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Investigation of energy absorption efficiency of each layer in ballistic

armour panel for applications in hybrid design

Abstract

This study aims to reveal different energy absorption efficiency of each layer when armour
panel is under ballistic impact. Through Finite Element (FE) modelling and ballistic tests, it is
found that when fabrics are layered up in a panel, energy absorption efficiency is only 30%-
60% of an individual fabric layer with free boundary condition. In addition, fabric layers in
front, middle, and back exhibit different ballistic characteristics. Therefore, a new hybrid
design principle has been proposed. A multilayer panel can be divided into three groups. Two
hybrid panels that are combined different Twaron fabrics and Dyneema UD laminates are
designed. Ballistic tests results show that for a given areal density of the panel, BFS behind
the hybrid panel decreases 31.54% than that of the woven fabric panel. When the areal
density of armour panel is reduced, the hybrid panel is more likely to stop the projectile.

These findings provide a guide for hybrid design of ballistic armour panel.

Keywords:

Ballistic armour panel, Finite Element (FE), ballistic test, energy absorption efficiency,

hybrid design.



1. Introduction

Ballistic body armour made from high performance fibres, such as aramid, and Ultra High
Molecular Weight Polyethylene (UHMWPE) fibres, is widely used in personnel ballistic
protective clothing for military and law enforcement application, due to typical flexibility,
and light-weight [1-3]. Traditionally, an armour panel is manufactured by layering numerous
woven fabric layers with weight of 3 to 5 Kg [1]. However, according to previous studies,
each fabric layers at different positions of a multilayer panel plays different roles in ballistic

resistance [4] [5] [6] [7] [8].

Joo and Kang [4] used FE model to analyse energy absorption of each layer in
multilayer panels. He concluded that in the non-perforation case, the absorbed energy is the
highest for the first layer followed by the subsequent layers. When the perforation occurs, the
sequence is reversed. Cunniff [6] reported that material near the striking face has little
influence on ballistic performance of an armour panel when the impact velocity is much
higher than the ballistic limit. Chen [5]/[9] explained that the front layers of fabric in a multi-
layer panel are more likely to be broken in shear, and the back layers of fabric tend to fail in
tension. As a result,-energy absorption of each layer is increased from front to back in the
panel. In our previous studies [10-12], it was found that when a multilayer panel is under
ballistic impact, energy absorption of each layer is increased from the front layer to the peak
value at the last perforated layer and then gradually decreased in following back layers of the
panel. Such pattern has not been influenced by the total number of layers in the panel. When
increasing the threat level, only the position of the peak value of energy absorption with the

last perforated layer is shifted towards back of the panel.

Due to different roles of each layer in ballistic resistance, layering up same fabrics in

a panel cannot be the most efficient method for ballistic performance. In recent years, many



patents and commercial hybrid products have been proved to be very efficient in providing
superior ballistic performances and reductions in weight [13-16]. The Honeywell Company
[15] designed 21-layers hybrid armour panel with a sandwich structure by combining Spectra
Shields®, Gold Flex®, and Kevlar®. It possesses lighter weight, a greater range of threat
protection, and improved comfort, flexibility. The desired ballistic performance can be
achieved by manipulating the order of layering up and the number of layers. Karahan [16]
observed that hybrid panels combining para-aramid woven fabrics and K-Flex ®UD laminate
can achieve around 4.5% reduction in BFS and 8.5% improvement in energy absorption per
unit weight compared to 100% woven fabric panels. In Chabba’s patent [13], a multi-layered
panel combines sub-stacks of trauma reducing layers and fibrous layers. The decreasing BFS
of the hybrid panel can reach 9.52% compared to the Dyneema® UD panel. Although the
positive hybrid effect on ballistic performance of the multi-layer system has already been
demonstrated, most of these studies only focused on the layering up effect of hybridisation. A

general design principle for hybrid-armour panel has not been identified.

In addition, mechanisms responding to the hybridisation effect have never been fully
understood. Cunniff [17]experimentally studied the effect of layering sequence of a two-layer
system combining Kevlar® (low modulus) and Spectra® (high modulus) woven fabrics.
Ballistic performance of V50 shows differences between these two hybrid panels with reverse
layering sequence. He explained that different modulus of materials can result in the
interference of transverse deflection under ballistic impact. This leads to reduction of energy
absorption in a panel when a material with high modulus was placed before a material with
low modulus. Above test results have been investigated by Porwal and Phoenix [18] through
a theoretical and numerical model. It was found that the interference between two layers had
a significant influence on strain evolution in layers, in particularly near the edge of the

projectile where failure initiates. Park et.al [19] concluded the hybridization effect is



determined by the modulus of materials. He found that the hybrid panel with components in
the order of decreasing modulus enhanced the penetration resistance. The layering up
sequence of components with the increasing modulus is beneficial to reduce BFS. In
Rahman’s study, FE results showed that the contact force of woven panel was higher than
that of rigid laminate panel. This results in more energy absorption in the woven panel [20].
Although a considerable work on ballistic responses of multilayer panel has been done, the
different contribution of each layer in ballistic resistance still need to be further investigated.

Such understanding is important for the construction optimising of ballistic armour panel.

Our previous studies focus on identifying a general energy absorption distribution in a
multilayer armour panel at different ballistic impact conditions [10, 11]. This study aims to
further quantify energy absorption efficiency of each layer, and propose a new hybrid design
principle. Finite Element (FE) simulation and ballistic tests are used to explore different
ballistic characteristics of fabric layers at different positions in a panel. Hybrid panels are
designed and conducted ballistic tests to confirm the positive effect of this hybrid design

principle in improvement of ballistic performance and weight reduction.

2. Numerical modelling

In this research, three-dimensional (3D) FE models of armour panels under transverse impact
of a projectile were created using ABAQUS/Explicit. FE modelling of non-perforated armour
panels under transverse impact is referred to the model in our previous study [10]. In order to
quantify energy absorption efficiency of each fabric layer in a multilayer panel, an FE model
of an individual layer of fabric panel, namely 11F, is also developed. It represents full energy
absorption capacity of Twaron fabric at free boundary condition under ballistic impact, which
is a baseline for energy absorption efficiency. Due to the structural symmetry, only one-

quarter of FE system is modelled.



A steel Right Circular Cylinder (RCC) projectile is used to impact armour panels,
which has the diameter and height of 5.5mm, and 1g in mass. The impact velocity of the
projectile is 483m/s. Twaron® plain fabrics 11F are used to construct armour panels. The

specifications of this fabric are listed in Table 1.

Table 1 Specifications of materials

Yarn count Yarn density ' '
Material  Code (tex) (ends/cm) Thickness - Areal d%nsuy
(mm) (g /m”)
Warp  Weft Warp Weft
fabric 13F 93 93 13 13 0.32 251.76
Dyneema
UD U / / / / 0.24 186.94

In an armour panel, fabric layers are ‘modelled at the yarn level. A single yarn is
represented as a three-dimension (3D) solid body with a lenticular cross-section and defined
crimp wave in FE model, as shown in Figure 1(a). According to the fabric thickness (0.26
mm) and the weave density of the fabric (10.9ends/cm), the width of the yarn cross-section
and the length of the crimp wave can be calculated as 0.0881cm and 0.1832cm respectively.
The same yarns are assembled in warp and weft directions to construct a single layer of plain
fabric with the size of 75x75 mm. The FE model of an individual fabric panel under impact is

shown in Figure 1(c).

In a non-perforation case, three FE models of multilayer panels with 24, 36 and 48
layers which can stop the projectile were created, namely 11Fp4, 11F3 and 11F. A
multilayer panel is created by overlapping a certain number of fabric layers. According to NIJ
standard-0101.06 [21], Roma Plastilina No.l oil based modelling clay is used as backing

material to record the configuration of the indentation after impact. It is modelled as a 3D



solid continuum block with the size of 75x75x50 mm. FE model of a multilayer panel under

impact is shown in Figure 1 (d).

=

0.1832cm

(@) (b)

(c) (d)

Figure 1 FE modelling (a) fine mesh in a primary yarn; (b) coarse mesh in a secondary
yarn; (c) FE model of a single fabric layer under impact; (d) FE model of a multilayer
panel before clay under impact [10]

For the non-perforated panels, free boundary conditions are assigned for the outer
edges of the panel. The other two edges crossing at the impact area are applied symmetry
conditions: The clay is placed inside a container. Therefore, the constraint boundary
conditions are assigned for the outer edges and the back of the clay. The symmetry conditions
are applied for the other two edges crossing at the impact area. For the FE model of an
individual layer of fabric under impact, the back clay is removed. A free boundary condition

is applied for the individual layer.

In order to reduce the number of elements and ensure the accuracy of calculation, fine

mesh size and coarse mesh size are used for primary yarns and secondary yarns respectively.



For the clay model, a transition mesh sizes are adopted. Eight node hexahedron elements
(C3D8R) were used for yarns, projectile and clay in the model. The general contact algorithm
and simple coulomb friction is used for all contact surfaces in the FE model. The friction
coefficient is assumed to be 0.2 according to Rao’s tests results [22]. The impact velocity of

483m/s is assigned to the projectile perpendicular to the armour plane.

Assignment of material properties for FE model is also referred to our previous study
[10]. The yarn model and clay are assumed to be homogeneous and isotropic material.
Material properties of Twaron yarns are obtained from product properties of Teijin®
Company. Material properties of clay are referred to test results of Pamukcu’s study [23].
Material behaviour of yarns and clay under impact are both defined as linear elastic-plastic.
Ductile damage of yarn is assumed and applied in the model. The damage evolution law of
yarn model is specified in terms of the fracture energy. Material softening is defined as
exponential form. Due to no obvious deformation produced in ballistic tests, the steel

projectile is modelled as a rigid body. Material properties of FE model are listed in Table 2.

Table 2 Material properties of FE model [10]

Material properties Projectile Twaron Clay[23]
Yield stress (GPa) Rigid body 3.6 6X10"
Fracture strain (%) Rigid body 4.0 /
Young’s Modulus(GPa) 206.8 90 6.58X10"
Poisson’s ratio 0.3 0.35 0.496
Mass Density(kg/m") 7800 1440 1539
Angle of internal friction (°) / / 61

Flow stress ratio / / 1.0
Dilation angle (°) / / 0

3. Ballistic test



In order to validate FE model and hybrid design principle, ballistic tests were conducted at
the ballistic laboratory in the University of Manchester. Two types of Twaron woven fabric,
namely 11F and 13F, with the same yarns of 93tex and different weave densities are
produced in the weaving lab of University of Manchester. Dyneema UD laminates (SB71) are
also adopted as a component for hybrid panels, which is denoted by U. The specifications of

these materials are listed in Table 1.

A series of panel samples were prepared for ballistic tests to identify ballistic
performance, including Twaron fabric panels and two designed hybrid panels, as shown in
Table 3. For Twaron fabric panels, the subscript represents-the total number of layers. For
hybrid panels, each component was listed in the layering sequence which is from the striking
face to the exiting face and separated by the ‘/’. The subscript represents the number of layers

of one component.

Table 3 Specimen of armour panels

The number of Areal density

Material Sample Jayer (g m'z)
11F 1 196.85
11F;s 15 2952.75
Twaron
fabric 11Fy 24 4724.40
panel
11F5 36 7086.60
11Fug 48 9448.80
13F;/11F,/U 24 4750.39
Hybrid yRTEe
1
pane 13F3/11F;/Us 15 3067.93

The steel RCC projectile (5.5mm in diameter and height, 1.004 (+0.008) g in weight)

for impact is fired by a machine simulating hand gun and propelled by gunpowder. The



impact velocities are in the range of 460~500m/s. The average striking velocity on fabric was
calculated as 483m/s, which is the velocity of the projectile contacting the panel. A firing

range used for impact tests was shown in Figure 2 (a).

For the multilayer panel, the non-perforation tests were conducted. A panel sample
was placed before clay box with two elastic tapes fixed, as shown in Figure 2 (b). The clay is
put into the oven at 38°C above 3 hours before ballistic test according to the NIJ standard.
After impact, an indentation was remained in the clay. Back-face Signature (BES) is used to
assess ballistic performance of the non-perforated armour panels.' BES is the perpendicular
distance from the reference plane of the clay surface to the deepest point of indentation. It can
be directly measured by a vertical calliper, as shown in Figure 2 (c). Due to stable test results

of BFS, ballistic tests are repeated by five shots.

An individual fabric were conducted the perforation test. The clay is removed. A layer
of fabric with the size of 240mmx240mm was placed before a square steel frame with two
elastic tapes fixed to keep free boundary condition. Ballistic performance of the perforated
fabric is assessed by energy absorption (EA). It is assumed to be same as the loss of kinetic
energy of the projectile. Energy absorption in fabric can be calculated according to Equation
(1). Due to-variability of the exiting velocity of the projectile, energy absorption of a

perforated panel is determined by ten shots [7].
AE =1/, m@? —v) (D

where AE is the energy absorption by the panel (J), m is the mass of the projectile (kg), vs and

v, are the impact velocity and the residual velocity respectively (m/s).
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Figure 2 Ballistic test set-up

4. Results and discussions

4.1 Validation of FE model

When a single layer of fabric is impacted by a projectile with the velocity of 483m/s, the
fabric is perforated. Figure 3 shows the impact process in FE modelling and ballistic test.
According to observation of the impact process by a high speed camera, the maximum
transverse deformation area in fabric at 5.5us exhibits about 10mm of the width. For the FE
model, the maximum width of transverse deformation area at 5.5us is 12.6mm, which is close

to test results.
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(a) FE modelling (b) Ballistic test

Figure 3 Transverse deformation of Twaron fabric 11F at 5.5us under ballistic impact:

(a) FE modelling; (b) Ballistic test

Energy absorption (J)

FE modelling Ballistic test

Figure 4 Energy absorption of Twaron fabric 11F

Energy absorption in fabric is one of the most vital validation criteria for FE
modelling in the perforation case. According to FE results, energy absorption of an individual
layer fabric is 5.65J, which shows a good agreement with test results of 6.19J, as shown in
Figure 4. The little difference can be explained that the friction between fibres cannot be
taken account in FE model at the yarn level. This results in less friction energy absorption in

FE model of fabric.

In the non-perforation case, the projectile is stopped in the panel 11F,4 and front
seven layers are perforated in FE model as shown in Figure 5 (a). This is the same as the

ballistic test result. After impact, an indentation is left in clay, as shown in Figure 5 (b). In the



FE model, a round indentation displays the depth of 8mm, and the width of 44mm, which is

similar as that of ballistic test result, as shown in Figure 5 (c) and (d).

(b)
Figure 5 FE result and test result of the clay behind the Twaron panel 11F,4

According to above analysis, FE simulation results can represent ballistic characteristics of
Twaron fabric and multilayer panel very well, including energy absorption, transverse
deflection and BFS. These results indicated that FE models of an individual fabric and
multilayer armour panels are both valid. They can be used to analyse ballistic response

characteristics of soft armour panels.

4.2 Energy absorption distribution in armour panel

When an armour panel is impacted by a projectile at high impact velocity, the impact energy
of the projectile is mainly converted into the kinetic energy, strain energy and the frictional
energy in fabric [24, 25] [26]. In these three forms, frictional energy accounts for small
proportion [27] [28]. For the same fabric material and weave structure of each layer, the
difference of frictional energy between layers is not significant. Therefore, only kinetic
energy and strain energy are investigated to represent difference of energy absorption in each

layer.



Under transverse impact, each fabric layers in the panel is under high stress. The yarns are
stretched and fabric produces transverse deformation until the fracture moment for those
perforated layers. Therefore, the maximum energy absorption of perforated layers in FE
results is corresponded to the fracture moment. However, the projectile won’t stop at once
until all kinetic energy is dissipated. This results in yarn pull-out, yarn bowing, transverse
deformation of fabric and other failure mechanisms. Therefore, for those non-perforated
layers, the maximum energy absorption in FE results is corresponded to the stop moment of

the projectile.

Figure 6 shows energy absorption of each layer in the panel 11F. The last perforated layer
(the 7™ layer) has the highest energy absorption among all layers. Whereas for the front few
layers (the front three layers) and some back layers (the back ten layers), energy absorption is
much lower. On the whole, energy absorption by each layer is increased from the front layer
to the maximum value by the last perforated layer and then decreased gradually in the

following back layers.
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Figure 6 Energy absorption of each layer in Twaron woven panel 11F,, at the striking
velocity of 483m/s



According to our previous studies [10], for this given impact condition, this pattern of energy
absorption distribution remains the same regardless of increasing total number of layers in the
panel. The last perforated layer always has the highest energy absorption among layers in a
panel. The position of the last perforated layer can be identified in certain region of a panel
for a given material and threat level. Because the amount of fabric material required

dissipating a certain amount of kinetic energy of a projectile by fracture is constant.
4.3 Energy absorption efficiency of each layer

According to above results, energy absorption has a different -extent of decrease in
comparison with that of an individual layer. In order to quantify the contribution of each layer
in energy absorption when combining in a panel, energy absorption efficiency R is adopted in

this study according to

R = Hith « 100% 2)

EAq

where R is the energy absorption efficiency, EA;., is the energy absorption of the i layer in

a panel, and EA; is the'energy absorption of an individual fabric layer.

100%
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Group 3

Energy absorption efficiency (%)

Figure 7 Energy absorption efficiency of Twaron woven panel 11F,4



Energy absorption of an individual fabric is used as the reference baseline according to FE
results. It represents the maximum energy absorption capacity of Twaron fabric during
ballistic impact at free condition without any boundary constraint. Energy absorption
efficiency R=100% means that the fabric layer in the panel is as effective as the individual
layer in energy absorption. Whereas R<100% indicates that the energy absorption<of the
fabric layer in the panel is constrained. In a case where R>100%, it implies that the same

fabric is more efficient in energy absorption.

Figure 7 shows the energy absorption efficiency of each fabric layer inthe panel 11F,4. The
energy absorption efficiency of all layers in the panel 11F4 is less than 100%. The last
perforated layer (the seventh layer) has the highest energy absorption efficiency of only 61.3%
in the panel. It is. While the energy absorption efficiency of the front three layers and some
back layers (ply-11 to ply-24) is less than 50%. This indicates that energy absorption of all
layers is constrained. This can be explained that due to the constraint by back clay, all fabric
layers in the panel can’t produce the transverse deformation freely as that of the individual
fabric layer. In comparison with the energy absorption efficiency of the front and back layers,
those middle layers close to the last perforated layers play the dominant role of energy

absorption in an armour panel.

4.4 Group division in a multilayer panel

According to the energy absorption efficiency, each fabric layer in an armour panel plays
different roles in ballistic resistance. Therefore, combining same fabric layers in an armour
panel cannot be the most efficient construction for ballistic protection. To optimise the
construction of an armour panel, different materials can be combined at different positions,
which is the hybrid armour panel. The key issue of designing hybrid panel is to identify

different requirements at different positions in a panel for proper ballistic materials selection.
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Group 2 a woven panel

Group 3

Figure 8 Schematic of a panel division

Based on energy absorption efficiency of each layer, the reference panel 11F,4 can be divided
into three groups, as shown in Figure 8. Front three layers which have lower energy
absorption efficiency below 50% are classified into the first group. The layers close to the last
broken layer from the fourth to the tenth layer which have relatively higher energy absorption
efficiency above 50% are classified into second layer. The third group includes all back
layers from the 11" to 24™ which has less than 50% of energy absorption efficiency. The

schematic of a panel division is shown in Figure 8.

It needs to be mentioned that such group division of this panel is specified for the impact
condition in this study. When the threat level is improving, such as increasing of the impact
velocity, the pattern of energy absorption distribution in a panel will be changed. This has
already been investigated in detail through FE modelling in one our previous paper [10]. As a
result, the group division will be varied according to the pattern of energy absorption
distribution‘in-a panel under higher threat level. In addition, for a given fabric material,
although the weave structure can also have influences on the number of layers in each group,
the pattern of energy absorption distribution in a panel cannot be changed for a given impact
energy [12]. Therefore, for different weave structures of fabric layer with the same material,

only the number of layers in each group is varied.

According to FE results and experimental results, fabric layers in three groups exhibit

different characteristics of ballistic responses under impact.



4.4.1 The first group

When a projectile impacts on a panel, the stress waves are generated from the impact point
and propagated down the axis of the primary yarns. The transverse deflection is produced in
primary yarns of each layer. Figure 9 shows Mises stress contours along the primary yarn
before fracture in some layers from three different groups. This represents stress distribution

characteristics of layers in each group before fracture.
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Figure 9 FE results of stress distribution in Twaron panel 11F,4 under impact
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Figure 10 FE results of transverse deflection in Twaron panel 11F,4under impact



Figure 11 Transverse deformation of fabric layers in post-impact panel 11F4

Figure 10 shows deflection profiles of a primary yarn in some layers in-three groups at
different time during impact according to FE results. As the transverse deflection is
proportion to the transverse deformation area of fabric layer, this represents the maximum
extent of transverse deformation of each layer in a panel. The maximum transverse deflection
of perforated layers is corresponding to the fracture moment of this layer. For the non-
perforated layers, the maximum transverse deflection is corresponding to the stop moment of

the projectile.

Taking the front layer (plyl) on the striking face as an example for the first group, high stress
concentration is found in the contact area around the edge of the projectile. The stress on the
primary yarn is increased sharply during less than 10us. Due to the fabric layer failed very
quickly, the stress wave cannot propagate widely. In addition, the transverse deformation area
of three layers in the first group is only localised around the edge of the projectile. The
transverse deflection is less obvious. This can be also observed from the post-impact panel as
shown in Figure 11. Such ballistic characteristics of the first group indicate that some tough
materials should be combined on the striking face in order to sustain longer before fracture

under impact.

4.4.2 The second group



The second group contains fabric layers close to the last perforated layer (ply4-ply10).
The last perforated layer (ply7) is taken as an example for this group. FE results shows that
the fabric layer has longer interaction time (around 20us) with the projectile before fabric
fracture than that of front layers. The stress wave can propagate over wider area from the
impact point to the edge of fabric before fabric fracture, as shown in Figure 9.

Correspondingly, the transverse deformation area in the fabric layer becomes even
wider, as shown in Figure 10. This can also be observed from the post-impact panel after
ballistic test as shown in Figure 12. The middle layer in the second group has an obvious
transverse deformation area than that of the front layer (ply-1) in the first group and the last
layer (ply-24) in the third group. As a result, more fabric material of each layer in this group
can be engaged in energy absorption. This means that these layers at such positions can make
best use of fabric materials. The influence of weave structure of fabric on energy absorption
capacity has been investigated in detail in our previous studies [12]. It is found that the
lightweight fabrics can be combined in this group to apply higher energy absorption capacity.

The lightweight fabric can be obtained by using fine yarns or reducing the weave density.

4.4.3 The third group

The back layers in the third group cannot be perforated and only produce transverse
deformation-until the projectile stop. Due to attenuated impact force, the stress magnitude
becomes lower, as shown in Figure 9. The transverse deflection is gradually decreased, as
shown in Figure 10 and 11. As a result, materials properties in back layers cannot be fully
applied during ballistic impact process. This results in low energy absorption efficiency of

fabric layers in this group.

However, these layers in the back group play important roles in minimizing BFS of

the panel according to ballistic tests, as shown in Figure 12. In comparison with the panel



11F,4, BEFS behind the panel 11F;4 and 11F4gdecreases 11.2% and 25.92% respectively. With
more layers added in the non-perforated panel, BFS behind panels decreases more
significantly. It can be inferred that when a panel is added by numerous fabric layers, there
would be no indentation in clay, due to little transmitted energy through the panel. Therefore,
the material which possesses high stress wave velocity resulting in lower BFS should be

combined in this group.

BFS (mm)
O R N W H» U1 OO N 0 L

11F,, 11F, 11F,

Figure 12. Backface signature (BFS) of Twaron panels
4. Hybrid design

According to above design principle, the construction of the panel 11F.4 is optimised by
combining different components. Three layers of Twaron fabrics 13F with higher weave
density are placed at the first group. Due to increasing amount of materials at unit area, the
fabric 13F has higher absolute value of energy absorption than that of 11F. This results in
increasing higher ballistic resistance capacity of front group under impact. For the second
group, seven layers of fabrics 11F are still used according to the panel division. Due to
typical structures, Dyneema UD laminates possess high stress wave velocity, which results in
low BFS. Therefore, Dyneema UD layers are combined at the back group to constrain BFS of

a panel. The total number of UD layers is determined by the required areal density. Two



hybrid panels are designed, namely 13Fs/11F;/U;sand 13F;/11F;/Us. The non-perforation and

perforation ballistic tests were conducted to identify ballistic performance.

The hybrid panel 13F;/11F;/U;4 was conducted non-perforation tests and successfully
stopped every shot. In comparison with the reference panel 11F,4, the average BFS of the
hybrid panel decreases 31.54% at almost the same areal density, as shown in Table 4. This
result indicates that ballistic resistance capacity of the hybrid panel is greatly improved

without increasing the areal weight.

For the hybrid panel 13F;/11F;/Us, at the average impact velocity of 487.24m/s in six shots,
three panels were perforated and other three panels were not perforated. Referred to V50 test
[21], this can be regarded as 50% probability of perforation for the given impact condition.
With the same areal density, the woven panel 11F;s with eleven layers cannot stop any shot
for the same impact condition. This indicates that the hybrid panel is more likely to stop the
projectile in comparison with that of the fabric panel when the areal weight of panel is

reduced.

Table 4 Ballistic test results of hybrid panels and woven panels

Areal Impact Ave Impact BES Ave
Hybrid panel density velocity velocity Status (mm) BFS STD
(g/md) (mvs) (mvs) (mm)
Non-
485.04 Perforated 15.75
Non-
11F,, 47244 473.65 480.4 Perforated 13.57 15.25 1.12
Non-
482.53 Perforated 14.22
Non-
490.25 Perforated 10.04
Non-
13F5/11F7/U4 4750.39 487.36 488.13 Perforated 11.44 10.44 0.87
Non-
486.79 Perforated 9.85
485.04 Perforated / / /
481.56 Perforated / / /
11F;5 2952.75 483.02
481.06 Perforated / / /
483.75 Perforated / / /




487.29 Perforated / / /
479.41 Perforated / / /
490.70 Perforated / / /
487.52 Perforated / / /
488.25 Perforated / / /
13Fy/11F,/Us | 3067.93 481.56 487.24 Non- 16.33
’ Perforated ’
Non-
489.66 Perforated 15.14 15.81 0.61
Non-
485.75 Perforated 15.96

5. Conclusions

In this study, energy absorption efficiency in soft armour panel under ballistic impact was
investigated through FE simulation and experimental ‘tests. It is found that all fabric layers
possess lower energy absorption efficiency in comparison with that of an individual layer. In
particularly, energy absorption efficiency of some layers at front and back of the panel is less

than 50%.

According to energy absorption efficiency of each layer, the panel 11F,4 is divided into three
groups. Front three layers are classified into the first group. The second group includes some
middle layers close to the last perforated layer. All back layers are classified into the last
group. Fabric layers in these three groups exhibit different ballistic characteristics of
transverse deformation and stress distribution. Therefore, different ballistic requirements for

material selection are identified at different positions of armour panel.

Based on these design principle, two hybrid panels that was combining different Twaron
fabrics and Dyeema UD laminates were designed. The ballistic tests confirm the positive
effect in ballistic performance. For a given areal density of the panel, BFS behind the hybrid

panel decreases 31.54% than that of the woven fabric panel. When the areal density of



armour panel is reduced, the hybrid panel has more probability to stop the projectile. These

results provide a good guide for the design of ballistic armour panel.
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