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Forensic Engineering Technique for Analysis of an Explosion Incident

Abstract

This article investigates the validity of current forensic practices to analyze an explosion
event. The real explosion incident at Erawan shrine in central Bangkok on August 17, 2015 is
selected as a case study. By comparing the structural damage at the blast site to that obtained from
FE analyses, an equivalent bare charge weight of TNT used in the incident can be estimated. It is
found that an equivalent bare charge TNT weight of 3 kg could possibly be used for the bomb.
Furthermore, the cased charge weight can be calculated based on the equivalent weight of bare
TNT charge. To confirm the validity of the calculated explosive weight, a combined lethal zone
from blast pressure and scattered fragments was analysed. Human damage from blast pressure is
analysed based on the Bowen'’s lethality curves. Lethality zone from exploded fragments is drawn
based on a 50% probability of lethality which considers hit density and kinetic energy of fragment.
The analysed lethal zone agrees reasonably well with the actual observed damage level. With the
proposed forensic engineering technique, the management and policies for homeland security can

be improved for a safer community.

Keywords: Blast loads; Concrete structures; Damage assessment; Fragment; Forensic

engineering; Lethal zone

1. Introduction

Currently, terrorist bombs have occurred worldwide. In Thailand, bomb blast attacks in
the south border part of the country, however, such an occurrence has now reached major city
centers. The blast on August 17,2015 at Erawan shrine in the center of Bangkok is the most recent
terrifying incident. Forensic engineering is an application of engineering knowledge to investigate
failure or other performance problems. Sometimes, forensic engineering also involves finding of
evidences for support of lawsuit [1]. This article aims to use forensic engineering techniques to
analyse an explosive weight used in a bombing incident and later predict a lethal radius caused
by blast pressure and a lethal zone caused by fragment impact.
The analysis of explosion at Erawan shrine is presented in this paper as a case study of using
forensic engineering techniques to analyse bomb blast events. All accessible evidences left at the
incident scene were implemented into each steps of analysis. Analysis performed in this study is
kind of reverse analysis by comparing the damage levels of nearby structures and lethality of
humans in the incident to those from analysis results. The forensic engineering techniques used
in this study compose of using a finite element method (FEM) to analyse the damage levels of
structures under explosion, using an analytical calculation and Bowen’s lethality curves to analyse

lethality zone of humans resulted from blast fragments and pressure. Analysis results in this article



provide some insight of evidence to concerned authorities. It is noted that this paper does not
intend to specify type of explosive material used in this incident as it should be examined through
the chemical compositions left at the explosion site and it is considered outside the scope of this

article.

2. Theoretical background
2.1 Structural damage

Blast load causes structure to vibrate until the effects of the blast load dissipate. Global
(bending) and local (shear, spalling and scabbing) responses can be observed in a structure
subjected to blast load [2], [3]. Bending of structural member will impose deformation/distortion
of the member. Such distortion causes flexural and shear cracks as observed by [3]-[12].
Furthermore, concrete on the incidence face maybe damage from the blast. This phenomenon is
known as scabbing [3]. Ejection of concrete debris from the opposite face of the structure where
the blast load impacts is known as spalling [3], [13]. This is a crucial mode of failure as ejected
debris may cause injury to people and/or damage to equipment where the structure is intended to
protect. Higher explosion may cause spalling to occur from the opposite face and propagate o the
incident face which is known as breaching. In case of breaching in the main structural members
such as column or shear wall, it may cause structure to collapse. Both scabbing and spalling may
manifest in case of close-in detonation [3] and it is important to identify these different failure
modes to minimize or prevent them from occurring. Such behaviour of reinforced concrete
structures were reported in [6], [12], [14] through means of test and finite element (FE) analyses.
Due to bending and vibration of concrete panels under such explosion, flexural cracks can be
observed also from front and rear faces of structure.

Designs methods used in current practice are mainly based on Single Degree of Freedom
(SDOF) approach [15]. SDOF is an analysis procedure which was introduced by [16] where the
total system is transformed to a lump mass with equivalent spring stiffness. However, reliable
predictions may be difficult to achieve due to complex material responses under blast loads [15],
[17], [18]. It is noted that SDOF can only predict displacement-time history of blast loaded
structure. Failure modes cannot be predicted using SDOF analysis.

Based on experimental observations, a chart used to predict types of damage of concrete panels
subjected to blast loads was presented in [13] by considering panel thickness, explosive weight
and standoff distance. Three levels of damage presented in the chart are no damage, spalling and
breaching. However, effects of steel reinforcement are not considered for the damage prediction.
Apart from the costly real blast tests, numerical simulation is a very useful tool to quantify
responses and failure modes of structures more reliably. Due to the advancement of computers
and computational mechanics, many commercial software packages have been introduced and

widely utilized to perform numerical simulation of concrete structures under blast loads. In



addition, a computer aided numerical simulation is able to provide more information for blast
loaded structures which may be difficult to trace from the blast tests [15]. LS-DYNA [19] is one
of a commercial software widely used to simulate structural responses under blast loading
[6],[11],[12],[14],[15],[20].  Concrete_Damage_Rel3 (MAT72R3) was utilized in
[6],[11],[12],[14],[20] to model an ordinary concrete. MAT72R3 was developed based on [21]
which is a modification from [22]. This model allows users to implement their user defined
dynamic increased factors (DIFs) as one of inputs. MAT72R3 is considered to be well suited to
simulate concrete subjected to blasts loads [12],[23],[24].

In some cases of finite element modeling, it was reported that high blast pressure may
cause severe mesh distortion, forcing the simulation to produce inaccurate results and/or terminate
prematurely [11],[12],[18]. This is solved by utilizing suitable opted erosion criteria to delete
elements with unrealistically large deformation. In addition, a proper strain-based erosion
algorithm can be employed to simulate concrete cracks [15]. Concrete cracks on the front and rare
surface as well as spall damage were simulated using erosion algorithm in [10]. Furthermore, with
properly adopted erosion algorithm, a punching failure due to contact detonation was accurately
simulated in [12]. It is noted that a complete break up of concrete can be simulated using an
erosion algorithm as well [25]. Erosion criteria based on maximum principal strain were
employed in [25], whereas criteria based on both tensile strength and maximum principal strain
were considered by [26]. After employing different erosion criteria, [10] suggested to use a

maximum principal tensile strain-based criteria to simulate more realistic results.

2.2 Injury and lethality

From a bomb explosion, injury and lethality may occur from blast pressure itself and from
flying fragments. The following sections discuss this occurrence and explain the procedure to
obtain the lethal zone of a bombing incident.

2.2.1 Damage from blast pressure and impulse

A person will be subjected to different possibility of injury levels based on the intensity
of blast pressure and impulse which is the effect combined between blast pressure and duration
of the explosion. In order to evaluate the human lethality from explosion, the Bowen lethality
curves [27] which consider both blast pressure and duration of explosion are employed in this
research.

Bowen considers the possibility of lethality differently between the cases of people
standing in an open field, near reflecting wall and in a prone position. Since the blast incident at
Erawan shrine was in the open field, the lethality curves for open field scenario is chosen for the
analysis in this paper. There are four curves where each curve corresponds to injury threshold,

1% lethality, 50% lethality and 99% lethality. The curves are plotted between blast pressure and



duration of blast positive phase. Each pair of pressure and duration of blast on each curve
corresponds to the same level of probability of lethality.
2.2.2 Damage from fragments

Apart from blast pressure, another threat which affects damage levels of person is
fragments produced during the explosion. Fragments can be generated when the explosive
material is packed in the container or casing similarly to a pipe bomb. The container will be torn
apart into pieces of fragments during an explosion. This type of fragment has been known as
natural (primary) fragment which is irregular in shape and size. In some cases, a number of
preformed fragments are intentionally filled between the explosive and the inner surface of
explosive casing. Generally, steel balls are used as preformed fragments where they can be packed
densely to maximize the number of fragments in the bomb. Once the bomb explodes, these two
types of fragments will be ejected with speeds higher than supersonic causing high damage to
surrounding structures and injury to proximate population.

It should be noted that not all the fragments are capable to cause damage. They should
possess an adequate amount of kinetic energy which depends on their mass and residual velocity
before striking target. From the results of [28], it was observed that the distribution of weight and

number of natural fragments follow Mott’s distribution in accordance with Equation 1 and

Equation 2.
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where m is mass of fragment, N (m) is number of fragments of weight higher than m, My is mass
of casing, M is distribution factor, B is a constant based on types of explosive and materials of
casing, f and d are thickness and inside diameter of casing.

The initial velocity of a fragment can be calculated from the Gurney’s equation [29] shown in

Equation 3.

3

where V is initial velocity of the fragment, \/ﬁ is a Gurney constant for a given explosive, C
and M is the weight of explosive and casing, respectively. It is noted that the difference in the
initial velocity of natural and preformed fragments is resulted from gas leakage between
preformed fragments. [29] suggested to reduce the C/M value to represent the greater energy loss
until acceptable agreement between the calculation and the test data was achieved. This research

adopts the gas reduction factor of 0.50 as suggested in [29].



In order to determine the kinetic energy of fragment, the velocity of fragment when it
strikes target has to be evaluated. However, the velocity obtained from Equation 3 is an initial
velocity of the fragment when it is ejected. The reduction of fragment velocity due to drag force
has to be considered and can be calculated using Equation 4 [30].

Vv C,A.p,s
o)

where V; is velocity of fragment at distance s, V is initial velocity of the fragment, Cp is drag
coefficient, A; is surface area of the fragment, p, is air density, s is distance travelled by the
fragment and m is mass of the fragment.

In addition to velocity of fragment, direction of fragment or spray angle (0) has to be
considered to assess the lethal zone as well. The angle can be calculated using an equation
proposed by Shapiro [31] which is shown in Equation 5 where V stands for initial velocity of the
fragment, Vyis detonation velocity of the explosive, ¢, is curvature of the pipe bomb shell, and ¢

is its position compared to the detonation point.
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A person will be injured if there is at least 1 fragment fired into a vulnerable surface area
of the person which is around 0.5 m? [32]. In other words, a fragment hit density of 2 fragments/m?
is a minimum criterion to injure a person. This criterion can be used to draw a lethal zone resulted
from blast fragment. A person who stands inside this area will be definitely hit by at least 1
fragment. However, there is also possibility to be hit if a person stands outside the lethal area.

In addition to the fragment hit density, kinetic energy of the fragment must be considered in order
to determine a probability of lethality. Probability of lethality (P;) can be calculated from Equation
6 where N is hit density of fragments and Py relates to kinetic energy of fragment, type of
target and damage level to the target. Threshold levels of Py are shown in Table 1. The criterion

used to define the boundary of the lethal zone is a 50% probability of lethality as stated in [33].

(0)
B = Nyl for Npirs < 1
Table 1. Values of Py for different damage levels on three types of targets [33]
Type of target Kinetic energy of fragment that causes different levels of damage, (kJ)

Light damage (Pr=0.1) Moderate damage  Heavy damage (P«

(Pr=0.5) =0.9)
Person 0.1 1 4
Airplane 4 10 20

Armored vehicle 10 500 1,000




3. Case study
3.1 Weight of explosive used in the bombing at Erawan shrine, Bangkok
In order to investigate the weight of explosive used in the incident at Erawan shrine, one
of the obvious evidences to be used in the forensic analysis is the damage level of the reinforced
concrete (RC) column fence and slab of the shrine. It was shown by online news media [34] that
the column was subjected to a massive damage due to the bombing as presented in Figure 1.
Bending of column, concrete spalling in both column and slab and tearing of steel fence were
observed. Since the area clean up and repair work of the RC fence and slab were finished by the
next morning after the incident, the authors’ team did not have a chance to investigate and collect

the evidences in time. In addition, there is no more detailed evidence of this incident on published

data except those from news medias referred in this article.

Figure 1 Damage level of RC fence column and RC slab (photos from [34] and Than Tao

Mahaprom Foundation)

A series of analyses were performed using an explicit FE code LS-DYNA [19] in order
to investigate responses and damage levels of the fence structure. This study employs FE analysis
to investigate responses of fence structure subjected to explosion from different explosive
weights. The analyzed responses and failure patterns of the structure are compared with that
resulted from the real explosion as shown in Figure 1. Each analysis differs in explosive weight.
The analysed damage levels are then compared with the actual damage level observed from the
blast site. The possible weight of explosive used in the incident can then be evaluated. Two
possible explosive materials, TNT and C4 are employed as analysis examples. In case of other
types of explosive, most of their TNT equivalencies are larger than that of TNT but lower than
that of C4 [35]. Therefore, only these two explosives are considered for analyses.

The dimensions of the fence structure were measured after the blast incident. The
dimension of a square column section is 250250 mm including 25 mm of finishing mortar on
each surface. Four deformed bars (DB) with a diameter of 12 mm were detected at a distance
approximately 55 mm from the column surface using a cover meter. Stirrups of the column were
also detected by a cover meter and they are round bars (RB) with a diameter of 6mm @ 150 mm.

Generally, the structural response obtained from FE analysis is mesh dependent. Therefore, the



mesh sensitivity analysis was performed by varying the mesh size from 20 mm, 10 mm and 5
mm. It was found that the damage pattern of 10 mm mesh model similar to that of 5 mm mesh
model, however, much time consuming is required to finish the analysis of 5 mm mesh model.
Therefore, the 10 mm mesh model was adopted for the analysis shown in this article.

The compressive strength of concrete and mortar used in the analysis are 24 MPa and 10 MPa,
respectively. MAT_CONCRETE_DAMAGE_REL3 (or MAT 72R3) was used to model concrete
in the analysis. The analyses in this study adopt the automatic parameter generation of MAT 72R3
to model concrete for RC fence and RC slab of the shrine. The tensile strength of DB12 and RB6
are 500 MPa and 360 MPa, respectively. MAT_PIECEWISE_LINEAR_PLASTICITY was used
to model all the steel rebars. The strain rate effects based on Crawford and [36], and [37] were
also implemented in material constitutive laws of both concrete and steel rebars.

Three FE models were analyzed with three different explosive weights which are 2 kg, 3 kg and
4 kg for each FE analysis case. The model analyzed in this study is presented in Figure 2.

TNT was initially selected to be the explosive used in the model as it is the standard type of
explosive which has reliable explosion energy and normally used as a reference in the design of
structures under blast loading [35]. The explosive was initially assumed to be a bare TNT charge.
Based on the observation of video clip from surveillance camera and also the damage pattern
shown in Figure 1, the bomb was placed under the bench where the distance from the center of
the bench to the fence was measured to be approximately 0.30 m from the fence structure. Since
the bomb exploded on ground, it is considered to be a hemi-spherical surface burst [35] where
reflection of the blast wave from ground reinforces the original blast waves. The blast pressure-
time histories applied to all the FE models in this study were generated using the keyword
*LOAD_BLAST_ENHANCED in LS-DYNA. The blast option 1 in this keyword was selected

to represent a hemispherical surface burst.

RC Column 250x250 mm
Steel tube 20x20x1.6 mm Main rebars 4-DB12

__________________ —£  Stirrups RB6@ 150 mm

===

1600 mm 1150 mm

; A >
AT NN NSNS
\ DB12@?250 mm (top and bottom rebars in 150 mm thick RC slab)

Figure 2 FE Model of the RC fence column and RC slab



Figure 3, Figure 4 and Figure 5 show damage levels of the fence structure and RC slab resulted
from explosion of 2 kg, 3 kg and 4 kg of bare TNT charge, respectively. These damage levels

were compared with the damage level observed at the scene of incident (see Figure 1).

Figure 4 Damage level of structure caused by an explosion of 3 kg of bare TNT charge



Figure 5 Damage level of structure caused by an explosion of 4 kg of bare TNT charge

All the analysis cases show spalling of the concrete slab at the position of explosion. The damage
level of reinforced concrete slab resulted from the explosion of 3 kg of bare TNT is comparable
to that observed at the blast site (see Figure 1 and Figure 4). Area of concrete spalling on the slab
from the analysis of 4 kg of TNT is much larger than that of the actual incident. The damage
levels of the concrete column are also different in each analysis case. Concrete spalling in the
column was observed in all analysis cases, i.e. 2 kg, 3 kg and 4kg of TNT. The severity of concrete
spalling increases once the weight of TNT increases to 3 kg and 4 kg. The damage level of column
subjected to the explosion of 4 kg of TNT is higher than the actual damage level. The base of
concrete column in the real blast incident was still intact whilst the analysis of the explosion from
4 kg of TNT shows that it is totally destroyed. Position and amount of concrete spalling of the
column from the analysis case of 3 kg of TNT explosion agree rather well with that of the actual
damage level. It is worth noting that the keyword LOAD_BLAST_ENHANCED is employed to
simulate the blast pressured applied on the planar surfaces of the structures. Therefore, this load
function will not be applied to the steel fence which was modeled using beam elements.

In summary, the simulated damage level of the fence column and slab resulted from the explosion
of 3 kg TNT is comparable to that observed from the real incident. Therefore, the weight of the
explosive used in the incident is equivalent to about 3 kg of bare TNT charge.

3.2 Equivalent explosive weight in the pipe bomb

News media [34], [38] reported that many fragments made of galvanized steel were found at the
crime scene. Therefore, it is apparent that the explosion in this incident was resulted from the
detonation of pipe bomb where the explosive was filled in the galvanized steel casing. Further
analysis was performed to determine the possible dimension of pipe bomb and weight of cased

charge which is equivalent to 3 kg of bare TNT charge obtained from the FE analyses.



According to [39], blast pressure produced by the detonation of explosives inside a casing or pipe
bomb is different from that of bare charge explosion. Relation between bare and cased charges
which produce the same level of blast pressure is shown in Equation 7 where C,, C, M and f are
weight of bare charge, weight of cased charge, weight of metal casing and a factor based on
material of casing and type of explosive, respectively. The value of f for steel casing and TNT is
0.46. In case of pipe bomb, some energy is required to burst the casing. Therefore, the weight of
cased charge required to produce the same level of blast pressure is usually higher than the weight

of bare charge.

S
1+2 ()
This section was aimed to analyze and estimate possible sizes of the pipe which was used to pack
the explosives. Figure 6 shows the captured photo of the criminal with his backpack.
Unfortunately, this captured photo from the surveillance camera is the only available photo of the
criminal captured in the scene of incident. The length of the pipe which can be put in the backpack
should be in between 200 to 300 mm. The pipe length was assumed to be 250 mm for analyses in
this study. The case studies reported in this article were limited to two types of explosives which
are TNT and C4 where their densities are 1,630 and 1,600 kg/m?, respectively. The pipe sizes
which can be fitted into the backpack and widely available in stores are 80 mm, 100 mm with 125
mm in diameter. As given in Table 2, pipe diameters of 80, 100 and 125 mm with 250 mm in
length can be used to pack 1.58 kg, 2.87 kg and 4.49 kg of TNT, respectively. It should be noted
that these weights of explosive are calculated based on the remaining volume after the steel balls
are distributed on the inner surface of the pipe and around the explosive. These TNT cased charge
weights were converted to equivalent TNT bare charge weights using Equation 7. The equivalent
TNT bare charge weights are 1.09 kg, 2.04 kg and 3.15 kg for the pipe diameter of 80, 100 and

125 mm, respectively as presented in Table 2.



Figure 6 Criminal with his backpack captured by surveillance camera (photo from [40])



Table 2. Summary of the possible dimensions and weights of pipe bomb

Pipe Thickness Weight of Weight of full  Total weight of = Bare charge

diameter (mm) steel pipe (kg) packed TNT/ casing and steel equivalent
(mm) C4 (kg) balls + TNT / TNT
C4 (kg) corresponding
to cased TNT /
cased C4 (kg)
80 3.2 1.67 1.58/1.55 4.59/4.56 1.09/1.45
100 3.6 243 2.87/2.81 7.06/7.00 2.04/2.73
125 5.0 4.15 4.49/4.41 10.83/10.74 3.15/4.22

Similarly if C4 was used as the explosive, the amounts of C4 which can be fully packed in the
pipe are 1.55 kg, 2.81 kg and 4.41 kg for the pipe size of 80 mm, 100 mm and 125 mm,
respectively. By using Equation 7, they are equivalent to TNT bare charge of 1.45 kg, 2.73 kg
and 4.22 kg, respectively. The summary results of cased and bare charges of both TNT and C4
are presented in Table 2.

From the previous FE analyses, the explosive used in this blast incident is equivalent to 3 kg of
TNT bare charge. Therefore, one of the possibilities of dimensions and types of explosive is pipe
size of 100 mm packed with C4 where the equivalent weights of bare TNT are 2.73 kg. Another
possibility of dimension and type of explosive analyzed in this study is pipe size of 125 mm
packed with TNT where the weight of bare TNT is 3.15 kg. As previously mentioned, the TNT
equivalencies of most other explosives are in between those of TNT and C4 [35], therefore, the
diameter of the pipe used in this incident should be still in between 100 mm and 125 mm with the
assumed length of 250 mm.

3.3 Lethal radius caused by blast pressure

In order to evaluate the human lethality from explosion, the Bowen lethality curves [27] which
consider both blast pressure and duration of explosion are employed in this research. However,
the duration of blast in X-axis of the Bowen’s curves is converted to the corresponded distance
from an equivalent of 3 kg TNT explosion using CONWEP code so that the lethal radius can be
determined. The relationship between blast incident pressure — distance at each probability of
lethality is shown in Figure 7. The blast incident pressures at some standoff distances are also
plotted in this figure. The intersection of incident pressure curve and Bowen’s curves yields the
corresponding standoff distances for each probability of lethality (see Table 3). The distance
corresponded to a 99% lethality can be defined as a lethal radius resulted from this level of
explosion. This analysis shows that the lethal radius of this explosion resulted from blast pressure
is 2.4 m whilst people stand 5.3 m further from the explosion likely to be safe from blast pressure

(see Table 3).
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Figure 7 Blast pressure — distance curves corresponded to the each level of probability of lethality
Table 3 Corresponding standoff distances for each level of probability of lethality resulted from

blast pressure

Probability of lethality Distance (m)

Injury threshold 53
1% lethality 3.1
50% lethality 2.8
99% lethality 24

3.4 Lethal zone caused by blast fragments
In order to determine a lethal zone of the pipe bomb, effects of both natural and preformed
fragments have to be considered. Natural fragments are generated from pieces of steel pipe with
diameter of 100 mm and thickness of 3.6 mm as analyzed from the previous section. The police
officers from the Explosive Ordnance Disposal (EOD) department reported that they collected
many steel balls with the diameter about 6 mm around the crime scene [41],[42],[43] as shown in
Figure 8. However, the total number of these steel balls as preformed fragments was not reported.
Therefore, the analysis of lethal zone in this section is based on the assumption that 6 mm diameter
steel balls were distributed on the inner surface of the pipe and around the explosive. As
previously stated, a 50% probability of lethality (P;) is employed to define the boundary of the
lethal zone resulted from the explosion of a pipe bomb. However, the fragment hit density has to
be determined in order to calculate the probability of lethality. As the fragment hit density
decreases when the standoff distance increases, therefore, the calculation of fragment hit density
along the distance from the explosion has to be performed. These data are then used to plot the

contour line of probability of lethality.



Figure 8 Steel balls collected from the crime scene (photo from [42])

The procedure to determine fragment hit density and probability of lethality starts with calculation
of various parameters such as fragment mass distribution (Equations 1 and 2), initial fragment
velocity (Equation 3), fragment collision velocity (Equation 4), and spray angle of fragments
(Equation 5). These calculations are performed for both natural and preformed fragments.
However, the mass distribution of preformed fragment is not required since the assumption of
using steel balls with diameter of 6 mm was made earlier. It is noted that the calculation of initial
velocity of preformed fragment takes into account of the gas (pressure) leakage between each
preformed fragment by introduce the gas reduction factor of 0.5 to the C/M value. All the
parameters used in the calculation are presented in Table 4.

Table 4. Parameters used to calculate distribution, velocity and spray angle of fragment, fragment

hit density and probability of lethality

TNT C4
V2E (ms™) 2,440 2,800
B (g'> mm7) 0.038 0.027
C (kg) 2.87 2.81
Vo (ms™) 6,800 8,100
Mo (kg) 243
t (mm) 3.6
d (mm) 106.7
Pa (kg mm™) 1.225

Natural fragment Preformed fragment

Cp 1.07 0.92

From the calculation performed using Equation 1 and Equation 2, it was found that there are 1,230
natural fragments with weight higher than 0.5 gram while the maximum weight is 11 gram. The
total numbers of preformed fragments (6 mm steel balls) which can be placed on the inner surface

of the pipe are 1,840.



By using Equation 3, the maximum initial velocities for natural and preformed fragments are
2,000 m s and 1,560 m s™', respectively. Figure 9 shows the detonation point where the cap was
embedded into one side of the explosive and the initial velocity vectors of natural fragments along
the pipe bomb. The pattern of fragment spray angle is unsymmetrical as a result of one-end
detonation of the pipe bomb. It should be noted that the position of detonation point which is also
considered in this study mainly affects to the direction of fragments at each location of the pipe

bomb.
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Figure 9 Velocity vectors of fragments from the pipe bomb

Next step is to determine the fragment hit densities at various standoff distances. Figure 10
illustrates the distribution of projected fragments around the center of the explosion. Once
fragments hit the target and the corresponded projected area are determined, fragment hit densities
at various positions can be obtained. The impact velocities of the fragments at these distances
considering air drag forces are also calculated using Equation 4. Then, the kinetic energy of both
natural and preformed fragments can be calculated. In order to calculate probabilities of lethality
(Py) at various distances using Equation 6, the criterion of heavy damage level on a person shown
in Table 1 is selected. A series of calculation of P; at various distances were performed

systematically using a MATLAB m file code.
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Figure 10 Distribution of projected fragments around center of explosion

The probabilities of lethality (P;) were calculated for the standoff distances from 1.5 m to 40 m in
this study. All the results were used to construct contour lines of P; values as shown in Figure 11
where the scale shows the P; from 0.2 to 1.0. It is noted that Figure 11 presents axisymmetry of
the P; contour lines around x-axis. The boundary of lethal zone can be defined using the criterion
of 50% of P; as stated previously; therefore, the contour lines of P; are limited to the minimum of
0.5. Figure 12 presents the lethal zone resulted from the explosion of the pipe bomb where its
boundary is at P; of 0.5. It can be seen from Figure 12 that the lethal range is about 23 m from the
explosion center. People stand outside the radius of 23 m may still suffer some considerable
injuries but not to death. Some others stand beyond 35 m from the center of explosion would
suffer minor damage as the P; value is less than 0.2 (see Figure 11). However, it should be
reminded that one important factor is the location of a person relative to the alignment of the pipe

bomb.
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Figure 11 Contours of probability of lethality resulted from fragment impact
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3.5 Combined lethal zone resulted from blast pressure and fragment impact
Since the lethality can be the results from either blast pressure or fragment impact or from both,
the complete lethal zones should then be combined from each of them. The combined lethal zone
is presented in Figure 13. The lethal zone with 99% lethality and injury threshold resulted from
blast pressure are within a radius of 2.4 m and 5.3 m., respectively, (see Table 3 and Figure 13)
around the center of explosion which is obtained when the minimum injury level is eardrum
rupture. Figure 13 illustrates how the relative standing position affects damage and/or lethality of
a person from pressure and fragment. Zone a, within the radius of 2.4 m, covers the area where
both blast pressure and fragment cause human lethality. A person stands less than 5.3 m from the
center of explosion but not in the trajectory of flying fragments (Zone b) will be injured from
blast pressure whilst if that person stands in the same distance and in the trajectory of fragments
(Zone c), the person will be dead by the results of both pressure and fragments. Zone d illustrates
that the person may be safe from blast pressure but not from fragments if he/she stands beyond
5.3 m but less than 23 m in the trajectory of flying fragments. Finally, the person will be safe from
both pressure and fragments if he/she stands beyond 5.3 m and not in the fragment trajectory as

1llustrated as Zone e.
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4. Comparison of damage from analysis and actual incident

It was observed from online medias [34],[40],[44] that most of the deaths were in the radius within
3 m from the center of explosion. However, the exact information about causes of lethality
whether comes from blast pressure or fragment could not be obtained.

This information is rather consistent with the lethality zone shown in Figure 13 that the damages
from pressure and lethality from fragments are within 5 m. Figure 14 shows the nearby distances
from the center of explosion. Many evidences [34],[40],[44] show the lethality of persons in the
walkway which is within 3m and also inside the shrine fence. Some deaths were found on the
street near the walkway. However, a few pedestrians on the traffic island which is around 10 m
from the explosion center (see Figure 14) survived from the blast without injury. This is also in
accordance with the lethality zone presented in Figure 13. It should be noted that the pedestrians
on the traffic island were safe from blast pressure and fragments, although the fragment impact is
able to cause lethality at this distance. This circumstance may be resulted from that they were not
in the trajectory of flying fragments where this circumstance is represented by Zone e in Figure
13. Another reason is that analysis performed in this research assumes a total of 1,840 preformed
fragments whilst there might be less preformed fragments in the pipe bomb. It should be noted
that a total of 1,840 preformed fragments is an ideal case of fully packed of 6 mm steel balls
between the inner surface of the pipe and the filled explosive. The comparison of actual and

analyzed damage levels is summarized in Table 5.
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Figure 14 Corresponded distances to actual damage levels on human from the incident scene
(photos from [34])

Table 5. Comparison of damage levels from the blast incident

Distance Damage level from analysis Observed damage level
(m) by blast pressure by fragment?

<3 High chance of lethality Lethality Lethality

3-5 Low chance of lethality Lethality Severe damage - Lethality

5-75 Injury threshold Lethality Moderate damage -
Lethality

7.5-10 No damage Lethality No damage - Minor
damage

Note: “People stand inside zone a, ¢ and d (see Figure 13)

5. Analysis of bomb orientation and mapping of the lethal zone on the scene of incident

Further detailed analysis was conducted in order to determine the lethal zone on the scene of
incident. The boundary of concrete spalling on the slab was one of the evidence used to predict
the alignment of the bomb. Figure 15 shows the possible alignment and position of the bomb,
including the location of detonation point. From an investigation of the damage pattern of the
slab, it is likely that the bomb axis is around 10° counterclockwise from the fence alignment. It
can be seen that the damage area of concrete slab was more severe in the radial direction of the
bomb compared to that near both ends of the bomb. This is due to the fact that the cylindrical
charge of which length to diameter is greater than 1 produces higher blast pressure in the radial
direction compared to that produced at the ends of the cylindrical charge [46]. The alignment of
the bomb and location of the detonation point shown in Figure 15 was proven by investigation of
the contour of blast pressure and the damage pattern on the slab resulted from 3D Arbitrary
Lagrange Euler (ALE) FE analysis where the bomb was modeled in a full 3D cylindrical shape
(¢=100mm and L=250mm). The TNT explosive was modeled using Jones-Wilkins-Lee (JWL)
equation of state [47]. Euler element formulation was employed to model explosive and
surrounded air domain whereas the concrete slab was modelled using Lagrange element

formulation. It is noted that the effects of shape of explosive and interaction between explosive



and structures can be included by using this analysis technique. However, this kind of analysis
takes much of computer resources especially when the analysed domain is large. This research
employed ANSYS AUTODYN [48] to perform ALE analyses only to investigate the possible
alignment of the bomb used in the incident. Only the explosive, air and concrete slab were
modelled in this section. Figure 16 shows the detonation point and alignment of the bomb where
its axis is 10° counterclockwise from the fence similarly to that presented in Figure 15. Figure 16
also shows the contours of blast pressure resulted from the explosion of the cylindrical charge. It
can be seen that blast pressure is rather high in the radius direction compared to that in the
longitudinal direction. This pattern of blast pressure results in the pattern of slab damage as
presented in Figure 17 which is similar to that observed from the actual blast incident (see Figure

15). The predicted area of spalled RC slab from the ALE analysis is 0.558 m? whilst the actual

damaged area of slab is calculated and estimated from Figure 15 is 0.546 m>.

Pipebomb
$100x250mm

Figure 15 Possible alignment and position of pipe bomb (photo from Than Tao Mahaprom

Foundation)
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Time = 3.924E-02 ms Time = 6.537E-02 ms Time = 9.931E-02 ms

Figure 16 Contour of blast pressure from explosion of the pipe bomb (¢=100 mm and L=250 mm)
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Figure 17 Pattern of slab damage

After the alignment of the bomb and the location of detonation point were verified using the ALE-
FE model, the lethal zone in Figure 13 can be mapped on the drawing of the Erawan shrine. The
axis of the bomb is set to 10° counterclockwise from the fence alignment. The lethal zone resulted
from the fragment impact is concentrated in the perpendicular direction to the axis of the pipe
bomb because the ejection of fragments occurs in the radial direction of the bomb with some
fragment spray angles as shown in Figure 9. Figure 18 shows the lethal zone obtained from blast
pressure and fragment impact on the plan view of the Erawan shrine. It can be seen that Than Tao

Mahaprom statue is in the lethal zone resulted from fragment impact which agrees well with the

reported evidences that the statue was hit by a fragment as shown in Figure 18.
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Figure 18 Lethal zone from blast pressure and fragment on the scene of incident (photo from [34])

6. Conclusion

This article aims to employ forensic engineering techniques to analyse a bombing incident.
Analysis results are expected to be useful for security authorities in order to obtain more insight
about the incident. The concept of analysis is summarized in this article and employed to analyse
one case study which is the explosion at Erawan shrine in Bangkok, Thailand. The analysis starts
with the determination of possible weight of equivalent bare TNT by FE analyses of RC fence

structure of the shrine. The sophisticated constitutive material models of concrete and steel



reinforcement taken into account of strain rate effects are included in the FE models. The possible
charge weight can be obtained by comparing the damage levels of the models to the actual damage
level observed from the scene of incident. Then, the possible size of pipe bomb used in the
incident is determined based on the formulation which relates bare and cased charge weight.

Injury levels and lethality of person are also assessed in this article. Both blast pressure and
fragment impact are considered to define the boundary of lethal zone caused by an explosion of
pipe bomb. The analyzed lethal zone mapped on the plan view of the shrine is then compared
with the actual damage level and lethality of persons observed in the actual incident. Although
only limited information was open to public, analysis results agree reasonably well with the actual
observed damage level. The proposed forensic engineering technique can be employed to plan
and manage the security policy for each specific community to ensure the community safety. Last

but not least, the authors would like to express deep consolation to all lost from this incident.
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