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Abstract:

The article presents an experimental and numeggiroach to estimate ballistic limits
of handgun hollow point bullet Action 5 penetratitg target representing a transport
airplane fuselage and a forward obstacle. The tammtaining the composite sidewall,
the insulation glass wool layer and the duralumiinsplate is perforated in two
combinations — directly and using forward obstaidldorm of ballistic gel as substitute
biological material to achieve the conditions airfg on-board by Air Marshals, for
instance. The ballistic resistance of the fuselstyecture fired directly is very poor and
in case of firing the gel block first is limited some extend due to expansion ability of
the bullet. The simulation using Finite Element héet system Ansys Autodyn v.14
introduces 2D model presenting the estimation eflllistic limit in form of gel block
thickness for particular combinations of the tarpased on experiments.
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1. Introduction

Evaluating the ballistic resistance of airframetrainsport airplanes is very important

also in case of using a handgun on-board in omewbid catastrophic consequences.
Shooting on-board can take place in case of sepioeedure done by Air Marshals

usually armed with a gun and hollow point ammumt{expansion).
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Firing on-board by handgun bullet and penetrathg dirplane’s fuselage can be
very different. Firstly, a smooth penetration oscwith the surplus of energy with
high velocity of the range 300 m/s to 400 m/s isecaf striking the fuselage wall
directly at angles close to the value of 90° withamy forward obstacle using a
standard handgun bullet. Such perforation doesaos$e a significant consequence on
the fuselage functionality as the pressurized Jesse

Secondly, if the bullet penetrates a different ¢argefore the fuselage structure,
e. g. human body as the primary target, the efdédhe bullet on the fuselage wall
may be than quite different. The bullet velocityrighis case reduced and furthermore
a large deformation usually occurs, so called Ibudbgansion. Expanded bullet may
cause unfavourable consequences to the followmgaied secondary target.

In case of significant reduction of bullet enerdne tperforation of the fuselage
structure consisting of composite sidewall, glassowinsulation layer and outer
duralumin skin is not performed at all or fully fshed. The expanded bullet may
cause more serious damage of the outer duralumsigldge skin in conditions close to
the limit velocity when the perforation is compleféghe damage in this case could be
more serious due to the irregular hole after patfog the fuselage skin with the high
potential for the propagation of unfavourable fadgracks.

1.1. Characteristics of Action 5 Handgun Ammunition

Presented analysis considers the service cartAdtjen 5 of calibre 9 mm Luger with
homogeneous brass bullet with expansion cavithéftont part covered with plastic
cap, see Fig. 1. Selected ballistic characteristiche cartridge are shown in Tab. 1.

Fig. 1 The cartridge Action 5 and its parts — fréine left the cartridge Action 5, twice
the bullet, the cartridge case with primer and tha view of the whole cartridge

Table 1 Selected ballistic characteristics of tletidge Action 5

Weight of the bullem, [g] 6.1
Initial bullet velocityvy [M/s] 460
Initial momentum of the bullgy [kg [m/s] 2.8
Initial bullet energyE, [J] 645
Initial specific bullet energg, [MJ/nT] 10.1/4.1

The amount of energy given to the target is desedrithrough kinetic energy of the
bullet. The kinetic energy of the bullet is genbralescribed as the sum of translation
and rotation energies upon equation:
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wherem, represents the weight of the bulletis the bullet translation velocity, is
inertia. moment of the bullet angis angular velocity of the bullet caused by barrel
rifling of ballistic measuring device. The last paf the equation (1) is considered to
be neglected for practical calculations and theeefihe kinetic energy of the bullet
corresponds to the first part of the equation (1).

The initial specific bullet energy is related asdtic energy of the bullet with
respect to the contact area between the bulletladarget. The values of the initial
specific bullet energy, in Tab. 1 are valid for the bullet before deforioat/ after
standard deformation in the substitute materiak Ttoss section area of the front part
of the bullet increases from the original unexpahdelue 64 mrhto the value
156 mnf corresponding to the expanded diameter of thetfpart 14.1 mm, that
represents an increase of the front cross sectema the value 145 %.

1.2. Action 5 Expansion Process

The expansion process of the bullet varies upompéntorated material. In live targets,
tissues or their substitutions is the expansionabiur of the bullet following —
firstly, the front plastic cap is pressed deepdo ithe bullet cavity soon after the
contact with the surface layer of the tissue orssitite material block. This process
starts to opens the cavity and the cavity is afteds filled by target material that
continues the cavity opening due to the hydrodywcaeifect. Also the diameter of
deformed front part increases and cracks occuhemiin, see Fig. 2.

Penetration of the fuselage structure as a hagetatirectly causes pressing of
the cap into the bullet cavity as well, but thentrpart of the bullet does not expand
due to lack of the hydrodynamic effect of the gelck material as a soft target.

The expanded bullet is shown in Fig. 2. A significincrease of the front area
decreases the amount of specific energy transmittedthe target, see Tab. 1, and in
spite of this increases the wound potential oflihllet. On the other hand, the ability
of the bullet to penetrate following solid obstacldecreases. Wound potential and
piercing potential of the bullet are intertwined.

Uil

Fig. 2 Deformed bullet Action 5 after standard emxpian in ballistic gel: from the left
the profile of the bullet, next top axial view amattom axial view

1.3. Scope of the Article

One aim of the article is setting the limit gel thothickness in order to achieve a
specific effect on particular parts of the fuselagfeucture. Ballistic resistance of
targets facing the impact of handgun arms bulletgdssible to evaluate theoretically
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and experimentally. The experimental method ismdirthat needs repeated shots to
find results searched. One of the useful theorkticathods is the Finite Element

Method (FEM) simulation that demands for corregresentation of the behaviour of

investigated subject including material characteds This can be done also using
experimental firing. A limit velocity of the gel btk thickness will be estimated using
simulation model to reduce the number of firing eximents.

In experimental and theoretical approach the diffiee of air pressure and
temperature on both sides of fuselage structureifgignt in real flight airplane
conditions are not considered.

Investigated will be following three cases of impag the fuselage structure by
the ammunition Action 5 when penetrating the gekklfirst:

Case 1: Complete perforation of the fuselage atrectat minimum residual
velocity of the bullet.

Case 2: Complete perforation of both the compaosidewall and the insulation
layer, while the bullet is stopped by the duralusiim allowing partial deformation.

Case 3: Complete perforation of the inner compaositewall solely, while the
bullet is stopped by the insulation layer or by thealumin skin avoiding any plastic
deformation of the skin.

Last two cases are important to prevent the leairgiressure due to keeping the
integrity of the fuselage duralumin skin and fotee of following structure repair.

2. Shooting Experiments

Shooting experiments were performed using the aniioanAction 5 and barrel of
calibore 9 mm Luger of the length 150 mm and unigktsllistic breech UZ 2002,
producer Prototypa-ZM, Ltd. Brno. An etalon targets used in two combinations —
without and with forward obstacle in form of gelobk. One shot into each target
combination was conducted at the distance 5 m ftben muzzle of the measuring
device to the front plane of the etalon target, Bag 3. The experimental shooting
represents firing on-board at the angle of 90° tolwahe front plane of the target, so
the bullet aims out of the aircraft fuselage.

The velocity of the bulletss,, was measured using non-contact Doppler radar
DRO1. The process of perforation was captured by tigh-speed cameras
MotionXtra N4 and Redlake HG-100K in order to retdhe impact and residual
velocities of the bullet. The temperature of usethanition and the gel block was
20 °C and the temperature of the shooting rang&Bmeea, Inc., Brno, was 18 °C.

ballistic gel block composite sidewal
measuring Vam Vimp Vies insulation layer tetalo?
; M arge
device J7 47 J7 duralumin skin g
IA__D~5 —— H
radar 5m N

Fig. 3 Scheme of experiment and target combinations
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2.1. Etalon Target Description

The first experiment contained just the etatarget as the assembly representing the
commercial transport aircraft fuselage structues Big. 4a. The etalon target consists
of three rectangular parts — glass-epoxy compositeewall of the dimensions
260 mm x 260 mm and the thickness 1.2 mm, insulatitass wool layer of the
dimensions 260 mm x 260 mm and the thickness 35amanboth parts have clamped
edges not included in mentioned dimensions. Thealdmin skin has the total
dimensions 250 mm x 250 mm upon [1], the activeedigion is 220 mm x 220 mm
and the thickness 0.8 mm, see Fig. 4b. The insudayer consists of lightweight,
flexible thermal insulating glass wool blanket Mitite AA of the density 9.6 kg/fh
packed in plastic bag reinforced by fibres. Theeshmetal plate used for outer skin of
the fuselage is represented by the material Al ZD2ALCLAD.

The distance between particular parts is followilgstween gel block and
composite sidewall is 50 mm, between compositevgadleand insulation layer is
1 mm and between insulation layer and duralumin &ki60 mm.

Fig. 4 Scheme of fuselage structure assembly (d)naounting of the duralumin
fuselage skin on experimental frame (b)

The second experiment consisted of two kinds ajete. The first part was the gel
block Kraton 15 % of the prismatic shape with |én@00 mm and rectangle cross-
section of dimensions 200 mm x 140 mm. The secartlwas the etalon target used
in the first experiment.

2.2. Results of Shooting Experiment
The experimental results of bullet velocities andrgies are shown in Tab. 2:

Tab. 2 Results of experimental shooting

No. Vam Vimp Vres Ek,imp Ek,res AEk AEk,rel
ofexp. | mi/s m/s | mis J J J %
1 443 436 414 580 523 57 10
2 458 451 92 620 26 595 96

In the first experiment the bullet perforated thal@n target with surplus of energy of
the valueEy .= 523 J calculated upon Eq. (1). The charactahefhollows made by
bullet is presented in Fig. 5. The perforation loé tomposite sidewall performed a
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cylindrical hollow of approx. diameter 6.2 mm witbrn fibres, see Fig. 5a and 5d.
A delamination process is visible at the back silehe composite sidewall of the
square size approx. 35 mm x 35 mm, see Fig. 5d. peréoration of the insulation
layer caused an irregular hollow of the diametgsrap. 6.9 mm with torn plastic bag
and fibres and the dimension and shape of bottowsllis very similar, see Fig. 5b
and 5e. The perforation of the duralumin sheet hptde created a regular cylindrical
hollow of the diameter 8.6 mm, see Fig. 5¢ and 5f.

d)

Fig. 5 Results of first experiment —hollows in gaot secondary target: front sides of
sidewall (a), layer (b) and skin (c), back sidesiolewall (d), layer (e) and skin (f)

The circle hollow in duralumin sheet metal platentadns a relatively small plastic
deformation around the hollow with cracks on thm,rsee Fig. 5f. The character of
hollow proved the absence of the bullet expansioa; the deformed front part of the
bullet did not exceed the size of the bullet calibr

The deformed bullet was not found after the shaptitherefore the exact
character and size of the bullet expansion wasknotvn. It is supposed, that the
bullet is slightly deformed on its front part anldosten in length without the massive
expansion upon similar experiments presented in [2]

In the second experiment the bullet perforatedgdieblock as the primary target
first creating a temporary cavity in it. This bullead reduced residual kinetic energy
of the valueE, s = 26 J upon Eg. (1). The bullet showed lack ofrgndo penetrate
even the composite layer as the first part of theosdary target and the bullet was
bounced off by the composite layer leaving behinst jsmall damage on the layer
surface, see Fig. 6a. A delamination area is bavediple on the back side of the
composite sidewall of the square dimension app2é6xnm x 25 mm, see Fig. 6b. For
the shape of deformed bullet see Fig. 6¢. The bislexpanded after perforation of



Penetration of the Transport Airplane Fuselage Withward Obstacle 37
by Handgun Expansion Bullet

the gel block, therefore the front area of the dfui$ increased, the specific energy is
decreased, see Tab. 1, and the bullet demands doe mnergy to penetrate the
following obstacle.

a b) o)

Fig. 6 Results of second experiment — damaged caidéfront part of composite
sidewall (a), back side of composite sidewall (il @eformed bullet (c)

The Tab. 2 shows also the difference between imaadtresidual kinetic energies of
the bullet4E, as the energy consumed during the perforation efgél block. The
same parameter can be determined in percentage/Hif, upon the equation:

[100. (2

The valuesAE, . of the first experiment show, that the bullet swanits only a minor
part of its energy into the fuselage structure &ad the value 10 %, see Tab. 2.
A different situation is with the second experimewhen the bullet impacts the gel
block first. In this case the bullet transmits i@ gel block a major part of its energy
of the value 96 % and therefore the expanded bykrforms limited ability to
perforate the secondary target, which is the fugekiructure.

3. FEM Analysis

The FEM analysis using explicit nonlinear transieptirocode Ansys Autodyn v 14.0
is introduced in order to find a numerical modebdé on firing experiments of the
bullet Action 5 perforating the two combinations tbe target. FEM model will be
then used for finding the solution for particulases defined in chapter 1.3.

3.1. Description of the Simulation Model

A 2D axial symmetry is used for the simulation mipdkerefore only a half parts of
all components is modelled, see Fig. 7. The metlogyas based on [2-4].

The geometry of the bullet is based on real dinmrssiand a little bit simplified
in order to create a suitable mesh for the FEM yamisl The bullet uses the mesh-
based Lagrangian method. The density of the biglehodified in order to meet the
equal total weight with the real bullet. The init@ondition for the bullet is impact
velocity vimpequal to the experimental velocity; see Tab. 2. dineélrag and rotation of
the bullet by barrel bore are not considered.
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The particular parts of the fuselage structureb@®ed on experimental parts and
have a rectangular shape in 2D projection thattesea disc using axial symmetry.
The periphery of all discs is clamped.

The simulation gel block is used in order to sinwilthe second experiment. The
shape of the simulation gel block is of cylindrishlape with diameter of 140 mm and
length of 200 mm, so therefore it does not folldwe real prismatic geometry due to
the axial symmetry used. The gel block uses thehnfre® particle based Smooth
Particle Hydrodynamics (SPH) method and the sizgaoficles is 1 mm.

The main parameter for validating the simulationdedds residual velocity of the
bullet after perforation of particular parts of tkerget. In the case of the second
experiment the next evaluating parameter is thpelod deformed bullet.

duralumin
sheet metal

plate
\

bullet Action 5 gel block composite sidewall

isolation layer

/

Fig. 7 FEM Simulation model

3.2. Material Models

Material models used in FEM analysis are based msy# Autodyn library and [2, 4].

The gel block as the primary target is represeigdnodified model WATER.
This model uses shock equation of state (EOS) wihametersp = 760 kg/m,
Co = 1647 m/s and the Hugoniot slope coefficiSpt 1.921.

The fuselage structure as the secondary targetstsmd three parts:

Part 1.The composite sidewall uses also retrievedieh GLASS-EPXY with
density p= 1840 kg/m. This model uses Puff EOS with following paramster
A; =12130 MPaA, = 17980 MPa, Gruneisen coefficient 0.15, expansioefficient
0.25 and sublimation energy 2 MJ/kg. Next the cositgosidewall uses von Mises
strength constitutive model with shear modulus 400RRA and yield stress 143.1 MPa.
The tensile pressure failure model of compositeewall allows a maximum
hydrodynamic tensile limit of the value of —159 MPdso erosion is considered in
form of instantaneous geometric strain of the v&ue

Part 2: The insulation layer is simplified and & considered to be of one
homogenous material without dividing between thesglwool blanket and reinforced
plastic bag. The EOS is of linear form and erosfailure model in form of
instantaneous geometric strain is of the valueuw?k Bhodulus is considered of 1 kPa.
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Part 3: A sheet metal plate made of aluminium allk$TM 2024-T3 uses
Gruneisen form of EOS upon [5] with following vatueGruneisen Gamma& = 2.0,
density of the alloy = 2780 kg/m, initial sound spee@, = 5328 m/s and Hugoniot
slope coefficientS; = 1.338. The constitutive model uses an empiricdinson-Cook
model [6] with following constants: yield uniaxiadtress A= 368.5 MPa, strain
hardening coefficientB = 683.9 MPa, strain hardening exponemt 0.73, strain
hardening coefficienC = 0.0083 and thermal softening exponemt 1.7 upon [7].
The failure criterion upon Johnson-Cook [8] useBofeing constants:D; = 0.112,
D, =0.123,D; = 1.5,D, = 0.007,D5 = 0 according [7].

The bullet Action 5 used in simulation is descrilbecbugh various models.

The gilding metal jacket uses EOS with valugs= 7985 kg/m, /~ = 2.0,
Co = 3958 m/s and; = 1.497. The constitutive model of modified COPP&Rdel
uses the Piecewise Johnson-Cook model with parasnet& = 68800 MPa,
Yo = 120 MPagr = 0.3,Y; = 450 MPa,Y, = 450 MPam = 1.

The plastic cap of the bullet considers the polthare material POLYURETH
and uses shock EOS with bulk modukiss 2000 MPa and density = 1265 kg/m.
Strength model of the plastic cap uses elastic famd failure model uses the
maximum value of principal stress. The shear mosihls the value of 5 MPa.

3.3. FEM Model Validation

The FEM simulation approaches to fit the both ekpental and simulation
perforation process parameters — the bullet velauid the deformation character both
of the bullet and the target; for comparison ofoedties see Tab. 3:

Tab. 3 Comparison of experimental and simulatiolesides of the bullet

No. Vimp Vres | Vres,sim| AVrec
ofshot| m/s | m/s| mis %
1 436 414 419 1

2 451 92 89 3

The expressiom.s simMmeans simulation residual velocity of the bullBte expression
Av,es means the deviation of both experimental and satir results estimated as the
relation between the difference of both experimieatal simulation residual velocities
with respect to the lower value of both residualog@ies. The correspondence of
velocities differencév,.s of both shots is very good.

The simulation result for the first shot is showm Fig. 8, when the bullet
perforates the fuselage structure directly withany forward obstacle. The plane of
composite sidewall is distorted and also nearbyattea of the hollow as well. Those
distortions do not follow the experimental behaviodue to the fact that the
experimental sidewall remains flat in the whole ptane. The material model of the
sidewall should be improved using additional experts.

The insulation layer simulation behaviour followsetexperimental results with
one exception. The simulation hollow is of higheiardeter than observed in
experiment. Also the simulation model of the insiola layer should be improved.

The behaviour of simulation sheet metal plate feothe behaviour of
experimental plate quite well except two paramet@te simulation diameter of the
hollow is higher than experimental one; the simolatvalue is 9.7 mm and
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experimental value is 8.6 mm. The second differdadée size of the rim; the height
around the simulation hollow has the value 3.2 mmd #he experimental value is
4.4 mm. The reasons for observed differences catmddimited number of shooting
experiments, next the simplification of the FEM mbde.g. using 2D model that
cannot meet the crack propagation on the rim oktreet metal plate hollow.

composite sidewall ~ |

insulation layer \

duralumin
sheet metal

plate \

bullet Action 5 after the penetration

Fig. 8 FEM result of the first shot of perforatitige fuselage structure

Fig. 8 shows also the shape of deformed bullet. &kgansion process occurs just
slightly on the front part, which agrees with thegumption made in chapter 2.2. The
plastic cap is pushed inside of the bullet cavity.

The shot No. 2 when the bullet penetrates the lgektfirst is shown in Fig. 9.

deformed origin shape of gel block composite sidewall
gel block

\ insulation layer

duralumin
sheet metal

plate
\

| AN deformed bullet — | é

Fig. 9 FEM results of the second shot of perforgqtiyel block and fuselage structure

The interaction of the bullet and the gel block sesithe deformation of the bullet in
form of expansion and the deformation of the gelcklin form of temporary cavity.

The bullet expresses high level of expansion ared etkpansion is finished in very
short distance of the depth 31 mm after impactivegftont face of the gel block.

The bullet was not able to perforate the first pdrthe secondary target, that is
composite sidewall and it was bounced back caugisgplastic deformation on the
sidewall surface. The most of the centre area efsidewall was pressed towards the
insulation layer located 1 mm behind the sidewall.

The bullet velocity dependence of the fuselageoetérget perforation is shown
in Fig. 10a. The first downwards quasi-linear defmice starting at the time approx.
0.01 ms shows the process of penetration of theposite sidewall, the velocity
reduction is approx. 13 m/s and represents the massstant part of the target upon
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simulation. The next slight slope starting at thmet approx. 0.04 ms shows the
penetration process of insulation layer, the vé&yo@duction is approx. 1 m/s. Finally
the last nonlinear dependence starting at the tapprox. 0.23 ms shows the
penetration process of duralumin skin, the velocé@guction is approx. 8 m/s. Both
graphs are drawn from Autodyn.
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Fig. 10 The dependence of bullet velocities: pefiog of fuselage structure solely (a)
and perforating of gel block and fuselage struct(be

The bullet velocity dependence of the gel blockiqration first and consequently the
fuselage etalon target is shown in Fig. 10b. That fionlinear downwards dependence
shows the process of perforation of the gel blodth wnassive reduction of bullet
velocity of the value 362 m/s. Next nonlinear dovemél dependence starting at the
time approx. 1.58 ms shows the process of bullgtacting the first part of the
fuselage etalon target that is composite sidewhtle energy of expanded bullet
running at the velocity of 89 m/s is short to peate the sidewall, the bullet velocity is
decreasing due to sidewall resistance and finakyhullet is bounced back according
to the experimental behaviour.

FEM results of the second shot enables to drawmapaoison of the shape of
experimental and simulation bullet. Tab. 4 preseahts basic dimensions of both
bullets and both bullets are presented in Fig. 11.

Tab. 4 Comparison of experimental and simulatiohetbdimensions

Dmin Dmay Davc I—car I—min I—ma>< Lavc
mm mm mm mm mm | mm| mm
Experiment | 14.0| 14.2| 14.1| 13120 ]12.2| 12.1
Simulation | 12.4 12.4
Deviation - | - | 14%| 69 -] | 2%

The parameteD is the mean diameter of front expanded part obilléet; D, means
the minimum value Dy, means the maximum value amj,, means the average
value. The parametdr means the length of the deformed bullei;, is the overall
length of the bullet containing the plastic cap,, is the minimum value with plastic
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cap absenced, .y is the maximum value anid,q is the average value. The Deviation
represents the relation between the difference ath lexperimental and simulation
values with respect to the lower value of both ealexpressed in percentage units.

The simulation dimensions of the bullet match thpegimental bullet to some
extent. The simulation bullet shows eroded its tidasap, see Fig. 9, therefore it is
compared also the length of experimental bullehwaitastic cap absence. Such length
of the bullet is in a good agreement. The diametehe front part of the bullet has the
deviation of 14 % and do not fit the experimentahaviour completely due to the
simplified nature of 2D model. Comparison of theysh and dimensions of expanded
bullet will be more reasonable for the 3D simulatithat is supposed to be able to
cover also the complexity of cracks evolution.

Fig. 11 Comparison of experimental (a) and simwlat{b) deformed bullet

4. Estimation of the Ballistic Limits

The validated simulation model will be used in orde estimate the ballistic limits
when firing the gel block first upon three casefiral in chapter 1.3. Therefore the
different thickness of the gel blodlg was investigated for uniform firing velocity of
the valuev; = vimp = 451 m/s according to the second experimentTsée 2 and 3.

4.1. FEM Results

The results of the simulation using a different bidck thickness are presented in
Tab. 5 and graphical dependence of particular bubliocities with respect to the gel
block thickness is shown in Fig. 12a.

The velocities in Tab. 5 and Fig. 12a are as fadlow is the velocity of the bullet
impacting the front part of the fuselage etalomyédyi.e. composite sidewall; is the
velocity of the bullet after perforating the comfessidewall and insulation layer and
is equal to the velocity impacting the duraluminnsk/, is the velocity of the bullet
leaving the fuselage etalon target, i. e. aftefgrating the duralumin skin.

A proposal of polynomial approximation of the sedoarder of velocityv,
impacting the fuselage etalon target with respeahe gel block thickneslsg of the
region 0 mm to 200 mm is introduced:

Vv, =00059.2 - 2861 +447 (3)

where the thicknedss is set in [mm], the velocity, in [m/s] upon graph in Fig. 12a.
The graph in Fig. 12b presents also the dependehtie residual velocity after
perforation of the fuselage etalon targgtith respect to the velocity impacting the
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fuselage etalon target. The proposal linear depsselés valid only for the region of
gel block thickness from 0 mm to 120 mm. In thigiom the bullet perforates both the
gel block and the fuselage structure completelyhveitirplus of energy. Above the
value 120 mm the velocity, starts its strong nonlinear character, see Fig, a2 it is
typical for ballistic limit proximity [2, 9]. A prposed linear approximation enables to
estimate the residual velocitydepending on the impact velociy in form:

v, = 114v, 8485 @)

Tab. 5 Simulation results of the bullet velocityparticular positions in the target
upon gel block thickness L

Lg Vi Vs V3 Vy
mm m/s m/s m/s m/s
0 451 451 440 434
20 392 375 359
40 335 312 294
60 290 270 244
80 255 225 209
100 212 183 160
120 186 154 126
130 167 128 82
140 154 111 0
160 133 96 —
180 107 13 —
190 106 - -
200 89 - -
500 — 500 :
g v, =0.0055L 52 - 2.86L  + 447 Va=1.14v, - 84.85
g 400 \\ R®=0.999 - 7 400 — R? = 0.9991 //
2. 300 }\3&' %’
'§ % 300
é - \E\ g 200
2 100 g .,/
@ 100
0
0 50 100 150 200 0
Gel block thickness L g [mm] 0 200 400 600
| T ek I Bullet velocity v; [m/s]
a) b)

Fig. 12 Course of bullet velocities versus gel kltitickness (a) and relation between
impact velocity of bulletpinto fuselage structure and bullet residual vetpaj, (b)

Using both Egs (3) and (4), it is possible to eatenthe residual velocity of the bullet
v, perforating completely both primary and the se@ydarget upon the gel block
thicknessLg for the region of gel block thickness of the vaftm 0 mm to 120 mm.
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4.2. Analysis of Ballistic Limit Cases

Three cases defined in chapter 1.3 are to be athlys

Case 1: Perforation of the fuselage etalon targetptetely at minimum bullet
residual velocity — the ballistic limit falls intthe range of the gel block thicknesses
from 130 mm to 140 mm, see Tab. 5. The expandetetbpkerforates the whole
fuselage etalon target with residual velocity of &% for the gel block thickness of
130 mm. The gel block of the thickness 140 mm esdhlfllll perforation of the skin;
however the bullet remained stuck in the skin aoches fragments went through the
skin. Therefore the ballistic limit of the gel blothickness for perforating the whole
fuselage etalon target with minimum expanded bulelocity is estimated to be
approx.135 mm

Case 2: Perforation of both the composite sidewadl the insulation layer but
stopping the bullet by the duralumin skin allowipgrtial deformation — the ballistic
limit lays in the gel block thickness range from0l#m to 160 mm, see Tab. 5. The
thickness of 160 mm reduced the bullet velocityh® value not sufficient to penetrate
the skin although some plastic deformation on tie surface occurred. Therefore the
ballistic limit of the gel block thickness for peregting the composite sidewall and
insulation layer but stopping the expanded buliethe skin is estimated to be approx.
150 mm

Case 3: Complete perforation of the inner compasitiewall solely, while the
bullet is stopped by the insulation layer or by thealumin skin avoiding any skin
plastic deformation — the case of catching thedbully insulation layer is difficult to
achieve due to the very low resistance of the atsuh layer against perforation by the
bullet Action 5. Nevertheless, the ballistic linfidls into the range of the thicknesses
of the gel block from 180 mm t0190 mm. Tab. 5 shdkeat the thickness of the gel
block of 180 mm enables to perforate the insulatayer by the expanded bullet with
residual velocity of 13 m/s. The thickness of thed block of 190 mm reduces the
bullet velocity to the value 106 m/s not sufficietiot penetrate the first part of the
fuselage structure — composite sidewall. Theretbeeballistic limit of the gel block
thickness for perforating the composite sidewall wpping the expanded bullet by
the insulation layer or by duralumin skin is estiethto be approxl85 mm

5. Discussion

The investigated fuselage structure expresses gukttle ballistic resistance upon
performed FEM simulation when facing direct impat#ction 5 bullet and the bullet
perforates the structure with surplus of energy.

In case of impacting the substitute material fithe geometry of the bullet is
changed due to the expansion and piercing abilify thee bullet decreases.
Nevertheless, the bullet is still able to penetthg fuselage structure to large extend
of the gel block thickness up to the value app&B80 mm. Exceeding this value up to
the value of 150 mm the bullet damages fuselage iskform of plastic deformation.
Any permanent damage of the outer skin should mouioexceeding the gel block
thickness of 185 mm.

The bullet Action 5 proved its expansion abilityrig perforation of the soft
target. The expansion does not develop in casére€tdoenetrating the hard target in
form of the fuselage etalon target containing tbheposite sidewall as the front part.
However, it is supposed that the single completdopation of the fuselage by the
handgun bullet does not represent the danger frddcompression of the fuselage
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and harm to passengers. The most common transppiare fuselage structure

represents the semimonocoque type and such steudisiributes the load easily to
adjacent parts in case of failure of particulausture parts. Therefore the effect of
skin damage due to isolated or even multiple cotepfenetration of the Action 5

bullet on airframe strength and stiffness is suppa® be negligible as well [10]. The
danger of damaging the inner systems by the buligt more serious consequences
remains to be occurred.

From the point of view of damage of the outer siithe airplane the perforation
of the expanded bullet running at low velocity isnsidered much more dangerous
than perforation by the same bullet but runningigh velocity without expansion due
to the damage nature more inclined to fatigue gnwisl In spite of this, it is supposed,
that this kind of damage could be dangerous justeims of much longer further
aircraft operation than the time needed for emergatescending, approaching and
landing.

The character of damage caused by expanded bulldieoouter duralumin skin
plays an important role when considering the repaairplane damaged area. In case
of completely perforation of the fuselage skin bgthh unexpanded and expanded
bullet it is necessary to repair the skin damagea aising prescribed procedures due
to breaking the integrity of the fuselage as thespurized vessel considering also the
consequences on fatigue damage. The complete exehahdamaged composite
sidewall and the insulation layer is not so difficand expensive. In case of plastic
deformation of skin (Case 2) or absence of any peent deformation of skin
(Case 3) the repair of the structure is much lepgesive.

6. Conclusion

Experiments and simulations done upon the gel bl the fuselage etalon target
have proven a significant difference in piercingligbof the bullet Action 5 under
various target conditions. In case of firing ditgdb the fuselage structure the bullet
perforates the fuselage structure easily with higyhrplus of energy. After the
simulated penetration of thin and thick parts o thuman body that can be
represented by the arm above the elbow and thifjtiteedeg, penetration ability of the
bullet significantly decreases partly due to thédilexpansion causing increase of the
front cross section of the bullet and partly dueldeer bullet impact velocity as a
result of massive resistance in the gel block. Whkensidering a damage of the
fuselage skin, the most critical case represergsfiting through gel block of the
thickness less than 150 mm. In this case an impbdamage of the skin could occur
caused by low impact energy and expansion of thietbuvhich could have negative
consequences in real flight or repair.

A numerical model has been developed upon firingeexnents that simulates
the penetration of the substitute material and egbent perforation of fuselage
structure used in airplane structures by the bullfietmentioned projectile. Ansys
Autodyn showed a good possibility for modelling thenetration process and taking
an advantage of using implemented material modeth the possibility of their
modification to meet the real behaviour of the dated objects. A methodology for
evaluating the residual velocity of the bullet peating both targets with respect to
the gel block thickness has been estimated usisg®dgand (4).

For the future research it is recommended to ireehe relevance of the results
using wider extent of experimental shooting esgbcfar particular parts of the etalon
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target, performing the 3D FEM simulation for coveyithe damage process of the
expanded bullet rim, considering various anglesrgfact with respect to the plane of
the target and considering the difference of pressaind temperature according to
flight conditions influencing behaviour of the etaltarget.
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