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ABSTRACT - REZUMAT

The comparative analysis of energy dissipation behaviour of woven and UD para-aramid fabrics

This research examines how impact energy spreads across para-aramid fabrics, comparing woven and unidirectional
types, using 2-D Thin Plate Spline analysis. The experiment involved dropping a weighted hemisphere onto fabric
samples and measuring their deformation across different layer counts. To assess how yarn orientation affects energy
dispersion, panels with 0%90° and 0%90%+45° configurations were tested. By analysing the fabric's shape changes
under impact, the study revealed patterns of energy propagation. Calculations of bending energy and expansion factors
provided insights into this behaviour. The findings indicate that unidirectional fabrics outperform woven structures in
distributing impact energy across their surface. Moreover, incorporating +45° fibre reinforcements in both fabric types
enhances energy dispersion and mitigates impact effects.

Keywords: Thin Plate Spline (TPS) method, impact energy, woven and unidirectional para-aramid fabric

Analiza comparativa a comportamentului de disipare al energiei a materialelor para-aramidice tesute
si unidirectionale

Acest studiu examineazd modul in care energia de impact se rdspandeste in teséaturile para-aramidice, comparand
tipurile tesute si unidirectionale, utilizand analiza 2-D Thin Plate Spline. Experimentul a implicat contactul dintre o
emisfera cu greutate ridicata si esantioanele de tesaturi si determinarea deformadrii acestora in diferite straturi. Pentru a
evalua modul in care orientarea firului afecteaza dispersia energiei, au fost testate panouri cu configuratii 0°%/90° si
0%90°/+45°. Analizand modificarile formei tesaturii sub impact, studiul a relevat modele de propagare ale energiei.
Calculele energiei solicitérii la incovoiere si ale factorilor de expansiune au oferit informatii despre acest comportament.
Rezultatele indicéa faptul ca teséturile unidirectionale depdsesc structurile tesute in distribuirea energiei de impact pe
Suprafata lor. In plus, incorporarea de arméturi cu fibre la +45° in ambele tipuri de fesaturi imbunétateste dispersia

energiei $i atenueaza efectele de impact.

Cuvinte-cheie: metoda Thin Plate Spline (TPS), energie de impact, material para-aramidic tesut si unidirectional

INTRODUCTION

Utilizing ballistic shielding effectively prevents projec-
tiles from penetrating during collisions. Furthermore,
it must disperse the kinetic energy that is transferred
through the armour. Undoubtedly, this kinetic energy
is accountable for the dynamic deformations that
have the capability to specifically impact the physique
of the individual wearing the armour. The impact
caused by the movement of the protective armour is
referred to as “Behind Armour Blunt Trauma” (BABT).
Even if the impact does not penetrate, it has the
potential to cause significant localized damage to an
area. Multiple research investigations were conduct-
ed to assess the magnitude of deformations resulting
from ballistic protection [1].

Ballistic gelatin [2, 3] and plastilina [4] are commonly
employed as witness materials to assess the perfor-
mance of armours in terms of BABT measurement.
The latter is user-friendly, reusable, cost-effective,
and maintains its distorted configuration after impact
[4]. Before conducting ballistic testing, it is necessary
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to calibrate the texture of these materials by specified
criteria outlined in the standards. The primary stan-
dards include STANAG 2920, AEP 2920, NIJ,
HOSDB, and VPAM. NIJ measures the indentation
depth of Roma® #1 plastilina, while VPAM measures
the volume of the depression in plastilina red
Weible® after ballistic impacts. The “drop test” is the
most traditional calibration test for plastilina, and its
process is outlined in the NIJ standard [5].

Although the drop test approach is straightforward
for users in ballistic laboratories, it has been the
focus of extensive research, particularly on plastilina
Roma®#1. For instance, Roberts et al. [6] conducted
drop tests using a standardized protocol, but they
varied the initial height of the steel ball. The authors
conducted an experimental assessment of the impact
of this parameter on the ultimate depth of penetration
in drop experiments. Based on their findings, they
additionally built a framework to describe the
mechanical behaviour of plastilina. Mates et al. [7]
conducted a study where they used 3D image

Hi 2024. vol. 75. no. 5




correlation to quantify the changes in velocity and
penetration depth of a steel ball over time during drop
testing. Hernandez et al. [8] conducted a series of
drop tests using steel balls of varied diameters, which
were dropped from varying heights. The scientists
examined the response of the plastilina in terms of
penetration depth during a relatively short period,
compared to two previous investigations. Finally,
Gilson et al. [9] conducted a comparative analysis
between the previously stated research and per-
formed drop tests on samples of plastilina red
Weible®. The researchers noted that the composition
of the plastilina and the measuring technique
employed during the drop test can impact the inter-
pretation of the plastilina's calibration of its texture.
Numerous studies have explored the behaviour
model of textile fibres and fabrics in response to bal-
listic impact, attempting to identify and forecast this
behaviour through the development of models
[10—14]. However exact estimation of this behaviour
and ballistic performance of fabric from the fibre qual-
ities has not been possible especially when the bullet
size is small because bullet-fabric interaction is a
very instantaneous and complex event [15].

In biology and other disciplines, one is frequently
interested in describing the difference in shape (or
size and shape) between two or more objects. A
measure of shape distance, such as the full
Procrustes distance, gives us a numerical measure
of shape comparison, but this global shape measure
does not indicate locally where the objects differ and
the manner of the difference. The biological goal in
many studies is to depict or describe the morpholog-
ical changes in a study.

The morphometric techniques we used here were
shape analysis landmark coordinates and image
averaging thin-plate spline (TPS) [16]. Bookstein [17]
developed thin-plate spline analysis as a morphome-
tric approach for comparing landmark configurations
in two or more specimens.

The concept of thin-plate spline was first applied to
the analysis of plane shapes by Bookstein [18]. In
such approaches, a thin-plate is understood as a thin
sheet of some stiff material (e.g., steel) with infinite
extension. When specific control points along the
plate are displaced, the plate undergoes deformation
in such a way as to minimize the total bending ener-
gy E implied by the transformation.

The mathematical operations involved in the produc-
tion of 2D thin-plate splines are described clearly by
Trossman [19]. They can be extended to 3D.
Ferreira [20], a layerwise theory for composite and
sandwich laminated plates discretized by the TPS
method and concluded that the combination of ade-
quate shear deformation theory and the TPS method
allows a very accurate prediction of displacement
and stresses.

Verpoest and Lomov [21] have achieved the mod-
elling of fibre curves in fabric structure by bending
energy in their geometric modelling studies of fabric
structures. Similarly, they have modelled shape
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changes that occur under stretching, tension and
pressure by bending energy.

When a woven fabric is subject to a ballistic impact,
it undergoes deformation in vertical or perpendicular
directions to the fabric plane. The deformation
spreads out from the impact point within a certain
speed interval. As speed increases since the energy
of the bullet also increases, above a certain speed
limit the bullet pierces and passes the fabric. During
the ballistic impact, the spreading speed of the shock
wave generated on the ballistic plane is related to
the energy absorption capacity of plies and is impor-
tant [22]. In systems with high wave spreading
speed, more amount of energy can be damped. The
energy on the fabric plies is damped by distribution
and a certain portion of energy causes a trauma
depression at the rear side of the material.

While the energy of the bullet spreads laterally, the
unspread energy causes a trauma depth in the verti-
cal direction. It is desired that energy is spread and
damped, and this way the trauma depth is minimized.
The events that occur in both directions are very
complex and related to yarn qualities and weaving
construction.

In the previous studies [23-32], ballistic perfor-
mances of panels obtained from woven and unidirec-
tional (UD) fabrics and/or their composites were
investigated with different methods. While some of
these studies [25-27] are related to the ballistic per-
formance of soft fabrics, some have investigated the
ballistic performance of composite panels [23, 24,
28-32]. The common point of all these studies is the
investigation of the energy absorption capacity of fab-
rics and composites made of aramid and UHMWPE
fibres used in ballistic protection [33]. The energy
absorption and dissipation behaviour of fabrics and
composites during ballistic impact and high-energy
impact are quite complex. For this reason, during the
impact, woven fabric’s energy propagation behaviour
along the fabric plane is important and should be
examined. In the previous study [30], energy energy-
propagating behaviour of panels made of Twaron
fabrics was researched with the 2-D TPS method. At
the end of the study, it was observed that the energy
generates two separate effect zones on the fabric
plane. The first effect zone is the region impact ener-
gy passes directly on the rear side of the fabric and
the second zone is the area where the energy
spreads on the fabric plane. The first zone is unwant-
ed in terms of ballistic protection and the expansion
of the dimensions of this zone indicates that a large
portion of the energy passes behind. The second
zone shows the propagating area of energy on the
fabric plane.

Woven and unidirectional fabrics’ energy propagating
behaviour along the fabric plane during a ballistic
impact is important and should be examined. In this
study, impact energy’s propagating behaviour along
para-aramid woven and unidirectional fabric’s plane
will be researched with low-speed weight drop tests
as in previous studies [30].
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In addition, the effect of reinforcements in different
directions on energy-propagating behaviour will be
examined. For this purpose, plies of woven and uni-
directional fabrics in different numbers will be tested
in 0°/90° and 0°/90°/+45° yarn directions. The size of
deformation that occurs after the ballistic impact will
be determined and the fabric’s energy-spreading
behaviour on the plane will be found by using the
shape changes due to deformation. To find energy
propagating behaviours, the bending energy of fab-
rics will be calculated and energy propagating
behaviours of woven and unidirectional structures will
be compared in different yarn directions by determin-
ing expansion factors.

MATERIAL AND METHOD

Material

Ballistic fabrics

Twaron CT 710 type woven and K-Flex unidirection-
al nonwoven fabrics are used in this work. The prop-
erties of both fabrics are given in table 1.

K-Flex is not a woven fabric structure. K-Flex fabric is
a nonwoven fabric which is formed by placing Kevlar
129 yarns at a right angle (at 0 and 90 degrees) on
top of each other and then by sticking them with the
help of pressure and temperature using polyethylene
films (figure 1). No interlacing exists between the
yarns perpendicular to each other and therefore
K-Flex is a unidirectional nonwoven fabric structure.
Because of this, no crimp is induced in the yarn [34].
Tests were carried out separately for woven and uni-
directional fabrics. Both fabric types were converted
into panels with 2, 4, 6 and 8 plies in 0°/90° directions
and 2, 4 and 8 plies in 0°/90°/+45° directions. In
preparation for 0°/90°/+45° panels, fabrics were cut
diagonally at 45° to obtain 45° fibre direction.
Samples’ distribution according to yarn direction is
shown in table 2.

HPE af v

b c

Fig. 1. Photos of: a — schematic representation of
unidirectional non-woven fabric structure produced by

placing yarns at a right angle on top of each other (at 0°

and 90°) and then by sticking them using a polyethylene
film (HPF: high-performance fibres); b — K-Flex UD
woven fabric; ¢ — Twaron CT 710 woven fabric

In samples prepared as 0°/90°/245°, half of the plies
were placed in normal directions, meaning 0°/90°,
and the other half was placed in diagonal directions,
meaning +45°.

Test apparatus

The experiments we conducted in the ballistics labo-
ratory were performed according to the drop test NIJ
Standard-0101.06 [35] standard procedure, as seen
in figure 2, a [9]. Various studies have been conduct-
ed in the literature using these standards [36—-39].
The weights were released from a vertical distance of
1 meter and fell upon the clay surface. A pipe with a
diameter of 50 mm was utilized to guide the weights.

Table 1
PROPERTIES OF TWARON CT 710 TYPE WOVEN AND K-FLEX UNIDIRECTIONAL NONWOVEN FABRICS
. Count (dtex) Material Density Fabric .
Fta b';c warp/weft type Weave warp/weft weight Treatment Th;::‘:(::)ass
yp (0°/90°) warp/weft (threads/10 cm) (g/m?)
Twaron Scouring/
930/930 2040/2000 Plain 117117 220 water-repellent 0.340.1
CT 710
treatment
K-Flex | 9350935 | Keviart29/ ) Unidirectional 100/100 185 - 0.2£0.1
Kevlar 129 (nonwoven)
Table 2
DISTRIBUTION OF SAMPLES USED IN TESTS ACCORDING TO YARN DIRECTIONS
Materials Yarn orientation 1 ply 2 plies 4 plies 6 plies 8 plies
0°/90° + + + + +
Twaron CT 710
0°/90°/+45° + + +
0°/90° + + + + +
K-Flex
0°/90°/+45° + + +
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Fig. 2. Scheme of: a — test apparatus used in drop tests;
b — weight used in drop tests [39, 40]

The weights have a 45 mm diameter, a hemispheri-
cal apex, and a 1 kg mass (figure 2, b).

The clay material employed in this research was
No. 1 Type Roman Plastilina, which adheres to the
NIJ criteria. The clay was placed in a box according
to the given guidelines. The textiles were affixed by
adhering tape to the front.

Figure 2 displays two-dimensional pictures. Drop
tests are conducted on layers of fabric that are posi-
tioned on top of a clay foundation. The clay utilized is
a specialized clay that is well-suited for the charac-
teristics of human tissue. Based on the testing, it is
determined that the deformation exhibited in clay is
similar to the deformation that can occur in human
tissue [40]. The calculation was carried out in four
sequential steps. The initial stage entails the identifi-
cation of landmarks from images, followed by the
determination of their precise coordinates. The two
numerals indicate the precise locations of the corre-
sponding landmarks. These two forms can either rep-
resent individual samples or serve as a representa-
tion of the average of two sets of shapes that
correspond to target landmarks. The process of
transforming the source shape into the target shape
requires moving the landmarks of the source to their
corresponding landmarks in the target.

Method

The mechanism shown in figure 2 is used in the tests.
Tests were performed by falling the weight from
a 1-meter height. First, the weight was dropped on
clay without using a cloth and the resulting shape
deformation was photographed from a certain dis-
tance. Then, the weight was dropped on cloth layers
consisting of 1, 2, 4, 6 and 8 layers respectively, and
once more, the resulting shape deformation was pho-
tographed from a certain distance. Drop tests were
applied on cloth layers on clay ground, and the defor-
mation occurred on cloths after the tests were con-
sidered as deformation on clay. The computation pro-
ceeded in four steps. Firstly, landmarks are identified
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Fig. 3. Inner and outer diameter and landmarks
from 1 to 8

from photographs and then landmark coordinates are
determined (figure 3).

Next, the mean landmark configurations are ascer-
tained. In the last step, using average shapes
obtained by Procrustes analysis, deformation shape
(target) was practised using droppings of TPS rotat-
ing, round tip bullet on the empty ground with cloth
layers (source). The bending energy causing the
deformation was found by a program used in Matlab
7.0. Finally, expansion factors formed near the land-
marks were calculated.

The coordinates of homologous landmarks from two
shapes. These two shapes may represent either indi-
vidual specimens or the means of two sets of shapes
corresponding to target landmarks. A transformation
from a source shape to a target shape involves the
displacement of the source landmarks to the corre-
sponding target landmarks [41].

We shall mainly concentrate on the important
m = 2-dimensional case, with deformations given by
the bivariate function

y = 0t) = (04(8), 0p(1)T (1)
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Bookstein [8] has developed a highly successful
approach for deformations using a pair of thin-plate
splines for the functions ¢(t) ve ¢,(t). We concen-
trate on the important m = 2-dimensional case, the
theory of which was developed by Duchon and
Meinguet [42].

Consider the (2x1) landmarks t,j=1,...k onthe first
figure mapped exactly into y;, 1 = 1,...,k, on the sec-
ond figure. We write (t;) = (04(t;), 02(t))T, i = 1,...k,
for the two-dimensional deformation. Let,

T=[t; t, .. 417, Y=1[yq Vo . yI"

so that T and Y are both (kx2) matrices. A pair of thin-
plate splines (PTPS) is given by the bivariate function

0(t) = (04(1), 05()" = c +At+ WTs(t)  (2)
where tis (2x1), s(t) = (o (t—t;),..., o (t - tk))T, (kx1)
and

2
= Inf=1eg (Il)  [Ih]>0
Il =0
The 2k+6 parameters of the mapping are c(2x1),
A(2x2) and W(kx2). There are 2k interpolation con-
straints in Equation (1), and we introduce six more

constraints for the bending energy in Equation (8)
below to be defined.

11=0, TTW=0 (4)

The pair of thin-plate splines which satisfy the con-
straints of Equation (4) are called natural thin_plate
splines. Equations (1) ve (4) can be re-written in
matrix form

S 1 T||W Y
17 0 0f|cT|=]0 (5)
TT 0 O0oJLAT] o
where (S)ij =o(t; - tj) and 1, is the k-vector of ones.
The matrix

S 1 T
r=(1, 0 0
T 0 0

is symmetric positive definite and so the inverse
exists, provided the inverse of S exists.

W Y
cl|=1r-"0
AT 0

Writing the partition of ™1 as

e il F12:|

1"21 1"22
where ' is kxk, it follows that
w =Ty
CT A A
L\T = [By, Byl =T?Y (6)

giving the parameter values for the mapping. If S~'
exists, then we have
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r=s1-s-'qQ(@’s'Q)'Q’s,

r'2=(QTs-'Q)'QTs" = (r2")T, (7)

r2=(Q's-'q)”
where Q = [1,,T]. The kxk matrix B, is called the
bending energy matrix where

B, =TI" (8)
There are constraints on the bending energy matrix
11Bo=0, T'B, =0

and so the rank of the bending energy matrix is k—3.
It can be proved that the transformation of Equation
(5) minimizes the total bending energy of all possible

interpolating functions mapping from T to Y, where
the total bending energy is given by

2 az(p. 82([)- 2 82([)- 2
Jo)=XIl ( L)+ 2 —L +( ’ ) dxd
@ SR ok ox 0y dy? é)

2
+

As a physical model, this idealization corporates sev-
eral assumptions, such as zero energy cost for in-
plane deformations [43].

A simple proof is given by Dryden and Mardia [41].
The minimized total bending energy is given by,

J(9) = trace (WTSW) = trace (YTT11Y) (10)

Hence the minimum bending property of the TPS is
highly suitable for many applications. The thin-plate
spline has also proved popular because of the simple
analytical solution [43].

Expansion factors are computed using the Jacobian
of the warp [23]. For this purpose, weight was
dropped first on the plain clay ground without fabrics
and then on the fabric plies placed on the clay
ground. The places of landmarks that belong to
deformation caused by weight dropped on the plain
ground change as a result of the drop tests done with
fabric plies.

RESULTS AND DISCUSSION

Drop tests for woven and unidirectional fabrics
and determination of deformation generated on
the impact point along the fabric plane

Drop tests have been repeated 4 times for every
sample and landmarks have been marked by pho-
tographing the deformation shape that occurred on
the clay. Mean shapes have been constructed from
the average values of the landmarks that express the
shape.

It was observed that the deformation that occurred as
a result of the drop tests done without fabric was
virtually the same as the tip profile of the weight.
Figure 4 shows the deformation that occurred as a
result of the drop tests without fabric. Deformation
shapes that occurred as a result of drop test done
with plies of fabric; it was assumed that the deforma-
tion shape on the impact point is marked identically
on the clay. Figure 5, a and b are the marks of defor-
mation on the clay after drop tests with 0°/90° Twaron
and 0°/90° K-Flex panels respectively. Examination
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of these shapes indicates that deformation obtained
from woven Twaron fabrics concentrates along weft
and warp fibres. Twaron fabrics spread the energy
more effectively in weft and warp fibre directions
meaning 0°/90° however as seen in figure 5, a it can’t
spread well in diagonal directions. Therefore, the
inner diameter that shows the impact effect is wider.
Because K-Flex fabrics have no yarn curves in their
structure, they can spread the impact energy more
effectively along the fabric plane. As seen in fig-
ure 5, b the deformation on the impact point is circu-
lar and when compared Twaron panel, it is seen that
deformation occurred in diagonal directions as well in
addition to 0°/90° directions. This situation shows that

Fig. 4. The deformation shape caused by weight
dropped on clay

c d

K-Flex panels spread the energy to a wider area.
Thus, the inner diameter that shows the impact effect
is smaller. K-Flex’s ability to spread energy to a larg-
er area is due to a lack of bends between the yarns
in its structure. This way, yarns can spread the ener-
gy better than woven structures in 0° and 90°
directions.

Figure 5,¢ and d show respectively the shape of
deformation in Twaron and K-Flex panels that have
yarn reinforcements in 0°/90°/£45° directions. When
they are compared to figure 5, a and b, deformation
in a diagonal direction can be seen. This proves that
yarn reinforcements in different directions increase
the spreading area of the energy. In these structures,
energy spreads not only in weft and warp fibre direc-
tions but also in +45° diagonal directions. Thus, the
measurement of the inner diameter caused by
the impact effect decreases.

Figure 6 shows internal and external diameter mea-
surements of deformation on the impact point. The
diameter for 0°/90°-Twaron panels varies between
22.26 mm and 22.4 mm in 1 and 8 plies, and number
of plies does not affect the inner diameter. Outer
diameter for 0°/90°-Twaron panels varies between
32.63 mm and 39.94 mm in panels with 1 and 8 plies
and as the number of plies increases the area of
outer diameter also increases. In this case, we can
say that as the number of fabric plies increases,
energy’s distribution area also increases. The inner
diameter for 0°/90°/+45°-Twaron panels was 12.92
mm for 2 plies of fabric, and 9.62 mm for 8 plies of
fabric. Similarly, the external diameter was 52.12 mm
for 2 plies of fabric and 42.17 mm for 8-
ply panels. In this case, both inner and
outer diameters shrink; and it indicates
that a significant amount of energy is
damped and its impact on the rear side
decreases. This means that yarn rein-
forcements in diagonal directions in pan-
els made of woven fabrics help damping
energy significantly. For 0°/90°-K-Flex
panels, the inner diameter on the impact
point varies between 20.4 and 21.12
between 1 and 8-ply panels. There is no
significant difference between these val-
ues, and the inner diameter of K-Flex
panels is between 9.7% and 5.7% small-
er than Twaron panels. Similarly, outer
diameter varies between 38.22 mm and
40.5 mm in 1 and 8-ply panels, and they
are between 14.6% and 1.4% larger
than Twaron panels. The larger outer
diameter and smaller inner diameter in
the deformation zone of K-Flex panels
show that deformation generated by
impact is spread to a larger area and

Fig. 5. The deformation shape caused by weight dropped on clay:
a — 0°/90° Twaron panel; b — 0°/90° K-Flex panel; ¢ — 0°/90°/£45°

Twaron panel; d — 0°/90°/+45° K-Flex panel
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the impact effect is not concentrated on
a certain area. Inner diameter for
0°/90°/+45°-K-Flex panels was 13.3 mm
in 2 ply panel, and 10.9 mm in 8 ply
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Fig. 6. Dimensions of deformation generated on impact point in woven and unidirectional panels
about ply number (mm)

panel. Similarly, outer diameters were 49 mm in 2-ply
panes and 29.02 mm in 8-ply panels. When these
results are compared to those of Twaron panels,
there are no significant differences between inner
diameters however outer diameter measurements
were 31.18% smaller in K-Flex panels.

When compared to panels with yarn reinforcements
in 0°/90° directions, it was observed that the outer
and inner diameters of panels with 0°/90°/+45° yarn
reinforcements change significantly. In Twaron pan-
els, the difference between 0°90° and 0°/90°/+45°
panels on average decreases by 55.39% in inner
diameter measurements and increases by 49.34%
in outer diameter measurements. This difference in
K-Flex panels decreases by 70.60% in inner diame-
ter and 7.5% in outer diameter. Thus, yarn reinforce-
ments in diagonal directions support the spreading of
deformation on the fabric plane and cause the fabric
to absorb more energy. The decrease of both inner
and outer diameters in K-Flex planes shows that
energy is absorbed by the fabric before causing
deformation and the dimensions of deformation
shrink.

The ratios of outer and inner diameters to each other
are given in table 3. According to this data, average
outer/inner diameter ratios of Twaron and K-Flex
panels that have 0°/90° yarn orientation are obtained
as 1.61 and 1.99 respectively. Average outer/inner

diameter ratios of Twaron and K-Flex panels that
have 0°/90°/+45° yarn orientation are obtained as
3.99 and 3.64 respectively.

The determination of bending energy and
expansion factors

The shape and dimensions of deformation generated
along the fabric plane are determined above. In this
section, the spreading behaviour of energy along the
fabric plane has been determined by expansion fac-
tors. For this purpose, differences in shape deforma-
tions obtained after drop tests are analyzed by
the TPS method. Bending energies are calculated by
using equation number (10) with a program written
under MATLAB 7.0 software. The results are given in
table 4.

From table 4, it is seen that bending energy values
don’t change in relation to the number of fabric plies.
In this case, average bending energies for Twaron
and K-Flex panels with 0°90° yarn directions are
obtained as 2.94032 and 3.29037 respectively. Thus,
the bending energy of K-Flex panels is 10.55% high-
er than Twaron panels. In Twaron and K-Flex panels
with yarn reinforcements in 0°/90°/+45° directions,
bending energy values are determined as 3.91739
and 4.03553 respectively. There is no significant dif-
ference between the bending energies of Twaron and
K-Flex panels in this structure. When compared to

Table 3

OUTER DIAMETER/INNER DIAMETER RATIOS OF DEFORMATION GENERATED ON IMPACT POINT IN WOVEN
AND UNIDIRECTIONAL PANELS IN RELATION TO PLY NUMBER

Materials Yarn directions

Fabric ply number

1 2 4 6 8
0°/90° 1.24 1.55 1.76 1.75 1.78
Twaron CT710
0°/90°/45° - 4.03 3.58 - 4.38
0°/90° 1.87 1.99 2.02 2.19 1.92
K-Flex
0°/90°/45° - 3.68 4.58 - 2.66
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Table 4

BENDING ENERGY VALUES ACCORDING TO THE NUMBER OF FABRIC PLIES AND YARN DIRECTIONS

Fabric ply number

Materials Yarn directions
1 2 4 6 8
0°/90° 2.9661 2.9361 2.9342 2.9326 2.9326
Twaron CT710

0°/90°/45° - 3.9151 3.91145 - 3.92563

KCFI 0°/90° 3.21475 3.20357 3.25870 3.37663 3.39821

-Flex

0°/90°/45° - 4.10284 4.80162 - 3.20215

panels with yarn reinforcements in 0°/90°
directions, there are significant differences in
bending energies of panels with 0°/90°/£45°
fibre reinforcements. This difference is
24 .8% in Twaron panels and 18.5% in K-Flex
panels. Therefore, yarn reinforcements in
diagonal directions have resulted in a very
significant change in the bending energy.

Expansion factors which measure the expan-
sions around selected landmarks are calcu-
lated according to the jakobien of warps. The
locations of landmarks belonging to deforma-
tion generated by the weight dropped on the
plain ground for this purpose change as a
result of drop tests with fabric plies. These
local expansions are given in tables 5-8. An
example of this subject shows the shape
deformation expansions after drop tests

0.4+
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-0.14
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0.4

05 -04 -03 02 -01 0 01 02 03 04 05
made with A-type weight on plain clay ground
and 1 ply of K-Flex fabric in figure 7. Fig. 7. The Expansion factors option will display the area
From table 5. it is seen that landmarks expansions around each landmark indicating the degree
vary between 0.655 and 1.045. The most o (el gl
Table 5
EXPANSION FACTORS FOR 0°90°-TWARON FABRICS AT THE LANDMARKS ARE SHOWN NUMERICALLY
Fabric ply 1. 2. 3. 4. 5. 6. 7. 8.
number landmark | landmark | landmark | landmark | landmark | landmark | landmark | landmark
1 0.984 0.944 0.987 1.045 0.687 0.712 0.695 0.702
2 0.975 0.988 0.996 1.012 0.715 0.720 0.789 0.655
4 1.030 0.994 0.966 1.005 0.785 0.673 0.858 0.921
6 1.008 0.987 0.987 0.988 0.877 0.686 0.775 0.954
8 1.008 0.987 0.988 1.012 0.866 0.721 0.668 0.753
Table 6
EXPANSION FACTORS FOR 0°90°-K-FLEX FABRICS AT THE LANDMARKS ARE SHOWN NUMERICALLY
Fabric ply 1. 2. 3. 4. 5. 6. 7. 8.
number landmark | landmark | landmark | landmark | landmark | landmark | landmark | landmark
1 0.763 0.705 1.013 0.712 0.944 0.9387 1.064 1.124
2 0.8291 0.8997 0.9331 1.342 1.365 0.8461 1.146 1.094
4 0.7022 0.7281 0.8957 1.334 1.250 0.7051 0.5778 0.8265
6 1,1940 0.407 1.6064 1.139 0.4391 0.7831 0.8061 1.349
8 1.5100 0.8919 0.7894 0.475 0.6381 0.6439 1.111 1.087
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Table 7

EXPANSION FACTORS FOR 0°/90°/+45°-TWARON FABRICS AT THE LANDMARKS ARE SHOWN NUMERICALLY
Fabric ply 1. 2. 3. 4. 5. 6. 7. 8.
number landmark | landmark | landmark | landmark | landmark | landmark | landmark | landmark
2 0.6217 1.0280 1.1410 1.1240 1.0590 1.0480 0.9262 0.5349
4 1.1920 1.1930 0.8923 0.8196 0.8424 1.1730 0.6830 0.6210
8 0.6971 0.8354 1.1170 0.9550 1.0590 0.9828 0.9597 0.7963
Table 8
EXPANSION FACTORS FOR 0°/90°/+45°-K-FLEX FABRICS AT THE LANDMARKS ARE SHOWN NUMERICALLY
Fabric ply 1. 2. 3. 4, 5. 6. 7. 8.
number landmark | landmark | landmark | landmark | landmark | landmark | landmark | landmark
2 0.5814 0.6935 0.8080 1.0880 0.5740 0.8696 1.2130 1.5120
4 0.8697 0.8422 1.3280 1.1970 0.7740 0.6535 0.7874 0.8120
8 1.0310 0.9420 0.8310 0.9060 1.1020 0.8934 0.8839 1.0450

remarkable result here is that expansion in land-
marks number 1, 2, 3, 4 in 0° and 90° directions of
Twaron panels with yarn reinforcements in 0°/90°
directions are larger than landmarks number 5, 6, 7
and 8 in +45° directions. This condition proves that
expansion in diagonal directions is small and there-
fore deformation does not spread in these directions.
When these results are compared to table 7, it is
seen that expansions in landmarks number 1, 2, 3
and 4 in 0° and 90° directions are values close to
landmarks number 5, 6, 7 and 8 and deviations in
between are smaller. Therefore, we can say that yarn
reinforcements in diagonal directions help the expan-
sion and distribution of deformation on the fabric
plane.

Tables 6 and 8 show expansion factors of K-Flex
panels that have yarn reinforcements in 0°/90° and
0°/90°/+45° directions respectively. In table 6, there
are no significant differences between expansions in
landmarks number 5 6, 7 and 8 in +45° directions and
expansions in landmarks number 1, 2, 3 and 4 in 0°
and 90° directions. This condition shows that even if
there are no yarn reinforcements in the K-Flex pan-
els’ structure in diagonal directions, it can spread the
deformation towards every direction along the fabric
plane. Yarn reinforcements in diagonal directions will
increase the capability of spreading the energy even
further in these structures. In fact, it is seen in table 8
that expansion factors are higher compared to tables
5, 6 and 7 and both landmarks number 1, 2, 3 and 4
and landmarks number 5, 6, 7 and 8 have high values.

CONCLUSION

In this study, energy spreading behaviour of woven

para-aramid fabric plies on impact point has been

researched with drop tests and the following results

have been found.

* The deformation area on the impact point is divid-
ed into two zones about energy fabric plies passing
behind and energy fabric plies absorb by spreading
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on their plane. The energy fabric plies pass behind
generates a deformation with a certain depth and
diameter and this is the part with a small diameter
and large depth (inner diameter). Deformation in
this part has a circular form. The deformation gen-
erated in the area where energy is spread is dis-
tributed over a larger area and has a smaller depth
(outer diameter).

Dimensions of deformation generated by the ener-
gy that passes behind, meaning the measurements
of inner and outer diameters vary according to
the structure of fabric in used panels, the number of
fabric plies and yarn reinforcement directions in
panels.

When 0°/90°-K-Flex panels are compared to
Twaron panels, the inner diameter of K-Flex panels
is between 9.7% and 5.7% smaller than Twaron
panels. Similarly, the outer diameter is between
14.6% and 1.4% larger than Twaron panels. The
larger outer diameter and a smaller inner diameter
in the deformation zone of K-Flex panels show that
deformation generated by impact is spread over a
larger area and the impact effect is not concentrat-
ed on a certain area.

When 0°/90°/£45°-K-Flex panels are compared to
Twaron panels, there are no significant differences
between inner diameters however the outer diame-
ter in K-Flex panels is 31.18% smaller.

In Twaron panels, while the difference between
0°/90° and 0°/90°/+45° panels on average decreas-
es by 55.39% for inner diameter, outer diameter
measurements have increased by 49.34%. In K-Flex
panels, the same difference decreases by 70.60%
for the inner diameter and 7.5% for the outer diam-
eter.

The diameter of the deformation generated by the
energy that passes behind decreases in relation to
the increase in the number of fabric plies. As the
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number of fabric plies increases, the diameter of
the area fabric plies distributes the energy also
increases.

The obtained expansion factor values show that
Twaron woven fabric panels that have yarn rein-
forcements in 0°/90° directions distribute a signifi-
cant portion of the energy along the weft and warp
yarns. However unidirectional K-Flex panels with

yarn reinforcements in 0°/90° directions can dis-
tribute the energy in more directions.
Reinforcements in +45° directions in addition to 0°
and +90° directions increased energy’s spreading
branches and therefore the diameter of the depres-
sion generated on the impact point, in other words,
the amount of energy concentrating at one point
has decreased.
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