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ARTICLE INFO ABSTRACT

Keywords The bombing of aifdiners has been o taerde used by ferrorists during the past 40 vears, 1y pre-
Explosives vention is a major priovity by homeland security officials on a worldwide basis. Inefforts toaid in
Adrplane hombing the lnvestigation of such bombings, this paper provides the resulis of the development of
Fracture and dnmage . mathematical modeling and compurer simulntion for the study of aireraft bombings and nsso-
CF:J::::“D""J icifebly BoH mitflon cinted forensics: As an assist in the forensic study, o nomber of photographs are provided to

depict the normally observed physical characteristics of explosives damage upon aireraft and
related materials. Our study illuminates and evaluates how these charactenstics can be captured
by computational mechanies. Finally, we use the laptop bombing of Daalle Airlines Flight 159 as
a case study to demonstrate that event reconstruction can be secomplished for the purpose of
forensic investigatdons. Most of our supercomputer results are visualized by videa animations in
order to show the dynamic effécts and phenomena of explosives and the sssociated event re-
CONSITUCion.

Event reconstraclion

1. Intreduction

This paper studies the computational mechanics and forensics of fracture, damage and destruction of passenger airfiners by the
detonation of explosives.

Ome tactic used by terrorists is the bombing of airliners, especially laree aireraft. Such bombines have resulted in extensive
cousalities in addition to the loss of the aircraft, and cavsed damage and loss of lives on the ground. 1o fact, much of todays palpable
homeland security anti-terrorism measures have placed great emphasis on the prevention of bombings of passenger airliners through
heightened airport inspection procedures. Logically, such measures have, to a large extent, successfully prevented potential airplane
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bombings. As & consequence, civil aviation remains the safest among all modes of travel,

Still, major issues regarding airplane bombings stand at the forefront of hemeland security studies. Such fssues pertain to, eg.,
mechanical designs of airframes and baggage containers that can withstand the explosives effects of a bomb of a limited size, post
explosion forensics and investigation as well as others. Specifically, this study evaluates the problem of airliner bombings from a
large-scale scientific computation and simulation perspective in order to gain knowledge about what to physically expect in such an
event. Clearly, these issues are the motivational factors for this research depicted in this study and in the analysis of the Daallo
Mirlines Flight 159 bombing on February 2, 2016, near Mogadishu, Somalia, Africa.

By its very mature, the study of airliner bombings is complex, requiring a team of investigators with varous skill sets and a
protracted time-period to conduct the investigation. This largely explains why this paper invalves multi-authorships as listed, Becanse
of the complex geometric shapes of the airfframe and supporting structures, analytical and theoretical studles generally can provide
only insights or results of the hearistic and qualitative nature, Alternatively, experimental studies can provide the real-thing but are
hampered by excessive costs of setup and the challenges of overpressure measurements due to fast detonation dynamics: In com-
parison, computer modeling and simulation can provide high quality visualization (i.e., observation) and fidelity without the high
cost and, therefore, offer an excellent alternative approach to this problem,

Explosives damage and the resulting destruction of an aiframe are normally the end results of the fracture processes initially
consed by the hish intensity shock wave and other particles from the detonation of the improvised device. Depending on the relative
altitude of the airplane at the tme of the explosion, its destruction can be completed with the rapid, explosive {(mechanical ) de-
compression of the airfrome. At a fundamental level, this is essentially a study of the effects of blast impacts on metal, In this
connection, it is a well studied subject (see [1.2], for example). However, such knowledge is hardly sufficient when it comes to
wirplane bombings because airliners have special geometric shapes and internal supporting stroctures, These, in fact, are the most
distinguishing features of this study, and may explain why there have been few public research articles in the literature on the effects
of bombings on aircraft. This' subject matter, in some sense, {5 also aboo because terrorists could very well take advantage of such
Imowledge for their vile purposes.

Here, our objectives are mainly forensic in order to understand the following through phenomerology and visualization:

(1] the effectiveness of computational mechanics in capturing blast phenomena;
(i1) the destructive effects to airfremes by detonation according to the varying amounts of explosives:
{iif) the damage to the sircraft o the specific incident of Daalle Airlines Flight 159 referred to earlier.

Items {1} and (i1} above offers & general freatment for airliner bombings, while item (i1i) treats a specific cose/exomple. We hope their
study has covered a lot of ground in both generality and specificity as far as atrplane bombings are concerned. It is understood that
the topical field 15 extensive and additicnal manpower and efforts ane needed in order to develop a more comprehensive theory.

This paper is organized as follows:

(i) Section 2 displays a photo set manifesting major characteristics of blast phenomena intended as goals to be reached and matched
by computational worl.

(i) In Secton 3, we will describe the essential modeling aspects, tabulating the fundamental phvsical and empirical laws and
numerical methods thae constitute the basis for computer modeling based on the software tool LS-DYNA. Validation is also given.

(i) In Section 4, we will compute and then visualize general explosive and destroctive effects of bombings on an airplane or a metal
plote and compare results with those in Section 2,

{iv) In Sections 5, we will address the modeling, computation and simulation of the laptop bombing case of the Daallo Adrlines Flight
15% case, (This Section i meainly based on the work done in the PhIY Dissertation of Jean Yeh (2], the first author, at Texas ARM
University under the advisement of G. Chen.)

(%) Section & offers some final comments and forward-looking statements.

Cur uitimate objective is that through the systematic, methodological develepment of our worl here. one now can hove the basic
capability to actually computationally test old and new aireraft designs and materials which can withstand bombing/blast effects
better for future higher crashworthiness and survivability in a terrorist attack or alrplane accident (such as the exploston of the jet
fuel tank). Hopefully, this work will attract the attention of and pave the way for both industry and individual researchers to further
contribute to this important direction.

2, Phenomenology of bombing: a set of must-know characteristics for a real-world postblast investigation
The detonztion/explosion of a high explosive (eg., dvnamite, TNT, RDX. PETN, C-4, among others) produces rapidly expanding

hot gases propagating at supersonic speeds which, if present, can have a devastating effect on 2 constraining structure. Cracks,
fractures and structural collapse ensue according to the varous viscoplasticity properties of the materials and leave many postblast

138



o Yefy, ot ol Engireenng Fracture Mecfames 227 (30791 137164

footprints that can provide unmistakable signatures for forensic investigations.

One of the coanthors, JT. Thurman, has more than 40 years of applied expedence in the U5 Army and the FBI doing bomb
disposdal and forensic investization of bombing incidents. In his book (4], he has listed a number of observable characteristics for the
examination, analysis, differentiation, racking, and event reconstruction of postblast investdgation. The major findings among them
are the following material evidences and patterns at the scene, illustrated by Flegs 201,222 2.4 25

(P1) The bending and rolling of metal onto /under itself; of Fig 2.1;
(P2} The jaggedness along the edges; of Flg 225

{P3) Small cratering and micro-pitting on the surface; cf. Fig. 2.4;
{P4} The thinning and feathering on the edge; cf Fig. 2.4;

(PS) The blackening on the damage-surface; of. Fiy 2.5

Some of the photos are taken from the bombing tragedy of the Pan Am Flight 103 cccurring on December 21, 1988, where 243
passengers and 16 crew, plus 11 people on the ground for total of 270 were killed (5.0,

How many of these patterns as bombing characteristics, (P1) - (PS), and how well they can be coptured by computational mechamics
for forensic purposes? These will constitute the goalposts for our computational study to reach and match; see Section 4. in particular,
Taible 4.1,

3. Computer modeling of airplane bombing based on LS-DYNA, and validation
For the study of a complex, fast-reacting dynamical process such as the bombing of an airliner, analytical (closed form) solutions
are impossible and can't be expected. Experimental measurements are challenging to make as the process is abrupt and destructive,

with high cost. Therefore, computational mechanics beeomes a prefermed methodology. As the computations involve explosions, solid
mechanics and frocire, the most established, reputed tool in these fields is LS-DYNA. It is the computer modeling software developed

metal bent-inward

Fig. 2.1. Photo for (P1}. We can see that the metal is ent and rolled onte/under itseff in a directional-coherent pattemn. In this phato, blast damage
done onta & sheet of metal is obeervable wherein the metal Atarget material was protected by something elze and the forces/pressure “punched™ a
hole thraugh it. The many pieces of bent metal are indicative of the direction of explaston and thereby can point to the placement of the explosives
and the epicenter of explosion to form whet would be a “rube-fike" core. Here please note that none of these metal fragments have actually rolled
ente themselves. However, in the computer simulstiong in subsequent sections, we can see such “complete rolling onte selves™ if the detonation
force s sirong.
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Fig. 2.2 Photo for (P2). (&) It shows the jageedness of the metal fragments. It comes from the reconstruction phase of the bombed Pan Am Flight
103, A distinctive pattern has emerged. Motice in the center {explosion epleenter) of the phote thar all of the severed ends of the skin metal
fragments are jagped. not smooth. This i4 explosive’s damage: Now direct vour attention to the radinting lines extending gatward from the epicenter
of the explosion. These are tears in the metal resuliing from the rapid decompression of the aiwreraft, in other words - mechanical domage: These are
i characteristics of explosives damage. (b) I shows the recovered remaing of a suitesse from Pan Am Flight 103, wherein o high energy high
explosive was congained therein. Please note the varying fragment sizes ond the joggedness of the edges. Along the edges one can also see the
“blackening” of some of the components. Thus, even for fabries and plastics (that are non-metallic], the jaggedness and blackening patterns are
ohservable.

by the Livermore Software Corporation [7] with over forty vears of development history. It is our tool of choice for mathematical and
computer modeling thronghout the paper.

3.1, Compact outlines of mathematical and computer modeling

The mathematical and computer modeling of cur study of interest is divided into two parts: the mathematical modeling based on
LE-DYHA, and the computer stimulation implemented on the supercomputer. The essentials of these two parts are described com-
pactly in, respectively, Boxes 1 and 2 in the following.
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cratering mini- pltt! ng

Fig. 2.3. Photo for {P3). It shows “piiting and cratering”. This Is characteristic of being in close contact with the detomation of a high energy high
explosive. One may note that some of the holes (other than the manufactured holes) are larger than athers as well a5 deeper. There gre numerous
“micro-pittings” due to the impact of ot gases resulting from the combustion {(detonation) of the sxplosives with the metal.
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Fig. 2.4. Photo for (P4). 11 i an example of “thinning and feathering”, Essentally, due to the excessive forces and the stretching from the explosion,
the metsl s made thinner, pretty much like taking a rolling pin and rolling oot bread dough! Note the sharp edges of the metal and various degrees
of thinning, with some morea than otherw

.'|'|.
all b
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Fig. 2.5. Photo for (P5). One can observe the “blackening” on this metal fragment. This is the result of “gas washing” fom the eambustion
|detonation) of the sxplosive onto the materlal. Essentially, the combustion of the ingeedlents of the explosive 1§ Instantly canverted into o shock
wove containing reacted and unreacted materials. When the these matéerials impact with "target matenals”, they can become impinged on them,
thereby appearing to be a black, oil-like stain_ This can be observed in many, but not all explesions and is 3 good place to conduct explosives residue
swabbings. (As & side note airframes are potoriously diny and many of the components will be black and discolored from other causes than

axplosive’s damage. b

Table 3.1
Parameters used in MAT PLASTIC KINEMATTIC. Aluminum alloy 7075-T6 5 used for the awreraft skin, plastic is used for the passenger

cabin and acrylic is wsed for the windows.

Parameters Aluminum 77 5-TH Faantic Acrylic

Drensity [kgim') 3000 a0 1200

Youny's modulue (GPa) T 1.4 3.2

Poiscon's ratin .35 139 .37

¥ield stress (GFa) 0.47 0LOTE 007l
Table 3.2

Parameters for Aluminum alley 2024 used for the mreraft sta-
tions by MAT SIMPLIFIED JOHNSON COOE

Parameters for Alumdnum 2024 Value
Drensity [k._n;-'ln'l 7T
Youmng's modulus (GPaj T

Poisson's ratin 033
Hurdness constant A (GPa) .55
Hantness constant B [GPa) 04356
Huminess exponent n 041
Strain Rate Constanmt © 001
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Box 1. Mathematical model for bombing based on LS-DYNA

Software
L5-D¥MA

Spatial domain
A region in BY with high explostve (HE) within & metal confinement (such as airplane).

Governing equations
For ir: the standard system of conservation equations of mass, momentum, and energy. These lead to the compressible
Mavier-5tokes and the associated energy equations for the gaseous fuid (air).
For solid (metallic) confinement: viscoplasticity model of solid MAT PLASTIC KINEMATIC is selected in LS-DYNA |8, Manual
Yol 10, p. 2-95]

For HE: the material model MAT HIGH. EXPLOSIVE BURN in chosen from LS-DYNA (8, Manual Vol I, p. 2-110]

Empirical relations
The Jones-Wilkins-Lee equation of state (EQS_JWL in LS-DYNA |4, Manual Vel 1 p. 1-18])

p=4dA t— -2 e g pf1 = 2 ch"+£_
RV BV v

iz used for the relationship in air-blast between pressure (pl, volume (V) and energy (E), with experimental parameters
A, B, Ky, K and w (cE, for cxample, Table 3,30
The Cowper and Symonds model

, . ebip

la B C
iz chosen for the strain mie for the atrcraft skin in LS-DYNA |8, munual Val L, p. 2-96), |8, Theerey Manual, p. 19.15)
The Johnson and Cook model expressing the fow stress as

g ={A+BE" )1+ Cln &)

is used for the aircraft stations, where A, B are the hardness constant, n is the hardness exponent, © is the strain rate constant
{see Table 3.2, &f is effectve plastic strain and 2 s normalized effective strain rate,

Mathematical methods for diseretization
The finite element method for metal/solids, and smoothed particle hydrodynamics (SPH) for blast particles. Spatial dis-
cretization wses the finite element method, while time discretization uses explicit finige difference.

Impact-Contact conditions

The impact between the blast SPH nodes and the metal/aireraft body s modeled by CONTACT AUTOMATIC,
NODES TO SURFACE in LS-DYNA [8, Manual Vol [, p. 11-2], while the contact force beltween various fragments is modeled
by CONTACT ERODING_ SINGLE SURFACE (B, Muanual Val L p. T1-51].

Fracture criteria

According to LS-DYNA [B, Theory Manunl, p. 18.15]
® iz p, where Pois the pressure (positive in compression), and g, is the pressure at fatlure,
"o = . where oy is the maximum prineipal stress. and & max is the principal stress at failure..

plLiin
. ':I:l,':ﬂ:,; 2= By, where af are the deviatoric stress components, and Gre max s the equivalent stress at Failure,
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* g = &€,,, where g is the maximum principal strain, and &, is the principal strain at failure.
& 2 Y, Where ¥ is the shear strain, and @5 the shear strain at failore.
s The Tuler-Butcher criterion,

".‘: [0, o — ou) P dt = K.

where % is the maximum principal stress, ¥, is @ specified threshold stress, o 2 o 2 0, andE; is the stress impuoise for failure,
Stress values below the threshold value are too low to cause fracture even for very long dumation loadings. (Only macrescopic,
not microscopic, fractures are considered in this paper. )

Merging of two materials

For the merging of two different materizls {(such as, for example, an acrylic-made window, with the metal body of an airplane
fuselage), we choose CONTACT TIED SURFACE.  TO SURFACE FAILURE or CONTACT TIEBREAK SURFACE_
TO SURFACE ONLY in LS-DYNA [8, Momual Vol § po 11-58].

Pressure difference between the exterior and the interior of the confinement
We nse LOAD in LE-D¥YMA |8, Manual Vol [ p. 27-1] te load the pressure difference (8 psi) between inside and outside of the
aireraft on the skin of the aircrafi

Initial eonditions
All the blast inital conditions are assumed to be stattonory,

Parameters for confinemen t-material

To be specified as cach individual case is being treated; some are given below in Box 1, while other example are given
elsewhere (see Table 2.4).

Parameters for high explosives (HE)
In this paper, only two HE are used: TNT and C-4. Their material parameters are given in Table 2.5,

The implementation of Box 1 (whether with LS-DYNA or other software ) often engenders a large scale system that requires the ase of
supercomputers. This type of computer-simulation work is synonymously colled computer modeling {CM). Box 2 delineates the soveral
standard, key procedures for CM. Note that some steps in Box 2 are mutually interactive with the methodologies given in Box 1.

Table 3.3

Paramesors for high explosives THNT and -4 1n the JWL equation,
Farameters for HE TNT Gl
Drensicy 1630 kgfm’ 1601 lgim’
Detanation welocity 90 mix K193 mys
Chapman-Jouget pressure 21 GPa 28 GPa
A JWL 712 GPa 60979959 GPa
I im JWL 223 GPa I3 GPa
Ey in JWL 1.15 45
ity in JWL 0.95 L4
& im JWL 3 A%
Initial E in JWL 7 Glim aGiim’
Initial V' im FWL L 1.4
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Fig. 3.1. Explosive set-up geometry for Shirey's explasion est. A cvlindrical shaped C-4 explosive is placed upon a 6 mm steel plata.

{a) (B3]

el (£

Fig. 3.2. Snapshots of simulation for Shirey's seplosion test. The demonstrated case used o ©-4 ‘explosive charge with rodios 60,32 mm and thickness
4.5 mm. The steel plate 18 meshed with cell size 10mm = 10 mm. See our video animation i bt googlod PO,
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C4 test, 6mm steel plate, fs=0.31
: This value of fs gruu}dEE a mI:smaI:::h.

-
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{h)

C4 test, 6mm steel plate, fs=0.41
_ThiE value of fs provides a mismatch.

ol ¥ s-dyma, no hole |
- ¢ Is-dyna, with hole =
E Y 0 experiment, thresold
Faly *  experiment, no hole ||
n | R O eaperiment, with hole | |
= 3 “a.
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=

m:

F 15z
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Radius of Circular Disks of Sheet Explosive{mm)

i i i i i
£y oo EET] Lhil] ARD

]

300

Fig. 3.3. Threshold curves for & mm stes] plate with three different value of fhilure strains. The curve in (a) show a good qualitative metch with the
value 028 for the failure strain. This serves as desirable validation. Note that the matches.in (b} and {c) are poor, dee to the mis-chozen valoes of 3.

Box X, Compuier modeling proced ures

CM1: Preprocessing
compuling
CMI: Postprocessing

CAA: Validation

Mulel selections, choiwe of proper physseal and computational parnmeters, gnd generations. (One can use LS-PREPOST |9 for
grilk generation if L5-DYNA software is chosen )

Cnde development, alyorithm designs, implementation on o supercomputer,

Representotion of numencal outpst data interms of graphics, tables or ammation videax (One can we ESPOST (9 for videa
ardrmation and viswalizasion iF LS-DYNA & used. Our most favered video andimation wol is the third-party prodoct Pasa'View | L0
ParuView has ray-tracing capability that captures optical efects with movie-like quality. Nevertheless, it's o kengthy process o
convert the gupercompuler output data format (o the ane for Pamview, often reqidring s=veral days oo the supercompiter.)

Companson and confirmaton between @

puted data and experi l data.

By implementing Boxes 1 and 2 on the ADA supercomputer at Texas A & B University's High Performance Research Compuating
Center, we have computed numerous cases of airplans bombing. But we must first demonstrate that sur numerical work s well
validated. This is presented in the next subsection,
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Table 3.4
Parameters for steel plate,
Farnmeters Values
Dlensity 7691 kg
Young's mndulus 210 GPs
Poigsan’'s ratin 03
Tiehd strees .3 GPa
< h=0.04m {Jonasson, 1990) Plastic Explosive
# h=0.04m (Persson, 1982) "
[ h=0.05m (Lonngvist, 1993) * "
B h=0.06m(Persson, 1982) "
) h=0.07m (Lonngvist, 1993) * A
a1 @ h=0.08m(Lonnqgvist, 1993) ~ - —
1.2 = A h=0.16m {Jonasson, 19000 " u
S 7i X h=032m(Lonnguist, 1983) *  * <
el & ‘:"!“ <+ b= 0.04m {Jonasson, 1990) Dynamex
3 g |
=08 | E 5
]
iu - B af
2 §o
.Eﬂ.l = i) E 1
'S 2k
T | ,/ T 104 Scals 3 E
0.2 b
// @ Full Scale g 1
4] (] i iadedl i1 u: ik ik L mod s iaiel i i Fare |
o1 1 100 1 10 100 1000

1
Charge Weight (kg}
Expenmental results from contnet charges
[data from Forsen {1990},

Scaled Charge Weight (Q.k. px/{h3.0.p¢))

Dimenseonless churge weight/hole diameter relationship [data from
Lonngviat { 1993))

Fig. 3.4. Helationdhip between explosiva charge weight and hole diameter for reinforced concrete explosive test; from Jasak, er al. work, availabie

im (11,

pressure difference between inside and cutside

cabin

is 8 psi

1=

B |-

Size of Hale {mm}

an

i i
L] 20

L1 105 ixo 2

Length of Square Cuboid of Sheet Explosive (mm)
{Thickness = 10 mm)

Fig. 3.5. Relagonship berween explosive charge weight and hole diameter i atreraft explosion.
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T —— diameter 4060

Fig. 4.1. The auframe configuration (made by "Simon™) 15 aken from (13 ]. We use L5-PREPOST to generate mesh as shown. The mesh has 406751
nodes and 393255 fnoes, The dismeter is 4060, the length 7031 (in units of mm), and the origin of the coordinate system is indicated,

Fig. 4.2, A ball-shaped explosive charge of diameter 495 mm with center at coordinates (1550,160,2450) is placed in the imterior of the sidframe,
The amount of TNT wsed is 106.76 kg, The separation between the airframe and the charge 5 223 mm. It Is then detonated. Several view-paints,
frontal/side/ohlique, and a semitransparent prezentation, are shown; see the video animaton at hetps:www dropbos

woomSa/ 23 ey Loy She
Lt i rue g,

3.2, Valdation of blogt smulation

Validotion is an important, indispensable part of any scientific computation. Mo caleelations can be deemed correct and complete
without testing and confirming with experimental data. Nevertheless, for the bombing examples considered above, after a diligent
search of Hierature, we have not been able to find any similar experimental exsmples doing blast on aluminum alloy samples to yield
recorded data as benchmarks for validation. The closest example we have found is the study from the report by Shirey [17] that does
blasting of steel plates. We now validate our SPH blast computational modeling approach by mimicking Shirey’s explosion test. The
test was used to investigate the breach of a steel plate after a direct explosion by the high energy explosive C-4 molded into the shape
of vircular disks; see Fiz. 2.1 for the set-up, and Fig. 2.2 for the simulation processes, Shirey concluded that there is a threshold of
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Fig. 4.3. A ballsshaped explosive charge with cemter at coordinates (2%00,160,2450) 15 placed in the exterior powmnt clese o the prframe; The
amount of THT wsed is 106.76 kyg. The separation between the girframe and the charge is 20mm., 1 is then detonared. Several view-podnes, outsides
inside/eross-sectional, are shown; see the video animation ab hirge!/ Seww dropbos com,/ o 38D befmilomwoutaid e-mew ms4.

Fig. 4.4. A panel of four explosions, using explasive amounts of 2040 kg, S0ke, 25kp and 12.5 kg, 4 displayed side-by-side in order to view and
compare the effécts of damage; sea the vides animation at hitps/Swww. deopbog.com/'s/OdwekaoTPE b 2/ 3-panels-comparnso - c.avi.

explosive thickness needed for breaching the plate. If the diameter of the explosive disk is small, it needs to be thicker in order to
breach the steel plate. However, when the diameter is large enough, there is a minimum thickness requirement to breach the steel
plate. {See the red curve in Fig. 2.3 for this property). Since Shirey didn’t provide specific details of the material properties of the steel
used In the test, we have decided to choose some common steel and experimented with foilure strains values of 0,28, 0,21 and .41,
For these three values of failure strains. one of the simulation results, curve {a)in Py 5.2 shows gqualitatively a good mateh. Fig. 3.3
shows the thresholds of explosive thickness from both the LS-DYNA simulations and Shirey's experiment. The material model for the
steel plate part is MAT PLASTIC KINEMATIC, and we used MAT HIGH EXPLOSIVE BURN for the C-4 explosive. See the parameters
in Tables 3.3 and Table 3.4,

Jasak, ot al.'s book (1] contains blast tests on reinforced conerete structures done by Forsen (2] and Lonnguist [12]. They
concluded that the diameter of the blast hole satisfies an affine-linear relatonship; see Fiz 3.4 We did not conduct the numerical
simulations of these for reinforced concrete. However, we point out that our numerical simulations for the explosion on aircraft
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rotate, zoom in v

(a) (1)

rotate, Zoom in Aip 1Y zoom in

el (d)

Fig. 4.5. Samples of fragments and bent parts of debris from the explosions computed in Flge 4.2 (pares {aband (b)) and 4.3 (parts (c] and (d}). One
can see that with large explosions, metal can bend + 180"

fuselage also shows an affine-linear relationship between explosive charge weight and hole diameter; of, Fig 25

As noted earlier, we have not found in the open lterature about specific details of metal-blasts dedicated solely for the purpose of
benchmarking and validation — Shirey’s explosion test (111 is the only one we have found that §s closest 1o our interest. But our
numerical results shown in the three graphics in Fig, 2.3 clearly indicate the importance of choosing a right volue for falure stroms.
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jaguedness

(a) (b)
Fig. 4.6. In this blast test, the amount of explosive charge C-4 used 15 (056 kg (evlinder with radins 136,52 mm and thickness 6 mm), on & & mm steel

plate. Banel (a) has o erude mesh, with cell size 10 mm = 10 mm, and the resulting hole shows essentially no partern of jaggedness. Panel (b) has a

much finer reselution {cell size 2.5 mm » 2.5 mm) near the crater, and the jaggedness along the nm of the is consplewous. For video animation, see
gl Ao gl AEnvih ML

mini-craters

L2 Blasi lest
Tamie = !

Fig. 4.7. This Agure shows some small-scale cratering as indicated on the steel plate in the process of being breached. See the vides animation in
htrpes fgaon gl /EMYHSL

4. Aircraft blast simulations and phenomena

This section serves two purposcs:

L. we want to see the dramatic effects of the dynamic displey of demolition of an airframe by large amounts of explosives;

2. we check how well computational mechanics can capture the major characteristics, (P1) - {P5), of blast phenomena as outhined in
Section 2 and manifested in the various photos therein,

A mid-section airframe similar to that of Boeing 737, containing stringer, aluminum skin, supporting stations, and fastened with
rivets, was made by “Simon” [13] using CATIA 30 CAD/CAM rendering software |14], which was downloaded from GrabCAD

website |14]. This section of fuzelage has mass 1369 kg, We use LS-PREPOST [9) to generate mesh. See Flg 4.1,
We consider three cases.
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{Ran)

I?a iy ?:I

{1

Fig. 4.8. This figure 15 intended to test the thinning and feathering along the edees of blast breaching of a steel metal plate, with thickness 10 mm. In
part {a}, we see thar as eratering is in progress, the plate 5 stretched and this chuses the redvetion of thickness sy indicsted by the thickness
indicators in the figure. In part {b). at the end of the biast, nevertheless, we do not see the emergence of a sharp edge as shown in Fig. 24, even
though the thickness hos been reduced to 7.33 mm (from 10 mmL
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Table 4.1
“Performance pudit" of computer simulation in the capturing of bombing characteristics (P1}-(P5).
Bombing choracteratics Computer simulation results
Types Praperties Photos Graphics: and videos Snttsfactory degree ol capturing bombing chamcterisics
{PFL) Bending and rolling onto. se1d Fig =1 Figd, 4.2-4.5 High
[ 4] puggedness patiern along the im [Figa. 2.2 [Fig. 4.6 Reasonably high if sufficent spatial resclstion ia introdweed
3 Small cratering and micra-pitting Flg 33 Flg 47 Loaw
() Thinninyg and teatherning along the edge E Fg. #.1 Low
(5] Hinckening of damage surface Fig. 2.5 Mome Mot possibie 3o far

Case 1: Explosion from imside,

The explosive is shaped as a ball inside the fuselage, with its conter placed at coordinates (0,0,2841 )(in units of mm). In Fig. 4.2,
the mass of the TNT explosive is chosen to be 10676 kg. See the video antmation, made from several perspectives, as ghven in the URL
in the captions of Fig. 4.2

Case 2; Explosion from outside

This Case is similar to Case 1, except that the ball-shaped explosive charge is placed outside the airframe, centered at the location
(2301}, 160,2450). The separation between the airframe and the charge 15 20 mm. The amount of TNT explosive is also the same, See
Fig. 4.3 and the video animation given in the captions of Fig 4.4

Case 3: Explosion from inside with varying amounts of explosives The above Cases 1 and 2 were computed with a large
amount of explosives (10676 kg) in order o manifest dramatic explosion effects. Here, we vary the amounts of explosives to be
2Htkg, 50kg, 25 kg and 125 ky in mass and visualize the explosion and damage process side by side. See Fig. 4.4 and the video
animation given in its captions.

After the visualizations in Figures and videos in Figs, 419, it is now clear that the bombing chorecteristics (P1) in Section I,
namely the bending and rolling of metal ento/under itself is conspicuous. Some of the fragments and large chunks of debns are
{lustrated in Fiz 4.5,

Mext, the explosion characteristics (P2) from Section 2, namely, the joggedness along the rim of fragments are cxamined.

Returning to the Validation Section 3.2, we use the breaching test of steel plate to demonstrate jaggedness along the rim of
fracture, For the steel plate with thickness 6mm, we use L8-PREPOST to generate a uniform mesh of cell size 10 mm x 10 mm of
rectengular 20 findte elements and then breach it by detonating varving amounts of C-4 explosive. Then as Fiy 4.5(a) has illustrated,
the rim of the cratered hote does not show a strong pattern of jaggedness. Obviously, there &= o lack of suficient resolution for jogpedness
to happen. However, after refining the mesh up to the one-hundredth (ie, 1%) scale of the diameter of the cratered hole in the
neighborhood of the hole, the pattern of jaggedness has emerged, as can be seen from Fig. 4 G0h). Thersfore, in order for computoticnd
outromes to sticcessfully copiure the pattern of joggedness, the mesh must haove sufficient resolution.

MNext, the third bombing characteristics; (P3), the pitting and cratering on the surface of fragments are examined. As can be seen in
Fig. 2.2's photo, many of the pitbngs on a surface are caused by high speed impact of hot gases of reacted materials as well as
unreacted debiris, Thus, they can be of ather fine scale. In ¥ip. 4.7, we show that our computations are able to capture some of the
larger pittings/craterings. However, for the great majority of those of the fine-scale, the computer stmulation 5 not capable of copturing this
(P3) phenomenon Azain, the fineress of the spadal resolution plays an important role - much more =0 than the preceding case for (P2)
here.

Now, the thinning and feathering along the edges of fragments of the computational outcomes are examined. In order 1o make this
investigation somewhat easier, we assume that the steel plate is a lttle thicker with thickness 10mm (versus 6mm in the compu-
tational case of Fig. 4.6). In the video animation given in the captions of Fig 4.8, one can clearly see that as the bomb is exploding,
the cratering process is causing a stretch of the metal ond, thergfore, & making it thinner, We can see a peak thinning of about 30% of
thickness from Fig. 4 8(a). This helps our understanding as to why thinning happens, Nevertheless, at the end of the blast, when we
examine the crater edge. the sharpeningthinningfeathering pattern is not strong; see Fizo 4050

Finally, we examine the phenomenon (PS5, the blackening of the damage-surface. This blackening is coused by reacted and
unreacted micro-particles impacting and then adhering to the surface. It will require & highly fine scale resolunon to capture this
phenomenon, if at all possible.

We summarize our “audit” of the computational methodology and outcomes in capturing the five important characteristics of
postblast phenomena in Table 4.1,

The blast computations in this section used large amounts of explosives in order 1o illustrate the dramatic effects. In actual
terrorist plots, the amount of explosives will be much smaller, We will provide a contrast case in the following section (where only a
small amount of explosives is used) as a concrete example for our case study,

5. Case study of the Daallo Airlines Flight 159 laptop bombing

Thankfully, airtiner incidents, regardless of the cause happen at rather infregquent time intervals. Here we select & most recent
incident as a case study, namely, the laptop bombing of Daallo Airlines Flight 159 occurning on February 2, 2006, A terrorist
retrofitted a laptop computer, inserted explosives, passed the security system at Aden Adde (Mogadishu) International Adrport,
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ib)
Fig. 5.1. Finite element megh generation of an Airbus A321 model aircraft by LS-PREPOST. The aircraft is assumed to be made of thin shell with
uniform thickneszs 1.2 mm, based on | 177, There are a total of 158709 finite elements.
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blackened metal-skin
and also deformation out-bent metal

out-pent
metal

(&)

Fig. 5.2, Comparisan berween the resl airplene damage to Daallo Flight 159, part (o), and the simoladon resuls, part (B) and (e}, where
24 ¥ 15 % 24 om’ TWNT is used for a base model Alrbus A321 aircraft. For the computed damage to the fuselage, one can clearly see that the metal is
bent surwerd onto itself, in a pattern identified as (P1) in Section £ of this paper.

Somalia, and boarded the said flight destined for Dyghouti, Africa. At the altitude of 11,000 feet, the bomb exploded, blowing a large
hole on the fuselage, The alleged bomber got sucked out of the atrplane through the hole caused by the explosion, with his dead body
being recovered on the ground in the town of Dhiigaaley near Balad, Somalia. Consequently, this bombing had a profound ripple
effect for the sirline traveling public. On March 21, the US and UK banned laptop carry-ons on Hights of nine airines originating from
Morth Africa and Mideast. (This ban was controversial, so it was lifted after four months.)

Even though Flight 159 experienced a bombing, it was able (o survive and safely returm to the originating airport where the
demage was assessed with little mystery involved as (o its cause. This instance provided an excellent case for the computational
forensic study as far as reconstruction is concerned. Essentially, it is to reconstruct the dynamic process based upon a known cause (an
explosion) and resulting outcome [a definabile hole in the side of the airframe). Moreover, any inadequacy or incorreciness in the
existing modeling and computation can be clearly observed, then rectified or improved by our understanding of the incident ibself or,
in other words, the known factors.

5.1, Bombing of o “Bose Model” of an Airbus A321 Airfiner

The airplane of Daallo Flight 159 s an Airbus A321-111, SX-BHS, model. We found the aircraft information about model A321
online at [15.16], A finite clement mesh was generated by using LS-PREPOST (9] See Fig 5.1, Inside the fuselage, we have also put
in & plastic wall, This constitutes our “base model” of the airplane,

The explosives and the air particles are modeled by SPH (8 Theorey Manual, p. 3811 As noted in Box 1, the air pressure
difference between the inside and the outside of the cabin is set to be 8 psi. which is about equal to that for an aireraft at the altitude
of 11,000 fi. A volume of 34 = 1.5 % 2d cm® TNT (1.43 kg) is placed near the wall above and close to the right wing end of the aircraft.
We now set the TNT charge to explode. The outcome can be seenin Fig. 5.2 parts (b) and (c), which can be compared with the actual
sireraft damage in the photograph of Fig. 5. 2(a).

We note that no precise information was found concerning the identification of a specific type of explosive the terrorist has gsed in
the bombing - logically, it would be.a meldioble explosive sech as C-4, Semtex or a PETN-based sheet explosive (rather than TNT) so it
could fit inte a laptop. The amount of TNT in our computer simulations should be regarded as TNT squivalent explosives.

What can Fig. 5.2 tell us in a forensic investigation? There are good news and bad news:
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Fiz. 5.3, The phatos show the interior damage of the Daallo airliner after the blast. It 1s natewarthy that the blown-up hole is essentially confined

within the two stations and two stnngers, Such stations and stringers provide a strong protective affect to the airframs, causing the damaged hale to

take o nearly square shape,

{1} The size and dimension of the blown-up hole from computation is consistent with that suffered by the actual airplane. 1t clearly

manifests the bombing characteristic (P1}) in Section 2,
(2} The fine detnils between the two damaged holes (in Fig. 5.2, parts {a) and (b)) differ. The real one is somewhat “square” in shape,

while the computed one s more “round”. Alse, the former 15 larger in size.

Can we reconcile the differences in (2) above? The solution requires refinement of the base model; see the next subsection.

5.2, Refinement of the Airplane Model with rings, stringers and windows

When we frst investigated the computational results, we were baffled by the somewhat square shape of the hole damage on the

airliner,
After a broad Internet search. we have found two photos of the interior damage 1o the airliner; see Fig. 5.3, These photos clearly

show that the blown-up hole is confined by the two thick stations (on the left and rght) and twe stringer (at the top and bottom).
The observation from Fig 5.3 is nstructive: it clearly indicated that the forensic assessmenes of bomh damoge will not be occurore
unless stotions, stringers and windows are foken inbo eccount in the mathemotical ond comprtational model,
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stations

passenger cabin

acrylic windows

airplane fuselage

Fig. 5.4. A refined model of the Airbus A321 aircraft. The stations and thres acrylic windows have been added. Far material parameter values of
acrylic windows and aluminum starions, see Tobles 31 and 3 2 in Box 1.

Fig. 5.5: This figure contains twa parts. The left. part (a), s compuated from a eruder finite element mesh, while the right, part {b) used a finer mesh.
An amount of THNT explosive 0.35208 kg 15 used m the computations. For video animanons, see hropa s owww dropbos. com o fank golbhuPwol2oes/
fuselage mpd, The bombed hole in part (b} takes the shape |ike & square very much like the realicy case, as the one shown in the photo of Fly. 5 20a).
Itig also interesting to note, from the video animation, that the acrylic window in parts {a] and {b) broke off and New awav, in one piece (rather than

shattered].
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Fig. 5.6. The top two panels are the cabin fuselage with only two stations and the bottom twe are the one fully supparted by more stations. The laft
twoshow the setting of the stations, and the right two are the results of damage after 14 ms of blast, One can clearly see that the inclusion of more
srations con help protect the fuselage against distortion

Therefore, we add the following features in the dirplane model:

{11 four stations: made of aluminum alloy (model 2024-T4);
{2) two size 31 2em ¥ 23 em acrylic windows,

See Uig. 54, Note that earlier, we have already butlt in 2 plastic wall in the inside of the fuselage. For the information reganding
the merging of windows with the fuselage and the attachment of the stations, see Box 1 for the L5-DYNA software subroutines
involved.

Mow, we can set the TNT (equivalenty explosive charge, in the amount of 0.35208 kg, to explode. See the video animation given in
the captions of Fig. 5.5,

One can see that the final damage-hole on the aireraft body s now nearly sguare in shape with bent metal on the nm, whose size is
quite consistent with the real damaged airerafi photo in Fig. 5.2, part (al,

Therefors, our animation video

https s www dropboccom /s tankeol hu7wol2o8/ fustlnge_mpd 5.1}

serves as @ good event reconstriection for this Deallo Flight 159 bombing. Qur estimated explosive (TNT equivalent) amount used by
the terrorist is 0.35208 lg.

Fur. 5.5 has shown some [ocal damage (o the aircraft, Now we also illustrate some global damages, In Figo 5.6, left column, we
show two segments of the airframe: the upper one has only two stations built in, whereas the lower one has eight. Both settings also
have floors. After detonating the same amount explosive of 0.35 kg TNT, at 14 ms, we ean see that the deformation damsge to the
airframe is greater in the upper panel than that in the lower panel. This clearly shows the proteciive effects of supporting stations agains
a lirmited amount of bomb blost.

6. Concluding remarks
In any forensic investigation on bombing, there are several important issues (o address, do and examine, What we have done are:
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Fig. 6.1. The positioning of the laptop bomb in the airplane of Deallo Adrfines Flight 159, We assume that the bomb is arranged in almiost compere
contact with the window.

(1) Event reconstruction: this has been achicved by us in (5.1);

(i) Determune the types of explosives used: this can only be done by field investigation work and on-site collected samples and evi-
dences and i, therefore, beyond the scope of computational mechanice slone:

(iii) Determine the omount of explosives used: this we have computed and simulated to be approximately .35 kg of equivalent THT;

{iv) The lecation of bomb placement: This is more or less clear from the location of the bomb-damaged hole near where the bomber was
seated on the afrplane. In our computations, we use the following configuration:
Pozitioning of the bomb is shown as in Fiy. 6.1, which shows the srrangement of almost complete contact of the bomb with the
acrylic window in the mind-set of the bomber (hoping to maximize the bomb damage). (By varyving the orientation of the laptop
bomb, we did not find much differences between the cutcomes of bomb damages. )

Conseguently, the contributions of our forensic analysis in this paper lie primarily i items (i) and (i) ablove.

The work being studied inn this paper has the Havor of fuid-structere interactions where the fluid @5 the ambient air while the
structune is that of the airplane, Thus, one expects CFD + FEM {computational fuld dynamics + finite element method) approaech as
the standard way to treat such a problem. Nevertheless, our ingredients and methodalogy has gone beyond CFD + FEM - i is now.

CFD 4+ FEM + Blast 4 SPH,

where there is a milli-second, fast reacting explosion process. We have also incorporated SPH (zmoothed particle hydrodynamics), see
Box 1 as part of cur innovative contributions in order to be able to enhance the visuslization of the debris-splattering effects af
explosion

Adrliner bombings vocur infrequently. However. their forensics investigation methodology needs to be researched and developed.
Based on evidential bombing characteristics (Section 2) and mathematical /computationsl modeling and validation (Section 3], we
hope our swark here has provided a sound foundation for this important field. Many issues, such as the construction of even more
refined models for the aircraft, and to quantify and capture bombing phenomena with fine details, remaim to be done. Furthermore,
the important aspect of decomnpressive explosion, which is extremely important in high-altitude cruising flight, has not been modeled
end computed due to our current limited expertise. These will constitute interesting work and challenges for the future.
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