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Abstract

A numerical simulation was performed to analyze how afterburning affects damage to a concrete structure when an
explosive detonates inside a room. TNT was used as the explosive for the interior explosion. A reduced scale structure
of a Korean apartment room was constructed with reinforced concrete and used as the target room for this research.
Interior explosion experiments were performed using TNT 2 kg and TNT 3 kg explosives, to obtain data to verify and
calibrate the numerical model. The numerical model was constructed to precisely simulate these interior explosions,
especially considering the effect of afterburning, which is a significant phenomenon in enclosed spaces. Numerical
simulations were performed with and without the effect of afterburning, and compared with the experiment results.
The results showed that the numerical model could well simulate the effects of afterburning in an interior explosion,

and that afterburning effects must be considered to more accurately analyze the damage to concrete structures.
Keywords: afterburning, interior explosion, numerical analysis, damage of concrete structure

1 Introduction
Explosions outside buildings have been widely inves-
tigated using experimental data, empirical formulas,
and numerical analysis techniques, to analyze the pres-
sures and impulses, and the deformation behavior of
buildings. On the other hand, reliable research results
for explosive detonations inside a building are still lack-
ing, especially numerical simulations that can accurately
predict the destructive behavior on the building’s walls.
This is because, unlike numerical simulations of an exter-
nal explosion, simulating an interior explosion must also
consider various and very complex features of blast wave
propagation and energy release in an enclosed space.
When an explosive explodes inside a building, a spheri-
cal pressure wave is propagated from the origin of the
explosion, meets the wall of the building and is reflected,
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and then, as it propagates, is superimposed over the pres-
sure wave that follows it. Unlike external explosions,
the temperature inside the building does not rapidly
decrease because of the superposing pressure waves and
the confined interior space. In such an environment, the
reactants in an explosive react with oxygen in the room,
releasing energy from combustion. This energy is known
as afterburning energy. With TNT, if a temperature
greater than the critical temperature at which afterburn-
ing can occur is maintained, and a sufficient amount of
oxygen is supplied, theoretically an afterburning energy
which is 2.23 times greater than the detonation energy
can be released (Edri et al., 2012; Schwer, 2016). This can
cause more damage to a wall than an external explosion.
If the critical temperature is maintained and sufficient
oxygen is supplied, all of the afterburning energy stored
in the reactant will be released. However, rooms generally
have openings such as windows and doors, and this can
lower the interior temperature so that the critical tem-
perature is not maintained long enough to react all of the
potential afterburning energy. This makes it impossible
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to predict the degree of damage to the wall of a building
using theories or simple empirical formulas. The effects
of the afterburning energy can only be predicted by
developing and using a numerical analysis technique that
can simulate this phenomenon well.

However, a review of recent studies in the field of
interior explosion numerical analysis finds that they are
typically limited to studying the behavior of pressure
waves and impulses in the explosion chamber, and the
study of wall damage remains insufficient. Most of the
research that has been conducted so far has experimen-
tally acquired pressure data by assuming that the walls of
the chamber or room are not deformed, and then estab-
lishing a numerical analysis technique that can simulate
this well. (Cao et al., 2014; Edri et al., 2012; Schwer, 2016;
Togashi et al., 2010) This is the reason that a precise
numerical analysis technique including afterburning phe-
nomena for the entire process, from interior explosion to
wall damage, has not yet been established for concrete
structures. (Beppu et al., 2010; Esteban & Gebbeken,
2016; Li & Hao, 2014; Li et al., 2012, 2015, 2017; Lia et al,,
2015; Mao et al., 2014, 2015; Ngo et al., 2007; Wang et al.,
2009; Wu et al.,, 2009; Xu & Lu, 2006; Yue et al., 2017;
Zhang et al., 2015; Zhou et al., 2008).

This study analyzed the effect of afterburning on pres-
sure, impulse, and structural damage following an inte-
rior explosion in a Korean apartment room with two
openings. The phenomena were analyzed using data from
interior explosion experiments and numerical analyses,
considering wall damage.

For the interior explosion experiments, reinforced con-
crete rooms were constructed using the reinforced con-
crete structure, materials, window/door ratio, and wall
connection used in one of the Korean-style apartment
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rooms. 2 kg and 3 kg of TNT were installed in the center
of the room, respectively, as the explosives. During the
explosion, the pressures and the displacements of the
wall due to the pressures were measured at specific loca-
tions. These data were used to confirm the reliability of
the numerical analysis results.

For the numerical analyses, the numerical simulation
model was constructed considering the various factors to
increase the accuracy of the simulation.

2 Interior Explosion Experiment

To verify the numerical simulation results, reinforced
concrete rooms were built that mimics one of the
scaled-down Korean-style apartment rooms, and inte-
rior explosion experiments were performed. The interior
volume of the room was 8m? (Width x Depth x Height:
2 mx 2 m x 2 m), and the area of the door and window
were e 0.9m? and 0.3m? respectively. Fig. 1 shows the
shape of the room. Table 1 provides the detailed specifi-
cations of the room.

2 kg and 3 kg of spherical TNT were selected as
the explosive for the experiments, and the explosive
was placed in the center of the room. Fig. 2 shows the
mounted explosive.

In each experiment, the pressure and displacement
were measured at the specific location of the wall. As
shown in Fig. 3, the four reflect pressure sensors were
located on the center of the backside inner wall of the
room (inside @), the center of the ceiling of the room
(inside @), the center of the right side inner wall (inside
©) and the bottom corner of the right side inner wall
(inside @), respectively, relative to the location of the
door. Kulite’s PR-type sensors (HEM-375 model) were
employed in the experiments. Fig. 4 shows the shape
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Fig. 1 Room shape.
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Table 1 Room dimensions.

Classification Dimension
Inner width (mm) 2000
Inner length (mm) 2000
Inner height (mm) 2000
Quter width (mm) 3000
Outer height (mm) 2650
Outer height (mm) 3000
Door width (mm) 600
Door height (mm) 1500
Window width (mm) 600
Window height (mm) 500
wall thickness (mm) 160
Concrete compressive strength (MPa) 31
Maximum aggregate size (mm) 18
Rebar yield strength (MPa) 410
Rebar diameter (mm) 10
Rebar spacing (mm) 150

Y — 1
k! |
Fig. 2 Shape of the mounted explosive.

of the sensors installed at the center of the right side
(inside @) and the bottom corner of the right side
(inside €)).

As shown in Fig. 5, displacement sensors were installed
in three places, the center of the backside outer wall of
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the room, the center of the top side outer wall, and the
center of the right side outer wall, relative to the door.

Fig. 6 shows the experimental phenomenon recorded
for the 2 kg of TNT, and Figs. 7 and 8 show the pressure
and displacement according to time at the measurement
positions, respectively.

Fig. 9 shows the experimental phenomenon recorded
for the 3 kg of TNT, and Fig. 10 shows the pressure
according to time at the measurement positions. Ceil-
ing center pressure and all of the displacements were not
measured.

3 Constructing the Simulation Model

In this study, the numerical simulation model was con-
structed using LS-DYNA™ software. In constructing the
simulation model, the Eulerian method was applied to
simulate the gas products behavior after explosion. The
Lagrangian method was employed to simulate the con-
crete and reinforcing bars behavior, which were com-
ponents of the room. The FSI technique was used to
simulate the interaction between the gas products gener-
ated by the explosion and the concrete wall. To increase
the accuracy of the analysis, the simulation model was
constructed considering the following factors.

First, when an explosion simulation is performed using
a model with a large Eulerian mesh size, the calculated
front blast pressure is typically smaller than the actual
pressure, because explosive gas and air coexist in the
mesh. To compensate for this phenomenon, the behavior
of the blast pressure propagation was simulated in the 1D
model with small size meshes until just before it contacts
the wall, and then all of the pressure value were mapped
into the 3D mesh model.

Second, to simulate accurately the degree of damage
to the room depending on the amount of explosive, the
material model and related parameters of the concrete
and reinforcing bars were determined so that the degree
of displacement and damage to the concrete wall were
close to the experimental data. (Luccioni et al., 2013).

Third, this study analyzed the afterburning energy
technique provided by LS-DYNA™ and determined the
optimal technique and related parameters, then used
them in the simulation.

In addition, among the FSI parameters of LS-DYNA",
the numerical parameters related to pressure transmis-
sion and leakage control were determined by comparison
with the experimental data, to improve the accuracy of
the computational analysis.

3.1 3D Mapping of 1D Analysis Results

The reliable mesh size in the 1D simulation was deter-
mined before mapping the 1D explosion simulation
results to the 3D Eulerian grid. For several mesh sizes, 1D
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Fig. 3 Reflection pressure sensor locations.

Fig. 4 Reflective pressure sensor installation shape.

simulations about the explosion of 2 kg and 3 kg of TNT
were performed, respectively, and the pressures on the
location of 1 m and 1.5 m distance from the detonation
position were compared with those calculated by CON-
WEP code, which is known to be the reliable engineering
program to solve the pressure wave propagation due to
explosion.

Figs. 11 and 12 show the pressure behavior with time
at distances of 1 m and 1.5 m from the initiation position
for the 2 kg and 3 kg TNT, respectively. It can be seen
that as the mesh size became smaller, from 20 to 5 mm,
the pressure behavior was closer to the CONWEP result.

Table 2 summarizes the error between the 1D results
and CONWEDP results, according to mesh size. Except
for the error at the 1.5 m position of 2 kg TNT, the 1D

Fig. 5 Displacement sensor positions.
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Fig. 6 Interior explosion (TNT 2 kg).

Page 5 of 21

analyses results fell within 5% of the CONWEP result
when the mesh size for the 2 kg and 3 kg TNT was
10 mm or less. Based on these results, the mesh size of
5 mm was selected.

In the process of mapping the 1D explosion analyses
results to the 3D Eulerian grid, the pressure distribution
was checked to determine whether it was well mapped.
As shown in Fig. 13, to reflect the same positional condi-
tions of the 1D fluid model in the 3D fluid model space,
the pressure results were set 12 positions apart from
the detonation point, at regular intervals from 200 to
1000 mm in the horizontal direction, and at 45-degrees
in the diagonal direction. The reliability of the ALE Map-
ping method was reviewed by comparing the pressure
results with the 1D fluid model results.

Pressure (MPa)

Fig. 7 Pressure
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Fig. 8 Displacement measurement data (TNT 2 kg).
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Fig. 9 Interior explosion (TNT 3 kg).

Fig. 14 compares the results of the 1D model and the
3D model in the horizontal and diagonal directions, 45
degrees from the detonation point. Although a slight
error occurred at a distance of 945 mm, it was confirmed
that the 1D fluid model analyses results were applied well
as the initial condition of the 3D fluid model at 0.4 ms.

3.2 Construction of the Reinforced Concrete Room
Structural Model and Physical Property Model
The room structure model used for the analysis was a rein-
forced concrete room with a front door (0.4 m x 1.5 m)
and a rear door (0.6 m x 0.5 m) and an internal volume
of 2 mx2 mx2 m (Width x Depth x Height) as in the
experimental specifications. HD10 reinforcing bars were
inserted inside the concrete wall in the form of double
reinforcement with a covering thickness of 40 mm and
intervals of 150 mm. Figs. 15 and 16 show the shape of
the room and the shape of the internal reinforcements,
respectively.
The concrete was modeled as a 3D element surround-
ing the rebar structure, and the reinforcing bar was
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modeled as a 1D element. A total of 115,080 3D elements
and 32,152 1D elements were modeled. Fig. 17 shows the
element model of the reinforced concrete room.

A 6-DOF fixed boundary condition was applied using
the nodes at the four bottom points, as shown in Fig. 18,
to support the structure, such as the experimental
condition.

The concrete used for the experiment and analysis
had a compressive strength of 31 MPa, and the material
model used for the concrete was the MAT_CONCRETE_
DAMAGE_REL3 property model (Schwer & Malvar,
2005) in the LS-DYNA™ material model library. This
material model can take into account strain, strain rate,
damage and DIF. We also used maximum principal strain
as the erosion criteria of the concrete.

The MAT_Piecewise_Linear_Plasticity material model
in the LS-DYNA™ material property model library
was used for the reinforcing bars. Their diameter was
9.53 mm and yield strength was 400 MPa.

The contact between the reinforcing bars and the
concrete was considered using the CONSTRAINED_
BEAM_IN_SOLID keyword of LS-DYNA™.

3.3 Establishing the Afterburning Simulation Model

With TNT, if the ambient temperature is maintained
above 900 K after an explosion, afterburning energy is
released by the reactions of the generated gas. To simu-
late this phenomenon, the modified JWL equation of
state was used which the afterburning energy term was
added to, as shown in Eq. 1. For the afterburning energy
value, the Q of TNT, the explosive used in this study, the
theoretical energy value (10.01 M]J/kg) released by the
oxidation of the reactants generated by the explosion was
used (Schwer, 2016):

1 . . o ZANR ; ight center
‘ : _B_Right corner _|
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Fig. 10 Pressure measurement data (TNT 3 kg).
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Fig. 11 Pressure behavior with time at distances of 1 m (top) and 1.5 m (bottom) from the 2 kg TNT detonation position.

P = A<L>6—R1V +B<L)6—R2V + M,
RV RV |4
(1)

where P is the pressure, V is the specific volume, E
is the interior energy, A, B, R1, and R2, and o is the
parameters of JWL equation of state.

In the analysis, it is necessary to determine the after-
burning start time and end time. For TNT the interior
temperature must be maintained at 900 K or higher
for afterburning to occur inside the room, as men-
tioned above. Therefore, in this study, the afterburning
start time was determined as the time when the inte-
rior temperature reached 900 K, and the end time was
determined to be the time when the interior tempera-
ture then dropped below 900 K.

The LS-DYNA™ analysis code does not produce
temperature as the analysis result. However, since it
produces the interior energy according to time, the

relationship between the interior energy and tempera-
ture in the ideal gas equation of state (Eq. 2) was used
to determine the afterburning start and end times.
(Schwer, 2016) In the explosions of 2 kg and 3 kg
of TNT, the interior energy at an interior tempera-
ture of 900 K was calculated to be 1.501E+09 J and
2.225E + 09 ], respectively:

E=TxC, (2)

where E is the interior energy, T is the temperature C,,
is the heat capacity.

Figs. 19 and 20 show the afterburning start time and
end time, determined using the calculated interior
energy. For the 2 kg TNT, the afterburning start time and
end time were determined to be 1.15 ms and 9.36 ms,
respectively, and for the 3 kg TNT, 0.76 ms and 10.5 ms
were determined.
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Fig. 12 Pressure behavior with time at distances of 1 m (top) and 1.5 m (bottom) from the 3 kg TNT detonation position.

Table 2 2 kg and 3 kg TNT pressure comparison.

TNT (kg) Analysis mesh Distance Peak Error (%)
model size (m) pressure
(mm) (MPa)
20 CONWEP - 1.0 1522 -
1.5 0.630 -
1D model 20 1.0 1234 23.34
1.5 0.553 1392
10 1.0 1.454 4.68
15 0.591 6.60
5 1.0 1.545 1.49
15 0.625 0.80
30 CONWEP - 1.0 1.928 -
1.5 0.843 -
1D model 20 1.0 1.584 21.72
15 0.734 14.85
10 1.0 1.915 0.68
1.5 0815 344
5 1.0 2027 4.88
1.5 0.861 2.09

4 Numerical Analysis Results of Afterburning
Effect
4.1 TNT 2 kg Numerical Analysis Results
To analyze the effect of afterburning, the simulation
results with afterburning and without afterburning were
compared with the experimental results for the interior
explosion of 2 kg of TNT. Figs. 21 and 22 compare the
two calculation results with the experimental results for
pressure and impulse changes over time at the center of
the right side inner wall (named to “right center”), and
the bottom corner of the right side inner wall (named to
“right corner”), relative to the door in the room. Table 3
compares the peak pressure and impulse values.
Comparing the pressure changes over time, with the
first peak pressure generated by the reflection of the
blast wave from the wall, the simulation result with after-
burning was the same as the result without afterburn-
ing. However, for the other peak pressures the results
with afterburning were calculated to be larger than the
results without it. For this reason, the impulse acting on
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(a) 1D ALE model

(b) 3D ALE model

the deformation of the structure was also calculated to be
larger when afterburning was applied.

Compared with the experimental data, the error was
smaller when afterburning was applied than when not
applying it. The quantitative comparison of the experi-
mental results with the simulated results with afterburn-
ing showed that, with respect to pressure, the errors for
the simulated first, second, and third peak pressures at
“right center” were — 11.9%, 15.5%, and — 25.3%, respec-
tively. The impulse on “right center” was — 14.1%, indi-
cating a reliable result.

For “right corner”, the errors of the simulated first, sec-
ond, and third peak pressures were 4.2%, — 7.9%, and
28.2%, respectively. The impulse on “right corner” was —
9.2%, indicating a reliable result.

Fig. 23 compares the shape of the damaged structure
after the explosion for the two calculations and experi-
ments. Fig. 24 compares the two calculated results with
the experimental results for the change in displace-
ment with time at the center of the top side outer wall
(named “top center”) and the center of the right side
outer wall (named “right center”) relative to the door,
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and Table 4 compares the maximum displacement and
final displacement.

Comparing the displacement with and without the
afterburning condition, the results when applying the
afterburning condition were closer to the experimental
value, with errors of -17.3% and 9.1%, respectively, in
the maximum displacement and final displacement at
“top center”. In the case of “right center’, applying the
afterburning condition resulted in an error of -1.0%
and 22.5% in the maximum displacement and the final

displacement, respectively, which was closer to the
experimental values.

4.2 TNT 3 kg Numerical Analysis Results

Next, the results of the numerical simulation with after-
burning applied and not applied were compared for the
interior explosion of the 3 kg explosive. Fig. 25 shows
the results of the shape of the structure damage after the
explosion, both calculated and experimental. Figs. 26
and 27 compare the two calculated results with the
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Fig. 17 Element model of the reinforced concrete room.

experimental results for pressure and impulse changes in the room. Table 5 compares the peak pressure and
over time at the center of the right side inner wall (named  impulse values.

to “right center”) and the bottom corner of the right side Comparing the pressure changes over time, as in the
inner wall(named to “right corner”), relative to the door 2 kg result, for the first peak pressure generated by the
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Fig. 18 Boundary condition of the reinforced concrete room.

All fixed condition

gy (N-mm) (E+9)

Intemal_ener:

0.002 0.004 0.006

Fig. 19 TNT 2 kg afterburning start time and end time.
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reflection of the blast wave from the wall, the simula-
tion result with afterburning was the same as the result
without afterburning, but for the other peak pressures,
the results with afterburning were calculated to be larger
than the results without it. For this reason, the impulse
acting on the deformation of the structure was also cal-
culated to be larger when afterburning was applied.

The errors compared with the experimental results
were smaller with afterburning than without it, and the
errors were smaller than in the case of 2 kg.

The quantitative comparison of the results of after-
burning with the experimental results showed that, in the
case of pressure, the errors of the simulated first, second,

and third peak pressures at the center of “right center”
were 18.8%, 5.6%, and — 32.1%, respectively. The impulse
on “right center” was 3.7%, indicating a reliable result.

For “right corner’, the errors of the simulated first, sec-
ond and third peak pressures from the experiment were
41.5%, — 34.4%, and — 37.0%, respectively. The error was
large, but the impulse error related to the destruction of
the wall was -0.6%, indicating a reliable result.

Fig. 28 and Table 6 compare the displacements with
time for the two calculations at the center of the top
side outer wall (named “top center”) and the center of
the right side outer wall (named “right center”) relative
to the door of the room. Displacement data could not
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Fig. 20 TNT 3 kg afterburning start time and end time.
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Fig. 21 Pressure comparison over time.
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Table 3 Comparison of peak pressure and impulse.
Position (TNT: 2 kg) Peak pressure (MPa) Impulse (MPa-msec)
1st Error (%) 2nd Error (%) 3rd Error (%) - Error (%)
Experiment Right center 4362 - 2.047 - 1216 - 9.963 -
Right corner 8.948 - 4.283 - 1307 9.369 -
No Afterburn Right center 4.567 - 119 2.787 —16.0 0.894 —-318 3.591 —457
Right corner 9.350 42 3.530 — 221 0.906 —40.8 5291 — 440
Afterburn Right center 4567 — 119 2.801 155 0.980 —253 6.819 — 141
Right corner 9.352 4.2 4174 —-79 1.962 282 8577 —92
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Fig. 23 Deformation comparison.

(b) Numerical simulation results without afterburn

(c) Numerical simulation results with afterburn
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Fig. 24 Comparison of displacement over time.

Table 4 Displacement comparison.

Position Maximum (mm) Error (%) Final (mm) Error (%)
Experiment Top center 1326 - 96.4 -
Right center 98.8 - 68.3 -
No Afterburn Top center 829 —350 573 —319
Right center 825 — 211 53.8 — 228
Afterburn Top center 105.5 - 173 91.8 9.1
Right center 1035 —-10 854 225
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Fig. 25 Deformation comparison.
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be obtained for the 3 kg experiment. In the calculation,
when afterburning was applied, the final displacement
increased by 102.9% and 99.9% for both “top center” and
“right center”.

5 Conclusion
This study analyzed the effect of afterburning on pres-
sure, impulse, and structural damage following an inte-
rior explosion in a Korean apartment room with two
openings (a door and a window), using interior explosion
experiments and numerical analyses. The research and
the derived results were as follows.

Reinforced concrete rooms that mimic a scaled-down
Korean-style apartment were built. Interior explosion
experiments for 2 kg and 3 kg of TNT were performed to

obtain data on blast pressure, impulse and displacement
in the room. They were used to build a simulation model
and to verify its reliability.

Using the LS-DYNA™ code, the simulation model was
constructed to simulate the afterburning phenomenon. The
mapping technology was built to model blast propagation
precisely, and structural models and material models were
constructed. Above all, the process was established to deter-
mine the afterburning energy, the afterburning start time and
the end time required for the afterburning simulation model.

Numerical analyses of the effects of afterburning were
performed for interior explosions of 2 kg and 3 kg of TNT
using the constructed simulation model, and the results
were compared with the results of simulations without
afterburning, and with the results of related experiments.
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Fig. 27 Impulse comparison over time.
Table 5 Comparison of peak pressure and impulse
Position (TNT: 3 kg) Peak pressure (MPa) Impulse (MPa-msec)
1st Error (%) 2nd Error (%) 3rd Error (%) - Error (%)

Experiment Right center 5419 - 3.192 - 1.786 - 10.07 -

Right corner 10.462 - 7.840 - 2916 - 12.91 -
No Afterburn Right center 6.436 18.8 3356 5.1 1.077 — 397 6.94 —31.1

Right corner 14.805 415 4.405 — 438 1.037 — 644 9.53 —26.2
Afterburn Right center 6.436 18.8 3370 56 1.212 — 321 1044 37

Right corner 14.801 415 5.140 — 344 1.837 —370 12.83 —06

The numerical simulation results, which included the the reliability of the simulation model. In addition, it was
effects of afterburning, were generally in good agreement  determined that for an interior explosion, afterburning
with the experimental results. This analysis confirmed had alarge effect on the wall fracture behavior.
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Fig. 28 Comparison of displacement over time.

Table 6 Displacement comparison.

Position Maximum (mm) Final (mm)
No Afterburn Top center 149.5 103.6

Right center 146.9 974
Afterburn Top center 217.0 210.2

Right center 216.7 194.7

The results show that the established numerical simu-
lation model can be used for various simulation analyses
of interior explosions, and will be further refined in the
future.
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