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Abstract: RC flat slabs supported by an array of columns subjected to the action of impulsive pressure
were investigated. The slabs were designed for static loads according to current standards. The
dynamic responses of 4 × 4- and 8 × 8-column-supported slabs were similar, as were damage and
failure. A simplified model consisting of a tributary area and a central column yielded similar results,
demonstrating the accuracy of the simplified model and its reliability. These analyses exhibited
modes of damage and failure characterized by large shear distortions in the slab–column connection
zone. The rest of the span remained undamaged and in a horizontal position. In all analyses, the
slab concrete around the column was fully damaged. The rebars failed within a limited zone at the
slab–column connections. The early failure of integrity reinforcement indicated that it could not fulfill
its duty; thus, a subsequent progressive collapse scenario was inevitable. All bent-up rebars failed,
and their contribution to shear resistance was doubtful. The static analysis was entirely different
from the dynamic failure mode. Impulsive loading damage and failure were similar to those in
the case of slab-on-slab impact; in both cases, the slab underwent large displacement and severe
damage in the narrow slab–column zone, whereas the rest of the slab remained almost completely flat
and undamaged.

Keywords: RC flat slabs; multi-span structure; impulsive loading; dynamic response; dynamic
punching; slab–column connection

1. Introduction

Reinforced concrete buildings with flat slabs that are supported by columns are
very common in residential and office buildings, as their construction is easy and fast
and the interior design is free from constraints. A reinforced concrete flat slab sup-
ported by columns is characterized by higher shear stresses at its connections with the
columns, which sometimes may lead to typical punching shear failure in the slab–column
connection zone.

The punching shear problem is well known in flat slabs subjected to static loading
and has attracted much research interest over the years [1–7]. Based on the accumulated
knowledge, modern standards include specific guidelines to ensure the proper perfor-
mance of the RC slab–column joint to avoid its damage and failure. The standards instruct
to carefully design the slab–column joint to avoid punching shear failure by controlling
the slab thickness to provide sufficient shear capacity and by adding special shear re-
inforcement at the connection zone. Special shear reinforcement may include bent-up
omega-shaped rebars crossing the column in the slab–column connection zone or reinforce-
ment links (or shear studs) arranged within the slab in contours around the columns. The
standard guidelines are based on the static behavior of flat slabs, and the analysis is carried
out accordingly.

Punching shear failure is disastrous, as it disconnects the slab from its supports; the
slab then falls downwards and impacts the slab underneath. This local failure may initiate
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a progressive collapse scenario and turn into global failure [8]. To avoid this catastrophic
event, research has expanded to deal with the post-punching shear behavior of flat slabs,
aiming at providing an alternative support to the detached slab to arrest the detached
slab and prevent its fall, thus preventing failure propagation [1,2,9–11]. This is mainly
performed by including special integrity reinforcement, which has shown its efficiency
in static load tests [1,3,12–15]. The mechanism of static punching shear failure has been
studied widely, both experimentally and analytically [4,5,16–22], and the results of these
investigations are implemented in design codes [12–15,23].

The static design of flat slabs is commonly performed using FE linear elastic analysis
or, alternatively, simplified hand calculations of continuous beams in both slab direc-
tions for representative (column and field) strips of the slab. The analysis results pro-
vide the sagging bending moments within the slab span between the columns and the
hogging bending moment in the slab–column connection zone and above the columns.
Typically, maximum deflections are calculated at midspan. These results are imple-
mented in the design process to assure proper reinforcement design and satisfy the slab
performance criteria.

Despite the attention given by different standards to the proper static design of RC flat
slabs in general and to avoid punching shear failure in particular, punching shear failure
occurs from time to time. There are numerous reasons for the occurrence of such failure
under static conditions, such as excessive or unexpected loads; foundation settlement;
faulty construction and material properties; material deterioration; combinations of the
above; and dynamic loads such as impacts, blasts, and accidental gas explosions.

Relatively to the static behavior of flat slabs, their dynamic behavior and especially
their behavior under impact have received only a little attention. Vibration response
is commonly solved using similar approaches and tools as in the static loading case.
The response of RC flat slabs to extreme dynamic loads has hardly been investigated,
although it occurs even in the case described above, where the detached falling slab
impacts the slab underneath [24,25]. A limited number of studies refer to the impact
punching failure of a flat slab–column connection, mostly with numerical analysis using
simplified approaches [26,27] or finite element analysis techniques [28–30]. These studies
show that there is a low chance of survivability in the case of progressive collapse due
to falling debris. Recently, the impact between two flat RC slabs has been investigated
thoroughly [24,25,31,32], and the major failure characteristics have been clarified. The
case of flat slabs that are subjected to static loading is characterized by maximum sagging
bending moments in the span central zone and hogging maximum bending moments in the
connection zone. On the contrary, in the case of impacting slabs, major dynamic punching
shear failure occurs where the damage is concentrated in the slab–column connection zone,
and no damage is developed along the entire span, which remains almost flat [24,25].

The response of RC flat slabs to high-intensity, short-duration pressure has not gained
attention, and the characteristics of damage and failure have not been investigated so far.
The major difference between impacting slabs and impulsive pressure loading is that in
the first case, the impacted slab is subjected to the interaction pressure of the impacting
slabs developed due to the momentum transfer between the slabs, which depends on the
slab masses and velocities, whereas in the second case, the pressure–time history is applied
over the slab area and its magnitude at any time is predefined and is independent of the
slab properties.

The present study aimed at investigating the behavior of a reinforced concrete slab
that was designed according to the current design provisions for static loading and was
previously investigated for the case of a collapsing slab. It aimed at examining the modes
of damage and failure occurring due to the action of impulsive loading and comparing
them to the case of slab impact.

Our recent studies on flat slab impact [24,25,32] showed that a realistic model is
required to properly simulate the complex behavior of the slab–column connection and
its local components, such as longitudinal and shear reinforcement, including its details
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and locations that take part in the local resistance to the impacting slab. This experience is
implemented in the present study, using a similar detailed model which simulates the slab
and the rebars. A finite element software AUTODYN [33] that had been used in the case of
impacting slabs [24,25,32] is implemented in the present investigation, and the dynamic
response analysis of the slabs, accounting for the wave propagation, large strains, and
major damage development is carried out. The proposed model has been validated with
dynamic low-velocity impact tests on reinforced concrete plates [34,35], and very good
correspondence was obtained. The present study refers to an RC flat slab that is supported
by an array of columns and subjected to a short-duration constant pressure over the entire
slab face area.

2. The RC Flat Slab

Consider an RC flat slab supported by a grid of columns as shown in Figure 1. The slab
layout is composed of a 4 m × 4 m square grid of columns supporting 4 m span slabs. A
1.5 kN/m2 live load that is typical of apartment buildings is considered. According
to current design standards [23]. The calculated thickness of the slab according to the
serviceability limit state is 14 cm. The slab is supported by 20 cm × 20 cm cross-section
columns [23]. The reinforcement is based on the analysis of the slab to static loads according
to the current standards [23], using S400 grade steel with a minimum elongation of 12% at
fracture and 8% elongation at maximum stress [36].
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Figure 1. The flat slab layout (a = 4 m, b = 1 m).

A similar slab has been considered in the analysis of a progressive collapse scenario.
The bottom mesh consists of 8 mm diameter rebars at 150 mm spacing in both di-

rections. The top mesh consists of 16 mm bars at 100 mm spacing in the column strips
in both directions and 200 mm spacing in other parts of the slab. Two 10 mm diameter
110 cm-length integrity rebars and three 10 mm bent-up bars were added at each connection
in each direction. All reinforcement details are presented in [25].

3. The Computational Model

The computational model refers to the entire slab supported by a 4 × 4 columns array
(Figure 1). The slab spans are a = 4 m and the cantilevers along the boundaries extend
b = 1 m beyond the columns’ axis.

An explicit FEM analysis has been carried out using the ANSYS AUTODYN software,
implementing a Lagrange (ALE) approach for all elements of the problem [33]. A fine
three-dimensional mesh of eight nodes of solid elements was used for the concrete slab
domain, and beam elements were used for the reinforcement with joints between concrete
and rebar elements.

A perfect bond is assumed between the concrete and steel rebars. The perfect bond
is fully justified in the present case, because the results (see below) indicate that major to
full damage to the concrete in the connection zone develops shortly after impact. Once
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the concrete surrounding the rebars is damaged, this damage governs the interaction
between the concrete and the rebars, and the perfect bond has no meaning, as the concrete
outside the rebar-concrete interface is damaged. This is valid as well for any other assumed
bond-slip relationship.

The finite element sizes were determined through a convergence analysis and a fine
division of the slab height into 10 elements was adopted. Thus, the solid elements dimen-
sions are 20 mm × 20 mm × 14 mm. These elements were used within an 80 cm × 80 cm
central zone around the column axis and gradually larger elements were used at increasing
distances from that central zone. The reinforcement element dimensions match the concrete
element sizes.

The equation of state (EOS) of 35 MPa concrete is simulated by the P~α model and
the deviatoric behavior -by the RHT model. The linear EOS and a bi-linear elastic plastic
deviatoric model with failure at a given effective plastic strain are used for the steel rebars.
The AUTODYN built-in erosion procedure algorithm is used. An “effective plastic strain”
is defined for the concrete and an “on failure” for the steel rebars [33]. The major data used
for the concrete and steel models are presented in Table 1; more details are given in [25].
It was shown that the selection of an erosion-effective strain that is lower than “2” (the
value that was adopted for the present analysis) is not affecting the solution. Increasing the
erosion effective strain beyond “2”, yields non-physical results and when this parameter is
equal to “2.5” the analysis is terminated prematurely due to the appearance of “corrupted”
elements in the slab nearby the column” [25].

Table 1. Material properties for numerical simulations.

Concrete 1 Steel 2

Property Data Property Data

Porous density 3 2314 kg/m3

Reference density 3 2750 kg/m3 Initial density 7860 kg/m3

Bulk Modulus 35.27 GPa Bulk Modulus 167 GPa
Shear Modulus 16.7 GPa Shear Modulus 77 GPa
Compressive Strength 35 MPa Yield Stress 400 MPa
Tensile/compressive
strengths ratio 0.1 Modulus of linear

hardening 667 MPa

Shear/compressive
strengths ratio 0.18 Strain Rate constant 0.012

Damage Constant 0.04 Reference strain rate
.
ε0 10−4

Damage Constant 1.00 Plastic strain at failure 8%
Erosion Geometric
Strain 2 Erosion Geometric Strain 2

1—35 MPa 150 mm-cube uniaxial strength. 2—type S400. 3—The porous density is the concrete initial density,
whereas the reference density is the density at full compaction which is reached at a very high-pressure level.

4. Impulsive Load over the Entire Slab
4.1. Geometry

In previous studies [25,31,32] that investigated the impact of two slabs, a simple
geometrical model was suggested to represent the entire slab and to save considerable
computational resources and time for running a single analysis. The simplified model
consists of a tributary area a × a (a is the span dimension) having a single central column.
The tributary area is subjected to the following boundary conditions representing symmetry
and continuity of the complete slab: ∂w/∂x = 0 along the edges x = 0, L and ∂w/∂y = 0
along y = 0, L (where w is the vertical displacement, x is the horizontal coordinate and
y is the vertical coordinate in Figure 1). In the present study, the simplified model with
the tributary area (Figure 2a) and the entire slab in Figure 1 are analyzed for comparison
(Figure 2b). Both calculations refer to the same impulsive loading.
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A third analysis is carried out on a multi-span slab (with 2 m cantilevers) supported
by 8 × 8 columns (Figure 2c). The third analysis aims at comparing a multi-span (i.e., seven
spans) slab response with the response of a slab having a limited number of three spans
(Figure 2b), for which the first and central spans may respond somewhat differently. In all
three analyses, the slabs are subjected to the same impulsive loading which is uniformly
distributed over the entire slab top surface.

From the comparison between these analyses, the accuracy of the simplifying assump-
tion and the reliability of the results obtained from the simplified model and their relevance
to the real full-size slab may be concluded. Not less importantly, the response of the slab
under the action of an impulsive load is clarified, and its similarity to the case of impacting
slabs may be assessed.

Figure 2b is similar to Figure 1 and indicates nine key points at which the slab dis-
placements will be monitored. Points 1 marks the slab corner; points 2, 3, 8, and 7 are laid
along the slab cantilever boundaries at mid-distance between column rows; and each of
points 4, 5, 6, and 9 are laid at the center of a 400 cm × 400 cm slab. Figure 2a shows the
tributary area of the simplified model, and marks five points along half a diagonal (the
line connecting points 20 and 24 is the half length of the line between points 5 and 9 in
Figure 2b). Point 20 in Figure 2a is identical to points 4, 5, 6, and 9 in Figure 2b. Figure 2c
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shows a quarter of an 8 × 8 column supported slab, where point 1 is the slab’s central point,
which is similar to point 5 in Figure 2b.

4.2. Slab Response to Impulsive Loading
4.2.1. The Impulsive Loading

Consider a short-duration impulsive load acting on the entire slab. It is defined by its
impulse of 4000 kPa·ms, and by its pressure-time history that is described by a rectangular
pulse shape with a pressure of 400 kPa acting during 10 ms, and a zero pressure then after.
This impulse intensity has been selected to cause failure and enable evaluation of the slab
mode of failure.

4.2.2. Slabs Motion Time-History

Figure 3a shows the velocity-time history for four points in the 4 × 4 columns sup-
ported slab. The points are located at the span centers depicted in Figure 2b. The curves
describe a very similar response, with a noticeable small difference at point 5 (the slab
center) compared to points 4, 6, and 9 which are closer to the slab boundary. Figure 3b
shows the velocity-time history for four points in the 8 × 8 columns supported slab. The
points are located at the span centers that a close to the center of the slab as depicted in
Figure 2c. The curves show identical motion at the four different spans. The signals in
Figure 3a,b are very similar, indicating that the 4 m × 4 m slab may represent the response
of a similar slab supported by a larger number of columns.
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In both cases, the peak velocity is developed at 10 ms, and attenuates to a lower
magnitude permanent velocity within 20–30 ms. This means that the slab has exploited its
resistance within that time. Within that duration, the central point displacement exceeds
the slab thickness (Figure 3c,d).

Figure 4a indicates that the velocity time histories of the two multi-span slabs are very
similar, and the velocity time history of the simplified model only slightly deviates from
these curves. The calculated response up to 10 ms is identical and the same peak velocity
is reached.
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Then after some deviation from the multi-span curves is observed during the time
interval 10–20 ms. All signals reach a similar permanent velocity of ~10.5 m/s. The local
minor variations in the velocity-time history are not noticed in the displacement-time
history (Figure 4b) where the three curves are identical. This comparison confirms that the
simplified model is a reliable representation of the entire slab response under such loading.

4.2.3. Damage and Failure

a. Damage in the concrete slab

When the slab velocity approaches a constant magnitude and its displacement is
gradually increasing, an ultimate state of failure is reached, where the slab has exploited
its resistance capacity, and a failure mechanism is formed. It occurs after ~20 ms, where
the central point displacement exceeds the slab thickness. From that instant, the analysis
indicates a constant velocity and corresponding linear displacement motion of the slab
with respect to the columns and therefore the computation has been terminated after 38 ms.

Figure 5 shows a cross-section of the slab and columns along a typical row of columns
after 38 ms, when a central point reaches a displacement of ~350 mm (Figure 4b).

Figure 5a shows the damage along the slab width, through the slab and four columns.
The damage scale varies between 0% (in blue) to 100% (in red). Figure 5b shows the damage
along the slab width from the slab middle (center line) through the four columns to the
right side.

One may see (Figure 5) that the cross-sectional damage patterns in both cases are very
similar, with the following major features:

• The damage is concentrated at the slab-column connections. Along the slab spans
between the column zones no significant damage is observed.

• The slab damage at the column zone is characterized by 100% damage in the con-
crete (red color on the damage scale). This means that the concrete is fractured and
comminuted and has lost its strength.

• Large shear distortions of the slab are clearly observed in this zone.
• A large displacement is observed between the slab’s current position and its original

position crossing the column.

The internal spans seem to remain in a horizontal position with minor, almost unno-
ticeable, curvature.

Comparing the damage in a typical column in Figure 5a,b with the damage in the
simplified model is presented in Figure 6 and shows very similar results.
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The top-face damages for the 4 × 4-colunms slab (Figure 7a) and the 8 × 8 columns
slabs (Figure 7b) are very similar to the damage in the simplified model (Figure 7c).
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b. Damage in the reinforcement

After a complete failure of the slab-column connections is developed, as described
above, an examination of the damage and failure of the reinforcement has been carried out.
Figure 8 depicts the damage in the top and bottom reinforcement meshes in a column strip
along the width of a 4 × 4 column supported slab. Damage is concentrated at limited zones
within the slab-column connections only, and the reinforcement remains elastic beyond
these zones.

Figure 9 depicts the damage details in the slab-column connection zone. The top rebars
in both directions fail close to the column boundary, such that a clear 40 cm× 40 cm square
hole is formed through which the column may punch through the top reinforcement.

The mesh deforms upward in its 70 cm× 70 cm central part where a symmetrical
bulge is formed around the column axis and an inelastic damage in the rebars is observed
(Figure 9a).

The bottom mesh rebars in both directions failed and a clear 30 cm× 30 cm clear hole
is formed in the mesh through which the column has punched through (Figure 9b). All
integrity rebars fail at cross-sections close to the column boundary. Damage is observed
at the rebars and integrity reinforcement with a 90 cm× 90 cm central zone around the
column axis.

This failure indicates that the integrity rebars are useless and cannot arrest the slab
from falling. The integrity reinforcement cannot fulfill its duty under this loading and a
following progressive collapse scenario is inevitable.

The failure of all bent-up rebars is evident (Figure 10) and its contribution to shear
resistance is doubtful.
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5. Evaluation of Slab Response to Impulsive Loading
5.1. Impulsive Loading vs. Static Loading

A flat slab supported by columns that are subjected to static loading may be analyzed
by a Finite Element discrete method or by calculating the bending of a multi-span beam
representing a typical slab strip that is supported by the columns. In both alternatives,
the columns strip, indicates the higher bending moments. The bending moment variation
is such as that obtained for a multi-span beam showing a maximum hogging bending
moment above the column supports and a maximum sagging bending moment at the
span central zone. The deflection line shows a variable curvature that is in accordance
with the bending moment variation. In a homogeneous beam made of an elastic-plastic
material the bending moment magnitudes increase at increasing load intensity, until a
plastic bending moment is developed. It develops first above the columns supports and
with further increase of the load intensity plastic hinges are formed in the spans central
zone and a mechanism is determined where the corresponding load intensity is denoted as
the ultimate load. In reinforced concrete elements, the bending moment capacity depends
on the sectional properties, on the concrete strength and reinforcement ratio, and on the
load level at which a plastic hinge is formed.

The transition from elastic to elastic-plastic behavior is continuous and expected,
and the design according to the elastic analysis may indicate the margin of safety for the
ultimate load.

This is not the case in the present case, where a slab on columns is considered. The
slab design is carried out using the analysis results of an elastic slab supported on columns,
which yields the variable bending moments, that determine the reinforcement amount in
the slab and their detailing. However, when the slab is subjected to impulsive loading,
the failure mechanism turns into a dynamic punching shear failure, that is characterized
by severe shear distortions at the slab-column connection zone, accompanied by local
reinforcement damage and failure at that zone, whereas the rest of the slab remains almost
undamaged. The failure mode is entirely different and cannot be forecasted or extrapolated
from the slab analysis and its performance under the design loads. There is no relationship
between the elastic-based design and the slab capacity to the impulsive load action. This
peculiar situation should be noted, and it deserves special attention in subsequent studies.

5.2. Impulsive Loading vs. Slab-on-Slab Impact

Impulsive loading on a slab is characterized by an independent short-duration pressure-
time history which is applied on the slab top surface. This scenario is investigated above,
and typical damage and failure results are depicted in Figures 6 and 7.

A slab-on-slab impact is a typical action occurring during a progressive collapse
scenario where one slab is falling on top of another slab that is located at a lower level
and the intensity of the impact between the slabs depends on the slabs’ masses and their
velocities. In this case, the implicit interaction pressure and its duration affect the following
motion of the impacting slabs. This behavior had been investigated by the authors recently,
and typical damage and failure results are depicted in Figure 11.

Comparison of Figures 6, 7 and 11 shows many similarities. In both different loading
cases, the slab undergoes large displacements, severe damage is developed at the slab-
column zone whereas the rest of the slab remains almost completely flat and undamaged.
Therefore, the simplified model composed of a single representing column connected to a
tributary area is justified and may represent the entire slab response. This model yields very
good results that are in excellent agreement with the full-size slab solution. The analysis
results in both cases indicate that the evolution of damage yields a complete failure within
a very short duration of ~20 ms.



Appl. Sci. 2023, 13, 1933 12 of 14

  
(a) (b) 

 
Figure 11. Slab-on-slab damage and failure. (a) Top view. (b) Cross-section.

6. Conclusions

The present study refers to an RC flat slab that is supported by an array of columns
(4 × 4 and 8 × 8) and subjected to a short duration constant pressure. The slab thickness
and its reinforcement are designed for static loads according to a current standard. The
35 MPa concrete is simulated by the P~α model for the equation of state and the RHT model
for the deviatoric behavior. The linear EOS and a bi-linear elastic plastic deviatoric model
with failure at a given effective plastic strain are used for the steel rebars. A simplified
model consisting of a tributary area with a span size having a single central column and
“symmetry” boundary conditions is used for comparison. Comparison between the full-
size slabs’ response and the simplified model response demonstrates the accuracy of the
simplified model and its reliability for this loading.

All these analyses have clarified the response of the RC flat slab to the action of an
impulsive load, and its damage evolution and failure characteristics. It has been shown
that the velocity-time histories of the two 4 × 4 and 8 × 8-columns multi-span slabs are
very similar, and the velocity-time history of the simplified model only slightly deviates
from these curves. The calculated responses up to 10 ms are identical and the same peak
and permanent velocities are reached. Furthermore, the local minor variation between
the single-span and multi-span slabs is noticed in their velocity-time histories but is not
noticed in their displacement-time history. Therefore, the simplified model is a reliable
representation of the entire slab response to a uniformly distributed short-duration loading
acting on the entire slab. It may provide considerably faster solutions compared to the
full-size slab. Examination of the damage map of the full-size slab indicates that damage is
developed around each column, whereas the slab domains between these zones remain
almost flat and damage free; this justifies the isolation of a tributary area around a column
to obtain the calculate the damage-time history, which is similar for every other slab-column
connection zone.

The cross-sectional damage patterns in both multi-span slabs are very similar, with the
following major features: (1) the damage is concentrated at the slab-column connections,
along the slab spans out of the column zones no significant damage is observed; (2) the
slab damage at the column zone is characterized by 100% damage in the concrete; (3) large
shear distortions of the slab are clearly observed in this zone; (4) a large displacement is
observed between the slab current position and its original position crossing the column;
(5) the internal spans seem to remain in a horizontal position with minor almost unnotice-
able curvature.

The concrete in the connection zone is fully damaged and the slab reinforcement fails
at cross-sections that are close to the column circumference. This refers to the top and
bottom reinforcement meshes through which the column is punching through, as well
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as to the integrity reinforcement which fails similarly to the bottom reinforcement. This
failure indicates that the integrity rebars are useless and cannot arrest the slab from falling.
Therefore, the integrity reinforcement cannot fulfill its expected task to support the failed
slab and prevent a progressive collapse. Hence, under this loading, a following progressive
collapse scenario is inevitable. The failure of all bent-up rebars indicates their limited role
in enhancing shear resistance and their contribution to resisting shear is doubtful.

An interesting observation refers to the difference between the failure mode due to
the impulsive loading, which is entirely different from the expected failure under static
loading. The static analysis demonstrates the slab bending behavior, with hogging bending
moments at the supporting points and sagging bending moments in the central parts of the
spans. The expected failure mechanism upon the increase of the static load intensity is the
development of plastic moments at these extremal bending moment locations. However,
the failure due to the impulsive loading is entirely different and the static design slab of the
slab cannot provide suitable resistance to an entirely different mode of damage and failure.

In the author’s recent studies on the progressive collapse of flat slabs, the impact
between a falling slab and a slab that is located one level below has been investigated.
Both impact cases differ in the type of loading: the impulsive load is explicitly given and
is independent of the slab and geometry data, whereas the impacting slabs respond to
the implicit interaction dynamic pressures which depend on the slab masses and their
velocities upon impact. Nevertheless, a comparison between the modes of damage and
failure in both cases shows many similarities in concrete and reinforcement damage and
failure. In both cases, the impacted slab undergoes large displacements, and severe damage
is developed at the narrow slab-column zone whereas the rest of the slab remains almost
completely flat and undamaged.

It turns out that the static-loading based structural design of a slab is not suitable to
provide the required resistance according to the inspected damage and failure under an
impulsive or slab-on-slab impact. This explains why dynamic shear failures occur, and
calls for reassessing the design principles to enhance the slabs’ resilience.
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