the free
vibration at the zero deflection, the slab
does not undergo nonlinearity. In
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contrast, when the response rests at a
negative deflection value, it could be a
notification of plastic cracks happening.

The higher concrete compressive
strength can change the failure of
concrete slabs from global to local failure.

The most effective parameter within the
rubberized concrete is the modulus of
elasticity, which significantly affects the
behavior of the rubberized concrete,
larger than the stress-strain curve of the
rubcrete.

Concrete slabs under multi-impulse
loads could not overcome the same
percentage of pulse, which was identified
previously as two-thirds of the
monotonic loads. Under repeated pulses,
three pulses with a value equal to half of
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the static loads only, considering the slab
will collapse after the third pulse.

8. When comparing several failure modes
for multiple impulses, it can be concluded
that the crack increases in quantity and
becomes larger after each hit and after
the single impulse itself due to stress
distribution.
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  1000 × 1000 × 80   m m


  A s   o f   o n e   b a r = 28 . 286   m   m 2


  A s   i n   w h o l e   m e m b e r = 188 . 57   m   m 2


  0 . 00159 > 𝜌 = 0 . 00281


  a =   A s   f y  0 . 85     f ′ c   b = 1 . 35   m m


  a =   A s   f y  0 . 85     f ′ c   b = 1 . 35   m m


    M  n = A s   f y    ( d −   a 2 ) = 5 . 94   k N . m


  P   𝛿


  m   a


    m + × a ×   𝛿  0 . 5 a = 2   m + 𝛿


   ∑  i n t e r n a l   w o r k = 4 × 2 ×   m + × 𝛿 = 8   m + 𝛿


  8   m + 𝛿 = P   𝛿 ⇒ p = 8   m + ⇒ P = 8 × 5 . 94 = 47 . 52   k N


    V  c =  1 3    f ′ c ×   b ° ×   d 1000


    b ° = 4  ( 100 + d ) = 668   m m


    v  c = 131 . 75   k N > p = 47 . 52 k N

