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Abstract. The paper presents results of experimental relsesrd numerical analysis
of the penetration process of the Twaron T750 atdatric with the 9 mm Parabellum
projectile (brass jacket, lead core). Numerical Bations of the 9 mm Parabellum
projectile impact into 10 and 16 layers of the Tevail 750 fabric with the use of the
Ansys Autodyn v13 program for dynamic analyses wevaducted on the basis of
3-dimensional solid numerical models. As a boundamydition in the experiment and
in the numerical simulations it was assumed thiathal four edges of the fabric were
fixed. In the numerical simulations the sample 6fx%0 mm dimensions and the
impact velocitied/; = 448 m/s for 16 layers of the Twaron T750 fabnd & = 454 m/s
for 10 layers of Twaron T750 fabric were adopted. the paper the results
of the numerical simulations for three material fagurations with the same friction
coefficients and for different values of yarn-yafniction in case of one material
configuration are presented. Residual velocityhaf penetrator for the highest friction
coefficient us= 1 decreased of 13.1% in comparison to simulatigth no friction
(Ms=0).

Keywords: mechanics, numerical simulations, aramid woveni¢autodyn

* This paper is based on the work presented adtifnénternational Armament Conference on ,Scientspects of Armament and Safety
Technology”, Pultusk, Poland, September 25-p822
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1. INTRODUCTION

Resistance to perforation of ballistic fabrics deggeon their capabilities to
absorb energy locally, in the zone of impact, andpread it out from this area.
The process of the fabrics penetration is infludrimg
1. fibre / yarn properties (density, modulus of elzistj critical strain);

2. fabric properties (weave, areal density);

3. projectile properties (shape, mass, materials);

4. friction between fibers, yarns, fabric layers amittion between fabric
and projectile;

5. interactions between the yarn families:

 crimp interchange — the change of yarn undulatiohaifiges in
amplitude and wavelength);

+ trellising (the relative yarn rotation) — the chang angle (in fabric
plane) between the warp and the weft;

» locking — the resistance to fabric deformation whizcurs when the
inter-woven yarns jam against each other;

» yarn slip, yarn pull out — the displacement of gaen family (of warp
or weft) in relation to the other;

boundary conditions (fabric gripping and orientatio the grip);

impact angle and velocity.

Complexity of the behaviour of the woven fabricgl angreat number of

factors which influence the penetration processamakiifficult to predict and

analyze their reaction during the impact of thejgutile and to design novel

protective fabrics. Analytical models, empiricaldies and experimental works

nowadays are supported by numerical modelling [[L{1@llows the shortening

of research time, a decrease in costs and to obtawrparameters.

This article presents results of experiments aedniiimerical analysis of
penetration the process of the Twaron T750 araraltid with the 9 mm
Parabellum projectile, which consists of a braskgaand a lead core.

6.
7.

2. TESTS

In the Military Institute of Armament Technologyi€onka, Poland) the
tests of the 9 mm Parabellum projectile impact itte Twaron T750 aramid
fabric of 500x 500 mm size were carried out.

The test stand, the sample gripping, the fragménmbwestigated aramid
fabric and the projectile are shown in Figure 1.
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Fig. 1. Stand for ballistic tests of the sample: raetal platform with ballistic barrel
and gates with photocells for determination ofphgjectile velocity,
b — sample in frame, ¢ — investigated aramid fabric
d — 9 mm Parabellum projectile and its cross sectio

The investigated layers of fabric were insertedvieen two parts of the
ballistic frame (with a target area for shootingflvepace of 32& 320 mm),
stretched and fixed by the mutual clamping of bmdits of the ballistic frame
(by means of attaching them with clamping elemeadssisting of screws,
clamping jaws and additional clamps). The ballidti&rrel, from which the
9 mm Parabellum projectiles were fired, was corewbatith the 292BI type
handle, screwed on a metal platform and fixed §rd the ground. On the
basis of computer analysis of the signals fromdhtes with the “start” and
“stop” photocells, and the ballistic characteristaf the projectile, the velocity
of the projectile impact into the sample was deteech After each ballistic test
the creased and delaminated layers of the fabrie Wattened and stretched
before the next shot (it allowed us to achieve lasimconditions for all
the experiments).

The aim of the experiments was to investigate thleabiour of samples
with different numbers of the Twaron T750 layers floe impact velocity of
450 m/s.

In order to obtain the demanded impact velocityghef9 mm Parabellum
projectile the mass of gunpowder in a case wagasad. The impact velocities
from 429 to 454 m/s were achieved during the tests.

When the sample was shot, the numbers of perfomtdddamaged layers
of the investigated fabric were counted.
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The 9 mm Parabellum projectile deformations: minimand maximum
diameter of the mushroom, the length of the prdgdhe depth of the hole of
the deformed projectildDHDP) and maximum cracking were measured.

Figure 2 shows the shape and dimensions projectiat were not
deformed, Figure 3 illustrates the places of meaments of the deformed
projectile and Figure 4 presents the way of meaguhe area of the mushroom
projection using the Autodesk Inventor 2012 program
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Fig. 2. Dimensions of the 9 mm Parabellum  Fig. 3. Places of measurements
projectile of the deformed projectile

¢ Compute the area Fig. 4.
182.259 mm~™2 l’i Measurement Of
e — area of the
N - mushroom
Increase X: 0 mm projection in the
HH Increase Y: 0 mm Autodesk
i Increase Z: 0 mm
, H Inventor 2012
7 program

In case of the 9 mm Parabellum projectile stopp{imgpacted into

16 layers of the Twaron T750 fabric) the projectitashroom had a square-like
shape and a cracking of the jacket occurred. Ircéise of the fabric perforation
(impacted into 10 layers of the Twaron T750 fabti® projectile deformations
were smaller (in comparison to shots no. 2 andL@othe projectile length was
bigger by 44%, the minimum and maximum diametethgf mushroom was
smaller by 6 and 16% respectively, the area ofninshroom projection was
smaller by 21% and the mushroom had an oval shape.
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In Figures 5 and 6 the projectiles deformationssaievn.

Fig. 5. Projectile 2 after
ballistic test:
a — front,
b — side,
c — back

Fig. 6. Projectile 10 after

ballistic test:
a — front,
b — side,
¢ — back
a b HHHH C
The results of the ballistic tests are includedable 1.
Table 1. Results of the ballistic tests
No.| No. [Projectil{Result No. of Projectile deformations
of | of | impact| P/Z*| layers
shotlayergvelocity, Per{Da- [Length Mushroom | Mush-| DHDP?|Maximun
Vi, m/s fo- [ma-| L, diameter, | room | mm | cracking
ratedged | mm mm ared, length,
DMax DMin A mZ L., mm
1] 16 429 z 5| 7 8.2 158 142 182 2.6 4.8
2 | 16 448 z 6| 7 6.9 168 146 192 2 5.8
3| 16 437 z 8| 10 7.8 170 136 201 27 136
9 | 10 453 P| 10 1( the projectile not found
10[ 10 | 454 P[ 1d 1( 9B 14]2 137 191 2]8 * -
11| 10 451 P| 10 1( the projectile not found

1P — sample perforation (all fabric layers), Z —jpctile stopping? area of frontal
projection (perpendicular to the projectile axitjte projectile mushroom;
*DHDP — depth of hole of the deformed projectfieio cracking on the projectile jacket

3. NUMERICAL SIMULATIONS

With the use of the Ansys Autodyn v13 program fgnaimic analyses,
3-dimensional numerical simulations of the 9 mmaBatlum projectile impact
into samples of 10 and 16 layers of the Twaron Ti&#i0ic were carried out.
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Parameters of the Twaron T750 fabric, thenyand the fibre from which
the yarn is composed are given in Table 2.

Table 2. Parameters of the Twaron T750 fabrictae CAD model

Level Real fabric CAD model
Parameter Value Reference
diameter 12um [12] -

Fibre | area of cross-section 1.13x 10° mnf | counted -

1000 | density 1.44 g/ch [12] -
strength 2.4+3.6 GPa [12] —
. : warp | 3360 dtex 3360 dtex
linear density |- of | 3360 dtex [12] 3360 dtex
number of fibres 2000 [12] -

varn |area of cross-section 0.226 mm counted 0.284 mm
density < 1.44 glctn 1.183 g/lcm
thickness 0.296 mm [13] 0.296 mm
width 1.426 mm [13] 1.426 mm
strength 1.91 GPa [13] 4 GPa
weave plain [12] plain

Fabric |-areal density 460 gfm [12] 457 g/m
thickness 0.592 mm [13] 0.592 mm
yarn span 1.472 mm [13] 1.472 mm

To reduce the computing time, dimensions of thepéasnof 50x 50 mm
were adopted. With symmetry conditions on two ogthmal planes, the
numerical model was further diminished to a quadethe whole assumed
system, of 2% 25 mm dimensions. After being built with the usk tbe
Inventor Professional 2012 program, the CAD mode¢he woven fabric and
the 9 mm Parabellum projectile was imported inte thnsys Mechanical
v12.01 program. The mesh, initial and boundary tamws as well
as the relations among each elements of the moeled defined there. Further
works for numerical model building, among othesigsment of materials,
were carried out in the Ansys Autodyn v1l3 programhjch is dedicated to
dynamic analyses.

To achieve approximately the same areal densily tige real fabric, based
on the aramid fibre (yarn: 3360 dtex, areal dend@ g/n3) under the defined
shape and dimensions of the yarn cross-sectiora (@feyarn cross-section:
0.284 mm) and used fabric weave dimensions, the densithefyarn equal to
1.183 g/cm was adopted. Finally the areal density of the ifalequal to
457 g/t and the linear density of the yarn, equal to 33&®, were obtained.

The impact velocities (448 m/s for 16 layers and d8s for 10 layers) and
the boundary conditions on the side surfaces of fdtwic were adapted
analogically to the tests. The shape and dimensiim®swn in Figure 2, were
used in the numerical model of the 9 mm Parabefiumectile.
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The parameters for equation of state, the strengitlel and the failure
model for the projectile core (lead) and jacketfls) were adopted on the basis
of the earlier tests and numerical models [11]. praectile core and jacket in
the numerical model were discretized by means vagenal solid elements of
0.5 mm size and tetragonal, four-nodal solid elegmesf 0.25 mm size
respectively.

By means of the orthotropic linear elastic modhe yarns of the Twaron
T750 aramid fabric are presented. This model ureés@emental stress-strain
relation to calculate the stress at cythkes follows:

o] =[] +[s] o, &

where: [S] — stiffness matrix{é} — strain rate vectit — time step.

Stiffness matrix for orthotropic material is deberd by following formula:

[1- VoV s Vo =V3alVos Vi =VaiVs) 0 0
E,E,A E,E;A E,E,A
Vo =V3aiVog 1- ViV Vi =VioVa 0 0
E,E;A E,E;A E,E;A
S 2)
Vi = Vol Vi, =ViVa 1- Vil o1 0 0
E,E;A E,EA E,E,A
0 0 0 ZG12 0 0
0 0 0 0 2(323 0
L 0 0 0 0 0 2G31_

for A= 1- ViV, =Vodgp =Va Vi3~ 2V21V32V 13

EEE

where: E — Young moduli in the principal directions; — Poisson’s ratios,
defined as the transverse strain injtoérection when the material is stressed in
the i-direction, Gy, Gy3, Ga; — shear moduli in planes (1, 2), (2, 3), (3, 1)
respectively.
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Regarding the symmetry of stiffness, the matrixst constants satisfy
conditions [5]:

I/12 - I/21 l/13 - I/31 l/23 - l/32 (3)
E11 E22 E11 E33 E22 E33

Furthermore, Poisson’s ratios, Young moduli an@ashmoduli must
satisfy the following conditions:

Ei, B, Es, Gia, Goz, G320, 4)
1- VigVo1 =VpiVgy =V3Vi3 — 2|/21'/32'/13 >0, (5)
= E, E,
v, < |—, Vo, < |[— V.. < |[— . 6
21 E, 32 E, 13 E, (6)

It is assumed as a criterion of the yarn destragtibat failure is initiated
when the material reaches the critical value daésstr(defined as; = 4 GPa)
alongside the main direction (length) of the givam (weft or warp).

The Twaron T750 fabric and the CAD model made wité use of the
Inventor Professional 2012 program are presentédgure 7. The yarns in the
numerical model were represented by means of heshgolid elements with
dimensions along yarn width and length equal toofAarn width.

aaaaa

SEETESTeE Fig. 7. The Twaron T750 aramid fabric:
a — real fabric,
b — CAD model made with the use of
the Inventor Professional 2012
b program

Assumed yarns dimensions and the Twaron T750 fais@retization are
shown in Figure 8.

1.472 1.426 Fig. 8. Adopted yarn

dimensions and the
Twaron T750 fabric
discretization

0.296

Friction between contacting surfaces was definethbeyollowing relation:

u= e+ (s - p ) el ()

where:s — static coefficient of frictiont — dynamic coefficient of friction,
vy — relative sliding velocity between two surfaces; decay constant.
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There were used the friction coefficients [9]:
« for yarn-yarn contaci = 0.19;ps= 0.23;a = 1C;
« for projectile-fabric contacfi, = ps= 0.18.

For three material configurations V, VI and VIl @a 3) from the several
dozen of the investigated variants of parametem(fliterature and modified)
it was possible to finish the numerical simulation.

Table 3. Parameters of yarn of the Twaron T75tatdabric

Material configuration name V VI VII
Longitudinal Young moduluss;;, GPa 122 72.2 92
Transverse Young modulus,,, GPa 0.12| 22.2 2.2
Transverse Young moduluS;s, GPa 0.12| 22.2 2.2
Poisson’s ratioy;, 0 0 0
Poisson’s ratioy,s 0 0.6 0
Poisson’s ratioys; 0 0 0
Shear modulusz;,;, GPa 0.12 31 0.92
Shear modulusz,:, GPa 0.12| 0.16 0.92
Shear moduluszs;, GPa 0.12 31 0.92
Critical stressg;, GPa 4 4 4

In other cases overly large deformations of the emcal model
elementary cells made it impossible to continueddieulations. The results of
the simulations for the material configurations\W,and VII are presented in
Table 4 and in Figures 9-15.

Table 4. Numerical results of the 9 mm Parabeliuajectile impact into the Twaron
T750 fabric layers — projectile and fabric deforibas

Materia|Numben ProjectileResult Projectile Projectile deformations

confi- of layerg impact | P/Z | residual | Length] Mushroom [DHDP, Jacket
guratior velocity, velocity, | L, mm| diameter, mm mm | cracking
name Vi, m/s V,, m/s Dvax| Dwin Yes / No
v 16 448 P 300 10.9] 143 13B 38 Yes
10 454 P 364 125 122 118 341 Yes

Vi 16 448 P 340 114 135 13 4 No
10 454 P 399 13 106 105 24 No
Vil 16 448 P 320 11 137 135 3P Yes
10 454 P 378 13 106 105 24 No
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Fig. 9. Views of the 9 mm Parabellum projectile dgdayers of the Twaron T750
fabric after impact (material configuration V): drent, b — side, ¢ — cross-section,
d —top (= 0.076 ms)

Fig. 10. Views of the 9 mm Parabellum projectilel 46 layers of the Twaron T750
fabric after impact (material configuration VI)=dront, b — side, ¢ — cross-section,
d —top (= 0.076 ms)

d

Fig. 11. Views of the 9 mm Parabellum projectilel 46 layers of the Twaron T750
fabric after impact (material configuration VIl)—afront, b — side, ¢ — cross-section,
d —top = 0.076 ms)
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Fig. 12. Views of the 9 mm Parabellum projectilel 410 layers of the Twaron T750
fabric after impact (material configuration V): drent, b — side, ¢ — cross-section,
d —top = 0.076 ms)

. | | |
a b c . d

Fig. 13. Views of the 9 mm Parabellum projectilel 40 layers of the Twaron T750
fabric after impact (material configuration VI)=dront, b — side, ¢ — cross-section,
d —top (t = 0.076 ms)

. .'.{ . ".t I w
[}
a b c ST d

Fig. 14. Views of the 9 mrRarabellum projectile and 10 layers of the Twar@bd fabric
after impact (material configuration VII): a — fipb — side, ¢ — cross-section,
d —top = 0.076 ms)
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Fig. 15. Results of numerical simulations of the® Parabellum projectile impact into
the Twaron T750 fabric, carried out for differeraterial parameters:
a— 16 layers, b — 10 layers

In  numerical simulations carried out the satisfyimgreement with
the experiment was not achieved (Table 5). Furiherks over a numerical
model are necessary (increasing mesh density, asicrg sample model
dimensions to 108 100 mm and validation of the fabric model on tlasib of
the tests with a steel puncher [13]). Differencesthie dimensions of the
projectile deformation between the simulation dmeléxperiment in the case of
the 9 mm Parabellum projectile impacted into 1@fayof the Twaron T750
fabric may be caused by the fact that in the taftes the fabric perforation the
projectile impacted the aramid fabric layers inserin the target trap. In the
case of further tests it seems purposeful to stogtiles in the gelatine or in
another medium which would not deform them, anduse the high-speed
camera for the determination of the projectiledeal velocity.

Table 5. Differences between results of expertraed numerical simulation

Number o] Difference Differences in projectile deformations
Material layers | inresult: [Length,L] Mushroom [DHDP,| Injacket
configuration Yes/No % diameter, % | % cracking
name Dmax | Dwin Yes / No

Vv 16 Yes 58 15 9 63 No

10 No 26 14 14 12 Yes

VI 16 Yes 65 20 11 98 Yes

10 No 31 25 23 13 Yes

VI 16 Yes 59 19 8 93 No

10 No 31 25 23 13 Yes
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4. INFLUENCE OF THE YARN FRICTION ON
THE BALLISTIC PERFORMANCE OF THE FABRIC

The works in relation to the yarn friction coeffiots and the ballistic
response of a woven fabric are reviewed in pap8r9]. The tribological
properties of the woven fabrics made from Kevlardiferent linear densities
of the Kevlar yarns and different surface treatmefitthe yarns were
investigated by Rebuillat [8]. The paper refersttie works of Dischler, who
developed ~2 um thick coating, which increases yhen-yarn frictional
coefficients when applied to the aramid fibres, aofdChitrangad, who
developed a fluorinated finish for aramids whictcreased the fibre-fibre
friction. Works on the effect of water on ballisperformance of the Armos
fabric made by Bazhenow, in which the author fotimat the decrease of the
yarn-yarn friction and the yarn-projectile frictioms a result of lubricant
properties of water, deteriorates ballistic propsriof the aramid fabrics are
also mentioned in paper [8]. The test proceduréiferdetermination of the yarn
friction coefficients, obtained valuegy(= 0.19; pus = 0.23; « = 1) and
reference to results of other authors (BriscoeMothmendi — Kevlar 49 Yarns
— MU= 0.22; Zeng — range of optimum friction coeffidie.1 < ps< 0.6) are
described in paper [9].

On the basis of the above mentioned literature floe material
configuration VII the numerical simulations of tBemm Parabellum projectile
impacted into 10 layers of the Twaron T750 fabrerevperformed for different
values of the yarn-yarn friction (Fig. 16+18).

No extremum was found in relation to the projedilresidual velocity and
the yarn-yarn friction coefficients. The projecsleesidual velocity decreases
together with the increase of the friction coeffitis.

He=0.23

=0 = =
Ms M= 0.1 L= 0.19 Ms= 0.3
S o a=10°
= =

4 -

V, =392 m/s V,=378 m/s V, =368 m/s

Fig. 16. Results of
numerical simulations
of the 9mm Parabellur
projectile impact into
10layers of the Twarao
T750 fabric, carried ot

for different yarn
friction coefficients

V,=412 m/s

Hs=0.6 Ms=1

V,= 367 m/s V, =359 m/s V, =358 m/:
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» 454 Fig. 17. Velocity of the projectile in
E S : function of time for different values of the
= “a,‘ ; yarn-yarn friction (the 9 mm Parabellum
@ A o \ projectile impact into 10 layers of the
2 N—l Twaron T750 fabric) for the material
2 4004 NN configuration VII:
; o =l\‘,_,,4“,42._;,_ 1-p=0,
B aon 3 2 —ps=0.1,
& 380 \ " 3—ps= 0f3,uk=g.319,a =10,
=B - N R -- - “Sz -~
B 6 5.1
360 i e 5 —ps= 0.4,
0 0.05 0.1 6 — 1= 0.6,
Time, ¢, ms 7 —pe=1

S 14
(%]
Q12
.% 21 8 Fig. 18. Decrease of projectile
& 36 residual velocityAV, in relation
5'S 4 to simulation with no friction in
) function of yarn-yarn static
© > 2 coefficient of frictionps
g 0 i
o 0 0102303 04 06 1

Yarn-yarn static coefficient of frictions

In the case of no friction between the yarns, ttogegtile residual velocity
was equal t&/, = 412 m/s. When the static coefficient of frictimas adopted as
Ms= 0.1, the projectile residual velocity diminishibg 4.9% (20 m/s). For the
friction coefficients from paper [9] (experimentadsults:ps=0.23, u= 0.19,
o = 1) the projectile residual velocity decreased by834 m/s) in relation
to the simulation with no friction.

Further increase in the yarn-yarn static coefficiehfriction to ps = 0.3,
Ms = 0.4, = 0.6, 45 = 1 (without respect to dynamic coefficient of fida L)
caused a decrease of the projectile residual wgladi10.7%, 10.9%, 12.9%
and 13.1% respectively, in relation tothe simolatwith no friction. The
increase in the yarn-yarn static coefficient ottfin aboveuys; = 0.6 had no
significant influence on the ballistic performarafethe fabric. In the numerical
simulations the increase of the yarn-yarn statieffcwent of friction from
Us= 0.6 toys= 1 caused a residual velocity decrease of 0.304/¢).
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5. CONCLUSIONS

On the basis of the tests and the numerical siionk the following
conclusions can be drawn:

1. In the numerical simulations overly small fragmemts the fabric and
oversized elementary cells (elements) were used.ré&ar displacement of
the fabric reached the boundary of the model amnseaxh fabric stretching,
inconsistently with the experiment. This phenomenwith numerical
erosion of the deformed elements caused a premfaiiuee of the fabric.

2. Modelling of the 9 mm Parabellum projectile impatctato the Twaron
T750 fabric should be preceded by fabric validatmn the basis of the
impact of the penetrator which would not be defaint&eel ball impact or
punch test [13]).

3. The fabric absorbed more energy with the incre&$ection between yarns.
In thenumerical simulation®f the 9 mm Parabellum projectile impacted
into 10 layers of the Twaron T750 fabric the realdwelocity of the
penetrator for the highest friction coefficigmi= 1 decreased by 13.1% in
comparison to the simulation with no frictiom € 0).

4. The increase of the yarn-yarn static coefficientriction aboveu;= 0.6 had
no significant influence on the ballistic perforrcanof the fabric. In the
numerical simulations of the 9 mm Parabellum prigdmpacted into
10 layers of the Twaron T750 fabric the increasfgyarn-yarn static
coefficient of friction from ps=0.6 topys=1 caused residual velocity
decrease of 0.3% (1 m/s).

5. Ballistic performances of the fabric (18QL00 mm) placed on the ballistic
gelatine will be investigated in further works.
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