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Abstract: Although many studies on the blast-resistant performance of structures have focused
mainly on single members such as beams and columns, there is little research on the behavior
of joints that are subjected to blast loads. In this study, the structural behavior of a slab–column
connection subjected to blast load was investigated using a numerical analysis method. LS-DYNA
was used as a finite element analysis program, and in order to improve the accuracy of numerical
analysis, mesh size, material model, and simulation method of blast load were determined through
preliminary analysis. The effect of different restraints of the joints, depending on the position of
the columns in the slab, on the blast resistance performance was investigated. As a result, the
highly confined slab-interior column connection showed better behavior than other edge and corner
columns. The drop panel installed between the lower column and the slab was effective in improving
the blast-resistance performance of the slab–column connection. For a more accurate evaluation
of blast resistance performance, it was suggested that various evaluation factors such as ductility
ratio, reinforcing stress, and concrete fracture area can be considered along with the support rotation,
which is an important evaluation factor suggested by many standards.

Keywords: blast loads; slab; column; connections; numerical analysis

1. Introduction

As explosive terrorism and explosion accidents continue to occur around the world,
research on the behavior of structures under such extreme situations is increasing [1–3].
Most of these studies focus on how single members such as beams, columns, and slabs
behave under explosive loads. Since the failure or large deformation of the joint can directly
lead to the collapse or malfunction of the entire structural system, the study on the joint
behavior is no less important than the study on single members. Although many studies
have been conducted on the structural behavior of joints under static and dynamic loads,
further studies are still needed to improve the understanding of joint behavior under
explosive loads [4–6].

In this study, the joints of the columns and slabs were investigated. In particular,
the behavior of the joints under blast load was investigated according to the position of
the column. In other words, the effect of different restraints of the joints on the blast-
resistance performance was observed as the columns were located on the inside, edge,
and corner of the slab. In addition, the behavior of slab–column joint with drop panel,
which is a square portion provided above the lower column and below the slab, was
investigated. Drop panels that provide increased shear strength and moment resistance
are expected to be effective in improving the blast-resistance performance of slab–column
joints. The experimental approach with explosives is really challenging, expensive, and
difficult. Therefore, in this study, numerical analysis, one of the best options to discuss this
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phenomenon, was performed using LS-DYNA, a general-purpose finite element analysis
program whose reliability has been verified through many previous studies [7,8].

2. Literature Review

There are some studies on the structural behavior of the slab–column connections
according to the position of columns under static loads. Bianchini et al. (1960) performed
tests on a total of 45 specimens of the interior, edge, corner, and isolated columns [9]. As
a result, the effective strength of the interior column–slab joint was 75% of the column
strength and 1.5 times the slab strength. However, when the column strength exceeds the
slab strength by 1.4 times, the effective strength of the column–slab joint at the edge and
corner columns is not significantly increased by the restraint of the surrounding slab [9].
McHarg et al. (2000) performed a total of 12 test specimens consisting of column–slab
specimens and isolated column specimens [10]. The interior column showed greater axial
compressive strength than the isolated column due to the restraint effect of the slab, and
also showed ductile behavior [10]. Lee et al. (2007) performed column load transmission
experiments depending on the position of the column. As a result, the interior column test
specimen has improved ultimate load capacity than the isolated column specimen due to
the slab restraint effect [11].

There are also many studies on the structural behavior of slab–column connections
under dynamic loads. Some of them experimentally confirmed that the amount of flex-
ural reinforcement affects the seismic behavior of the slab–column joint [12–16]. Some
studies have investigated the seismic response of slab–column joints with high-strength
concrete (HSC) applied to the slab, and they showed that the specimens with HSC had
superior performance in terms of ductility and strength, compared to specimens with
conventional normal strength concrete (NSC) [17–20]. Scotta and Giorgi (2016) performed
cyclic experiments on four full-scale exterior slab–column connections made of normal
concrete and fiber-reinforced lightweight aggregate concrete [21]. They reported that the
addition of steel fibers to the concrete mix improved the hysteretic behavior of slab–column
connections [21]. Several researchers have studied the progressive collapse and robustness
of building structures due to column or joint collapse [22–26]. Setiawan et al. (2019) per-
formed numerical analysis on slab–column connections subjected to cyclic loading and
captured the characteristics of cyclic degradation observed in experiments with nonlinear
finite analysis and suggested a simplified design method for punching shear [27].

As shown above, studies dealing with the structural behavior of joints under dynamic
loads mainly focus on seismic loads. While there are relatively many experimental and
numerical investigations of reinforced concrete (RC) slabs subjected to blast loading [28–37],
there are few studies of slab–column connections. Shahriari et al. (2021) numerically
investigated the blast response and progressive collapse of RC structures equipped with
viscoelastic dampers [38]. They found that viscoelastic dampers designed for seismic
loads resulted in a suitable performance for reducing the response of structures to blast
loads [38]. Krauthammer (1999) reported that plastic hinge control through diagonal
reinforcing bars can contribute to the improvement of the blast resistance performance
of the connections [39]. Lim et al. (2016) have reported the blast-resistance performance
of joints of slab-interior and slab-edge columns [40]. However, there is no study on the
blast-resistance behavior for the slab-corner column connection and for the relatively large
explosive load. Additionally, the method of transmission of the explosive load has not
been verified sufficiently in the numerical analysis. Therefore, it is necessary to investigate
the blast-resistance performance of slab–column connections depending on the type of the
column and the amount of explosive load.

According to the ASCE/SEI (2011), the connection should be designed to resist shear
force, axial force, bending moment, and torsion [41]. The effects of rebound are also
considered for all connections. The reinforcements in beam–column connections are
supposed to comply with details of earthquake-resistant structures according to ASCE/SEI
(2011) [41]. There are no other guidelines for the design of blast-resistant slab–column
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connections. Especially, the material properties in blast events are different in earthquake
conditions because of the difference in strain rate. The strain rate is typically over 100 s−1 in
blast events and 10−5 s−1 in earthquakes [42]. Therefore, more accurate material properties
are needed to design structures subjected to explosive loads comparing to structures
subjected to seismic loads.

According to UFC 3-340-02 issued by the US Department of Defense (DoD), support
rotation and ductility are selected as criteria for evaluating the structural performance of RC
structural members under explosive loads [43]. This criterion assumes that the structural
member is effectively resisting the blast load when the support rotation is 2 degrees or less.
In addition, ASCE/SEI 59-11 proposes the limit of support rotation for blast-resistant RC
structures and also provides a level of protection (LOP) [41]. It is noteworthy that both
DoD and ASCE are proposing support rotation as an evaluation factor for the behavior of
blast-resistant structures.

3. Numerical Analysis
3.1. Details of Specimens

Details of all slab–column connections are shown in Figure 1. The specimen IC is
a statically designed slab-interior column connection. The specimen IC-D has the same
reinforcement and shape details as specimen IC, but the drop panel was additionally placed
according to ACI 318 (2011) [44] and ACI 352.1R [45]. The specimens EC and CC were
designed based on the specimen IC, but the column was located at the edge and corner of
the slab, respectively. Accordingly, the specimens EC and CC are confined on three sides
and two sides of the connection, respectively, while the specimen IC is confined on all
four sides. In general, the effective strength of connections can be improved in static loads
when the column in connection is confined by slab [9,46]. To verify the confinement effects,
comparative studies were conducted on the behavior of specimens IC, EC, and CC.

Figure 1. Details of specimens: (a) specimen IC; (b) specimen IC-D; (c) specimens EC and CC; (d) slab details of specimens
IC and IC-D; (e) slab details of specimen EC; (f) slab details of specimen CC.
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3.2. Modeling of Specimens

In order to obtain accurate numerical analysis results, it is necessary to establish
an accurate material model. In this study, Mat_072R3 was selected from the concrete
material models provided by the analysis program LS-DYNA. This material model reflects
the strain-rate effect and has already been found in several studies in the literature to
be suitable for analyzing concrete structures under high strain-rate [47–49]. However,
Mat_072R3 was unable to exhibit local damage caused by explosions, such as crater spalls,
which are associated with structural failure and erosion [50]. Therefore, to simulate these
characteristics, LS-DYNA’s “Add_Erosion keyword” option was applied to the concrete
material model. To model the reinforcing bars, LS-DYNA’s Mat_024 was applied, which
is defined as an elastic-plastic material with arbitrary stress–strain curve and an arbitrary
strain-rate dependency. The fracture of Mat_024 is based on plastic deformation [49].

Numerical analysis results may vary depending on the mesh size of the element [51,52].
According to the previous studies, when simulating a structure subjected to an explosive
load, a mesh size of 25 to 30 mm led to the analysis results most similar to the experimental
results [33,53]. In this study, before the main analysis was conducted, various mesh sizes
were evaluated in terms of accuracy and efficiency of analysis. In the preliminary analysis,
the displacement, stress of reinforcing bars, and fracture shape were investigated in the
same way as in the main analysis. Considering the analysis results and the time required
for analysis, a mesh size of 20 to 25 mm is considered to be the most reasonable. Therefore,
in this study, the concrete mesh is composed of 25 mm cubic, 8-node solid elements.

The interaction between concrete and reinforcing bars has a great influence on the
behavior of RC structures. In particular, interactions such as bond–slip are very difficult to
simulate. A method of tying nodes was recommended to simulate the structure’s actual
behavior and to provide the simplicity of analysis [48,54]. In this study, the nodes of the
reinforcing bar and concrete are connected to each other to provide accurate structural
performance.

The one-point integration method used in this analysis is effectively applied to dy-
namic analysis due to its relatively short analysis time. However, there is a risk of creating
a zero-energy state that causes a negative volume or creating an element that behaves
differently from the actual behavior. In the numerical analysis, the volume of solid elements
is generally reduced when subjected to the compressive pressure, but when zero energy
is generated inside the solid elements, the negative volume occurs due to the abnormal
operation of the element, resulting in an increase in volume, as shown in Figure 2. In this
case, the amount of internal energy loss is called hourglass energy. When the hourglass
energy is largely generated, it is difficult to ensure the accuracy of the analysis [55–57].
Therefore, LS-DYNA’s “Hourglass” option, which can control the accuracy of analysis due
to this phenomenon, was applied to the material model [48,58].

Figure 2. Process of the negative volume.

3.3. Modeling of Blast Loads

In this study, a preliminary analysis was performed to select the analysis method be-
tween multi-material arbitrary Lagrangian–Eulerian (MME) and load-blast enhanced (LBE).
The concrete walls, which have the same characteristics as the main analysis including
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materials and element size, were analyzed. As in the main analysis, 4 kg of TNT was placed
at a vertical distance of 300 mm from the center of the structure surface. The surfaces for
LBE were defined as the front of a wall that was directly affected by the explosion. Table 1
and Figure 3 show the analysis results from both methods of MME and LBE. The maximum
pressures of MME and LBE were 3.97 × 10−7 MPa and 3.33 × 10−7 MPa, respectively.
The area of the pressure curve of MME was larger than that of LBE, as shown in Figure 3.
For the LBE method, the explosive pressure was directly applied to the element surfaces.
For the MME, however, since the explosion load at the origin was transmitted through
the atmosphere elements, the residual pressure was transmitted through the atmosphere
after the maximum explosion pressure. Therefore, as shown in Figure 3, the pressure
curve area of the MME was larger than the pressure curve area of the LBE, although the
maximum pressure did not show a large difference. Table 1 compared the duration time of
both analysis methods. The LBE method could be regarded as a more efficient explosion
analysis method since the analysis time of MME was about 90 times longer than that of LBE.
As a result, it is considered that the MME method is suitable for understanding the flow
and progress of the explosive pressure, and the LBE method is suitable for understanding
the effect of the maximum pressure on the structure under the explosive load. Therefore, in
this study, the LBE method was chosen considering that the maximum pressure is similar
to MME and it is more efficient in terms of analysis time. Moreover, many research studies
showed that the LBE method is more efficient than the MME method considering analysis
results and time [59–61].

Table 1. Comparison of analysis time of MME and LBE.

Variables
Number of Elements

Analysis Time Duration of Analysis
Structures Air TNT

LBE 800 - - 129 s
100 msMME 800 56075 125 11,075 s
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Figure 3. Comparison of pressure histories of MME and LBE.

Based on empirical formulas of blast loads, the Protective Design Center (PDC) of
US ARMY releases the Conventional Weapons Effects (ConWep), which could perform a
variety of conventional weapons effects from TM 5-855-1 [58,62]. The LS-DYNA applies the
ConWep system to LBE. The blast loads of TNTs were located 300 mm from the column and
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slab. The variables for the amount of TNT were 4 kg and 12 kg. The mass of TNT used in
this analysis represents the small and large briefcase bomb, as shown in Table 2 [63]. When
4 kg of TNT was used, which is equal to the amount used in a small briefcase, the blast
resistance behavior could be well observed because the slab was not completely destroyed.
On the other hand, when 12 kg of TNT was used, which is equal to the amount used in a
large briefcase, a significant portion of the slab where the explosive load was placed was
destroyed. Table 3 summarized the descriptions of the specimens including blast loads.

Table 2. Typical example of terrorist explosive materials [63].

Explosion Method Material Type Loaded Weight

Small briefcase
Military commercial bomb

such as TNT

2~4 kg
Large briefcase 4~12 kg

Suitcase 12~22 kg
Bicycle 30 kg

Table 3. Specimen descriptions.

Specimen Description Charged Weight of
TNT

IC4
Slab-interior—column connection

4 kg
IC12 12 kg

IC-D4 Slab-interior—column connection
reinforcing with drop panel

4 kg
IC-D12 12 kg

EC4 Slab-edge—column connection 4 kg
EC12 12 kg
CC4

Slab-corner—column connection
4 kg

CC12 12 kg

4. Analysis Results

From the analysis results, typical forms of pressure distribution were commonly ob-
served in every specimen, as shown in Figure 4. When the explosive load was applied,
high compressive forces were generated in the slabs and columns directly affected by the
explosion load. Then, the overpressure spread spherically through the slab–column con-
nection. The analysis end time was set to 3000 ms, which is the time at which deformation
of all specimens was found stable. As shown in Figure 5a–d, for specimens subjected
to 4 kg of TNT, spalling on the rear face of the slab, was severer than that on the front
face. These phenomena of pressure development and spalling are quite similar to previous
researches [33,43,53]. Looking at the fracture pattern of the specimen under 12 kg of TNT,
the part of the slab where the explosion load was placed was completely lost, as shown in
Figure 5e–h.

Figure 4. Typical forms of pressure distribution.
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Figure 5. Failure shape of slab–column connections: (a) specimen IC4; (b) specimen IC-D4; (c) specimen EC4; (d) specimen
CC4; (e) specimen IC12; (f) specimen IC-D12; (g) specimen EC12; (h) specimen CC12.

4.1. Slab Deflection

Figure 6 shows the deflection of the slab subjected to TNT 4 kg along the diagonal
distance away from the corner of the column. The maximum deflections of the slab
occurred similarly in every specimen with TNT 4 kg. The deflection of the slab increased
rapidly from the point about 350 mm away from the corner of the column. This point
is similar to the point where the fracture of the slab occurred. Figure 7 shows the slab
deflections for TNT 12 kg. Large deflections were observed at about 150 mm away from
the corner of the column, and beyond that point, fracture of the slab was observed. As the
larger explosive load was applied, the fracture area was much larger than that of 4 kg TNT
applied specimens.

When comparing the effective deflection of the unbroken part of the slab, it was
confirmed that the drop panel slightly reduced deflection. However, for all specimens
with TNT of 4 kg and 12 kg, comparing the specimens IC, EC, and CC, the slab deflection
according to the position of the column showed no significant difference.
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Figure 6. Slab deflection of specimens with TNT 4 kg.

Figure 7. Slab deflection of specimens with TNT 12 kg.

4.2. Critical Section in Slab

In slab–column connections, a section that is 1/2 of the effective depth, d, from the
outer surface of the column is regarded as a critical section [45]. Sufficient safety must
be ensured for critical sections to prevent the collapse of the entire structure due to large
damage of the joints [44,64]. Figure 8 shows failure shapes of slabs for specimens subjected
to 12 kg of TNT. For specimens EC and CC, spalling due to the blast load occurred over the
critical section, but specimens IC and IC-D showed a more positive structural behavior in
which spalling did not spread to the critical section. Table 4 shows the deformation and
support rotation at the critical section for all specimens. The deformations in the critical
section of the specimens IC-D4 and IC-D12 were 0.040 mm and 3.284 mm, which were the
least deformations among the specimens subjected to the same blast load. Figures 9 and 10
show the deflections in the critical section. In Figure 9, the specimens, except for specimen
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IC-D4, show similar behavior. The inflection points of deflection curves occurred within
the critical sections for all specimens except the specimens reinforced with drop panels. In
other words, the safety of the critical section was enhanced by the drop panel. Therefore,
the drop panel can be considered as a method to effectively resist blast loads.

Figure 8. Critical section and slab failure shapes of specimens with TNT 12 kg: (a) IC12; (b) IC-D12; (c) EC12; (d) CC12.

Table 4. Maximum deflection and support rotation at critical section.

Specimen Deflection (mm) Support Rotation (◦)

IC4 0.294 0.159
IC-D4 0.040 0.021
EC4 0.326 0.176
CC4 0.244 0.132
IC12 3.941 1.277

IC-D12 3.284 1.064
EC12 5.190 1.682
CC12 8.297 2.687

Figure 9. Slab deflection at the critical section with TNT 4 kg.
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Figure 10. Slab deflection at the critical section with TNT 12 kg.

According to the criteria, the limit of support rotation to effectively resist the moment
is two degrees [41,43]. However, according to the analysis results, it was found that
this evaluation criterion alone was insufficient to adequately represent the blast-resistant
performance of the member. This is because the support rotation in the critical section of
all specimens was below the criteria limit of two degrees, but in reality, most specimens
showed that the slab was destroyed. Therefore, in order to more accurately and reasonably
evaluate blast-resistant performance, it is necessary to consider various evaluation factors
in addition to support rotation.

4.3. Steel Stresses in Slab

The peak stresses in the reinforcement of the slab are shown in Table 5. In every
specimen with TNT 4 kg and 12 kg, the peak rebar stress occurred near the explosive
load. Although a large fracture occurred in the slab, the peak stresses of all reinforcing
bars did not reach the maximum strength to which dynamic increased factor was applied.
This phenomenon is believed to occur because the concrete is destroyed by the explosive
energy at a moment and the energy is not sufficiently transmitted to the reinforcing bar.
However, in the previous study, it has been confirmed that the reinforcing bars affect the
blast-resistance capacities in the beam–column connections [65].

Table 5. Peak stresses in reinforcements of the slab.

Specimen Peak Stress (MPa)
Top Reinforcing Bar Bottom Reinforcing Bar

IC4 32.40 157.04
IC-D4 33.93 164.08
EC4 29.52 162.08
CC4 31.17 137.43
IC12 122.62 298.52

IC-D12 128.38 279.72
EC12 176.12 312.99
CC12 440.92 440.48

For most specimens, the stresses of bottom reinforcements of the slab were larger than
those of top slab reinforcements. This phenomenon is due to the failure mode in which
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the rear fracture was more severe than the fracture of the front face to which the explosive
load was applied. The effect of the drop panel on the reinforcement stress was not clearly
observed, considering that the slab reinforcement stresses of IC and IC-D were similar.

4.4. Column Behavior

Table 6 shows the maximum horizontal deformation of columns. When comparing
column behaviors of specimens IC and IC-D, the drop panel was found to be effective in
controlling the horizontal displacement of columns under explosive load. Comparing CC,
EC, and IC specimens, the larger the constraint of the column by the surrounding slab
was, the less horizontal displacement of the column was observed. In the case of CC12, a
very large displacement occurred at the end of the analysis, and the column of specimen
CC12 seems to have been destroyed as displacement shows a continuous trend of increase.
Therefore, it is necessary to pay special attention to the blast-resistance performance for the
relatively large explosive load in the case of a corner column having a low constraint by a
surrounding slab.

Table 6. Maximum horizontal deformation of the column.

Specimen Column Deformation (mm)
TNT 4 kg TNT 12 kg

IC 0.034 0.104
IC-D 0.033 0.099
EC 0.035 0.171
CC 0.038 12.91

5. Conclusions

The blast resistance of slab–column connection was numerically analyzed. The confine-
ment effect of connection on the blast resistance was investigated through a comparison of
the slab-interior column, slab-edge column, and slab-corner column. In addition, the effect
of the drop panel on the blast resistance performance was investigated. The conclusions
from this numerical study are as follows:

(1) Analysis results showed that the slab-interior column had a better performance than
the slab-edge column and slab-corner column in terms of slab failure at critical section
and column deformation. The confinement effect seems to be considered in the design
of blast-resistant structures. However, the effect of the position of the column on the
behavior of the slab such as slab deflection and support rotation under explosive load
was not apparent. Further research is needed with the location of the explosive load
and the dimensions of columns and slabs as variables.

(2) The drop panel was observed to contribute to the improvement of the blast-resistance
performance. For 4 kg and 12 kg of TNT, the drop panel reduced the maximum
deflection of the slab at the critical section by approximately 86% and 17%, and the
column deformation by approximately 2.9% and 4.8%, respectively.

(3) Although significant concrete fracture occurred in the slab, the maximum stress of the
reinforcing bar did not reach the tensile strength. This phenomenon occurs because
the concrete is momentarily destroyed by the explosive energy and the energy is not
sufficiently transmitted to the reinforcing bars. Further research is needed to ensure
that the blast energy can be sufficiently transmitted to the rebar through the concrete.

(4) For most design criteria, the support rotation has been considered as a major criterion
for blast-resistant capacities. It is a very simple and good evaluation factor repre-
senting the critical behavior of the joint. However, in this study, considerable failure
occurred in the slab member even though the support rotations at the critical section
were satisfied with the criteria. Therefore, for a more accurate evaluation of blast
resistance performance, various evaluation factors such as ductility ratio, reinforcing
stress, and concrete fracture area can be considered along with the support rotation.
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