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Ballistic performance of spaced multi-ply soft fabrics: experimental and
numerical investigation

Abstract

It has been reported that the ply gap influences the ballistic resistance of spaced multi-ply
fabric systems, but its working mechanism was not well-understood. This paper reports the
experimental and numerical approaches and results of an investigation on the mechanisms that
enable the improved ballistic performance of spaced multi-ply systems. Penetration tests were
performed over a range of impact velocities ranging from 200-400 m/s. The results confirmed
that the ply gap is beneficial to the energy absorption capability of the systems. This is because
the front plies tend to absorb more energy when they are not immediately constrained by the
rear plies. During a ballistic event, the gap relieves the reflection of the compressive pulse,
prolonging the projectile engagement time with the front plies; on the other hand, the rear plies
become increasingly less active in dissipating energy as the gap increases. When the gap is
sufficiently widened to avoid any interference between the plies before the failure of the front ply,
the responses of the whole system no longer vary. It was also found that the ballistic performance

of the spaced systems is influenced by ply thickness, impact velocity, and the stacking order of the

ply gap.

Keywords: Energy absorption capability; Ply gap; Ballistic performance; The front ply; The rear
ply



Ballistic performance of spaced multi-ply soft fabrics: experimental and
numerical investigation

Abstract

It has been reported that the ply gap influences the ballistic resistance of spaced multi-ply
fabric systems, but its working mechanism was not well-understood. This paper reports the
experimental and numerical approaches and results of an investigation on the mechanisms that
enable the improved ballistic performance of spaced multi-ply systems. Penetration tests were
performed over a range of impact velocities ranging from 200-400 m/s. The results confirmed that
the ply gap is beneficial to the energy absorption capability of the systems. This is because the front
plies tend to absorb more energy when they are not immediately constrained by the rear plies.
During a ballistic event, the gap relieves the reflection of the compressive pulse, prolonging the
projectile engagement time with the front plies; on the other hand, the rear plies become
increasingly less active in dissipating energy as the gap increases. When the gap is sufficiently
widened to avoid any interference between the plies before the failure of the front ply, the
responses of the whole system no longer vary. It was also found that the ballistic performance of the
spaced systems is influenced by ply thickness, impact velocity, and the stacking order of the ply gap.
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1. Introduction

Modern soft armors used in ballistic impact protection systems consist of many layers of
flexible materials, and it offers protection by absorbing and dissipating projectile kinetic energy,
showing enormous potential for energy absorption in the ballistic events [1-4]. It has been widely
accepted that while fiber properties play an essential role in determining the energy absorption
capability subjected to ballistic events, the influence of structural effect is non-negligible. The
structural impact includes, but is not limited to, yarn structure, fabric pattern, and panel constituent,
among which the interference between the neighboring plies in a flexible ballistic panel attracted
much attention [5-6].

Some researchers believe that enhancing the interference between the adjacent plies is
desirable for energy absorption. Porwal and Phoenix [7] developed an analytical model to study the
influence of varying the ply gap on panel performance. They found that the Vso, velocity of the
projectile at which there is a 50% probability of perforating the target material, decreases as the
gaps between the adjacent plies increase. Eliminating gaps between plies and hence enhancing ply
coupling is beneficial to performance improvement. Ply coupling can be further improved by
varying ply orientations. Wang et al. [8-9] demonstrated the benefit of designing angle-plied panels
in their experimental and numerical investigation of multi-ply fabric systems. A 14% increase in
energy absorption was found in angled fabric panels compared with aligned fabric panels. Liu et al.
[10] investigated the ballistic performance of helicoidal laminates, indicating that the mixed
configuration composed by both helicoidal and cross-ply laminates outperformed quasi-isotropic
laminates by 86.6% in terms of impact energy absorbed. They also found that the perforation
energy of CFRP laminates can be significantly improved by optimizing ply blocking configuration,
achieving a maximum increase of 64% in perforation energy [11]. An increase of 58% was found by
Arora et al. [12] in their investigation of treating angle-plied fabric panels with shear thickening
fluid (STF). They attributed the improvement to the propagation of stress waves in multiple
directions and the engagement of more secondary yarns in an angle-plied fabric panel during a
ballistic performance. Yuan et al. [13] found that angle-plied panels had approximately 10% larger
stressed areas in the first and middle plies than those of aligned panels.

Nevertheless, investigations into the ballistic performance of cross-plied ultra-high-molec
ular-weight polyethylene laminates showed that angle-plied panels exhibit inferior performan
ce than aligned panels [14-15], and therefore some researchers pointed out that ply coupli
ng is detrimental to the energy absorption capability of a multi-ply fabric system. Cunniff
[16] suggested that the subsequent plies transfer the stress back to the first few plies, res
ulting in stress concentration and earlier failure at the impact point. In addition, adding su
bsequent plies constrains the transverse deflection of the first plies, amplifies stress concen
tration, and reduces the amount of energy absorbed by the material. This suggestion corro
borates the findings of Zhou et al. [17] and Chen et al. [18]. They used finite element (FE)

models to predict the performance of multi-ply woven fabric systems. Cunniff [16] tested



a double-ply system consisting of Kevlar 29 and Spectra 1000 woven fabric and pointed ou
t that placing low modulus material on the impact face and high modulus material on the
back face eliminates the contact between plies and therefore creates higher Vso. The experi
mental observation was confirmed by Porwal and Phoenix [19] in their work of using a co
mputational model to investigate the effects of stacking sequences of fabric plies. They also
suggested that if severe thermal softening of Spectra ply was not considered, the differenc
es in Vso for the two possible arrangements would be much smaller than those observed i
n Cunniff's work. Zhou et al. [20] used a FE model to simulate the ballistic event and foun
d that Dyneema/Kevlar system exhibits 16% less energy absorption than the reversed sequ
ence. The interference between plies was believed to be the main contributor to inferior pe
rformance. Lim et al. [21] used different projectiles to test the performance of spaced and
non-spaced double-ply fabric systems. They found that spaced systems perform better than
non-spaced systems when impacted by flat-nose and hemispherical projectiles. Spaced syste
m exhibits inferior performance when impacted by ogival and conical projectiles.

While there are a number of articles in the literature on the ballistic impact responses of
multi-ply woven fabric systems, little work has been done to characterize the effects of the ply gap
on panel performance, especially the responses and energy absorption mechanisms of the front and
rear plies upon ballistic impact. In this paper, both ballistic penetration tests and FE simulation will
be used to comprehensively study the performance and identify the underlying energy absorption
mechanisms of spaced multi-ply fabric systems. The influence of the ply gap, system thickness,
impact velocity, and stacking order of the ply gap will be investigated. The optimum architecture
will be developed for the engineering design of lightweight, flexible fortification system or
anti-ballistic tent.

2. Material and panel specification

Plain weave fabrics were manufactured from Kevlar®29 multi-filament yarns. The fabrics have
a yarn linear density of 1670 dtex and a thread density of 7.25 threads/cm. The areal density of the
fabrics is 240 g/m?2. Ethylene-vinyl acetate copolymer (EVA) foam was used as spacing material to
control the width of the ply gap in multi-ply systems since the penetration testing results showed
that the EVA foam does not exhibit any ballistic performance. The mechanical properties of
Kevlar®29 multi-filament yarn and EVA in use are shown in Table 1.

Table 1
Material specifications.

Kevlar®29 EVA foam
Material Aramid Ethylene-vinyl acetate copolymer
Yarn type Multi-filament yarn -
Breaking strength/MPa 2920 0.12
Breaking elongation/% 3.6 90
Modulus/MPa 70500 1.03
Yarn count/dtex 1670 -
Density/(kg-m-3) 1440 18

Four influencing factors will be studied: the ply gap, system thickness, impact velocity, and
stacking order of the ply gap. The panels were designed in such a way that half of the plies were
placed near the impact face, and half of the plies were placed away from the impact face, i.e., “2+2”
for a four-ply system and “3+3” for six-ply systems, the combinations of which are shown in Table 2.
Ply gap is normalized by ply thickness, which refers to G. The value of G can be obtained from the
following equation:

G =D, /T, D

where Dgyp is the gap distance between the front and rear sets of ply, Tt is the thickness of the front
ply/plies. For example, the thickness of a single-ply fabric is 0.4 mm, and a spaced “1+1” system
with a ply gap of 1 mm indicates that G=2.5. In terms of spaced systems of “2+2” and “3+3", T, is the
thickness of the front set of plies. A spaced “2+2” system with a gap distance of 2 mm also has a
G=2.5, as the front set contains two plies and the value of Tg is 0.8 mm. A spaced “3+3” system with
a gap distance of 6 mm has a G=5, as the front set contains three plies and the value of T¢ is 1.2 mm.

These combinations will be tested at an impact velocity of 400 m/s. In addition, the “1+1”
systems are subjected to ballistic penetration at the impact velocities of 200 m/s (40 J), 283 m/s
(80 J), 346 m/s (120 J), and 400 m/s (160 J). The responses will be analyzed by numerical
prediction. In the end, two types of panels were designed (Type A & Type B) to study the stacking
order of the ply gap. The tests were performed at an impact velocity of approximately 400 m/s. In
Type A panels, the system consists of six plies of woven fabrics, and some of the fabric plies were
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separated into three sets with different locations with a ply gap. In type B panels, the system
consists of three plies of woven fabrics. Panel details are given in Table 3.

Table 2
Schematic illustrations of the non-spaced & spaced systems with normalized gap.
Multi-ply G=0 G=25 G=5
systems
! ! 1
1+1 . Projectile . Projectile . Projectile
Gap=0 Gap=1 mm Gap=2 mm
! !
2+2 ‘ Projectile . Projectile . Projectile
=—— Gap=0 Gap=2 mm Gap=4 mm
! |
343 6 Projectile . Projectile . Projectile
—_— s
gl Gap=3 mm Gap=6 mm
e
Table 3
Details of Type A & Type B panels with different stacking order of the ply gap.
Type Al Type A2 Type A3 Type A4 Type A5
6 plies 2 plies+4 mm+2 2 plies+6 2 plies+2 3 plies+8
without ply plies +4 mm+2 mm+2 plies mm+2 plies mm+3 plies
gap plies +2 mm+2 +6 mm+2
plies plies
l ! ! ! i
@ Projectile @ Projectile @ Projectile @ Projectile @ Projectile
B Gapmt  — Gap=2 = s
Gap=4 — Gap=2 =
Type Bl Type B2 Type B3 Type B4 Type B5 Type B6
3 plies 1 plies+2 mm+1 1 plies+3 1 plies+1 1 plies+4 2 plies+4
without ply plies +2 mm+1 mm+1 plies mm+1 plies mm+2 plies mm-+2
gap plies +1 mm+1 +3 mm+1 plies
plies plies
i ! 4 i l
@ Projectile @ Projectile @ Projectile @ Projectile @ Projectile @ Projectile
B3 Gap=0 Gap=2 Gap=3 Gap=1 Gap—y _
Gap=2 Gap=1 Gap=3 ap —_— Ciap=d

3. Ballistic impact test

This section describes how the ballistic penetration tests were performed. The ballistic impact
tests were performed on a set-up shown in Fig. 1. The method used for the measurements was
detailed in previous Ref. [22], and a brief description will be given in this paper. In this ballistic
apparatus, the spherical steel projectile in use is 2 grams in weight and 8 mm in diameter. The
projectile is propelled by high-pressure nitrogen and accelerated in a launch tube. The impact
velocity varies in the range of 200-400 m/s. Sabot made of Polycarbonate was used to propel the
projectile, which is shown in Fig. 1(a). The sabot is removed by a shelling device at the end of the
barrel. The penetration tests were performed in a chamber made of armor plate. The recycling
device is made of armor rubber. An edge-clamped fixture was designed to clamp the sample target
in the ballistic impact test, as displayed in Fig. 2(a). In this fixture, the Multi-ply fabric was gripped
at its four edges to avoid yarn pull-out during the ballistic impact event. The area exposed to impact
is 15 cmx15 cm. Fixing bolts were through-bolted with the backplate and fastened by screw nuts.
The bolt in use is 10 mm in diameter and 60 mm in length. The torque is 280 N-m. The slipping of
the fabric is avoided by the ridges and grooves in the inner surface of the fixtures. Additional G
clamps were used on the edges for thick panels. Samples were tailored to fit the sample size shown
in Fig. 1(b). Each sample was tested three times. The Kevlar fabrics and foam are stacked together
rather than glued together. A Photron FASTCAM SA-Z high-speed camera was used to measure the
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impact and the residual velocities of the projectile. Fig. 1(c) shows the trajectory of a projectile
before and after fabric penetration. The images were recorded at a frame rate of 20000 fps, a
resolution of 512 px x 512 px, and an exposure time of 8.8 ps. The velocity can then be obtained by
identifying the distance between the adjacent projectiles. The energy loss of the projectile can be
determined by

AEzém(vf—vg) (2)

where AE is the kinetic energy loss of the projectile, m is the mass of the projectile, and v1 and vz are
impact and residual velocities of the projectile, respectively. In this research, the effect of air drag on
the projectile was considered a vital factor of projectile kinetic energy loss, and the energy
dissipated by air drag increases exponentially with the impact velocity. The energy dissipated by air
drag can be measured by shooting a projectile without fixing the sample target on the clamp. By
removing this portion of energy loss AE, energy absorbed by the sample target can be calculated.
This value was used as an indicator of its ballistic performance.
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Fig. 1. The ballistic impact testing system: (a) Schematic of the ballistic impact testing; (b) Side view
of the experimental devices; (c) Top view of the experimental devices; (d) The design of sabot and
launch tube.
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Fig. 2. The edge-clamped fixture: (a) Schematic diagram; (b) Tailored samples; (c) Velocity capture.

4. FE simulation
4.1. Geometry model
The solver ABAQUS® 2020 Explicit was used to simulate the ballistic impact, enabling the
investigation of the fabric deformation, stress distribution, and energy absorption evolution during
the ballistic event. In this research, FE simulation is limited to colliding between a projectile of rigid
material and flexible single-ply fabrics. The projectile model is spherical, with the diameter being 8
mm, and the mass of the projectile being 2 grams, identical to the one used for practical ballistic
tests. Fabrics were simulated at the yarn level to capture displacement during a ballistic event. The
yarn was modeled as 3D solid geometry with undulated crimps and lenticular cross-sections
according to their corresponding yarn geometry (Fig. 3(a)). In order to make the model less
computationally expensive, a hybrid meshing scheme was adopted. For the primary yarns, mesh
density was adopted with six elements in one yarn cross-section and twelve elements in one yarn
wavelength (Fig. 3(b)). The mesh size is 0.18 mm. For the secondary yarns, four and eight elements
were involved in one yarn cross-section and wavelength, respectively (Fig. 3(c)). The mesh size is
0.4 mm. This technique has been proved to provide sufficient accuracy for multi-ply system
modeling while the computational resource is limited [23-25]. Eight node hexahedron elements
(C3D8R) were used for yarns and the projectile in the model. Yarns were assembled in the warp and
weft directions to construct a plain weave of 150 mmx150 mm, and fixed boundary conditions (six
degrees of freedom have been constrained) were assigned for the fabric edges. Symmetric boundary
conditions about the X and Z axes were applied to the other two edges to save computational
resources. Therefore, the amount of energy absorbed by the fabrics obtained from the FE simulation
was multiplied by a factor of four to compare the experimental results.

(b) © (d)

Fig. 3. The meshing of FE models for a “1+1” fabric system: (a) The cross-section of the plain weave;
(b) Fine mesh in a primary yarn; (c) Coarse mesh in a secondary yarn; (d) Hybrid mesh in the fabric
model.

4.2. Material

Yarns were modeled as homogenous continua to represent the filament-level architecture. The
material is assumed to be orthotropic, with a linear elastic relation between stress and strain
described as
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where the E, G and v were the elastic modulus, shear modulus, and Poisson’s ratio. Exx is the
modulus of the material along the yarn direction, which is assumed to be equal to 70.5 GPa.The
values of Eyy and Ez- (GPa) are obtained from Ref. [26]. The values of shear modulus and Poisson’s
value are cited from Refs. [26-27].

The damage onset criterion in use is a phenomenological model for predicting the onset of
damage due to nucleation, growth, and coalescence of voids within the material. The model
assumes that the criterion for damage initiation is met when the following condition is satisfied

deP!
wWp = fy =1 (3)

where wp is a state variable that increases monotonically with plastic deformation, &' is the
equivalent plastic strain, e‘gl is the equivalent plastic strain at the onset of damage. At each
increment during the analysis the incremental increase in wp is computed as

AzP!
wp = < > 0 (4)

—pl
o

As the material is linear elastic and has limited plastic deformation, a yield stress (oy.) of 2.92
GPa and equivalent plastic strain at the onset of damage (s‘gl) of 0 were set for the model. That
means the material has no plastic deformation and damage is initiated immediately when the stress
of the element reaches 2.92 GPa. When material damage occurs, the stress-strain relationship no
longer accurately represents the material's behavior. Continuing to use the stress-strain relation
introduces a strong mesh dependency based on strain localization, such that the energy dissipated
decreases as the mesh is refined. A different approach is required to follow the strain-softening
branch of the stress-strain response curve. Hillerborg's fracture energy proposal is used to reduce
mesh dependency by creating a stress-displacement response after damage is initiated. Using
brittle fracture concepts, Hillerborg [28] defines the energy required to open a unit area of crack,
G , as a material parameter. With this approach, the softening response after damage initiation is
characterized by a stress-displacement response rather than a stress-strain response.

The implementation of this stress-displacement concept in a finite element model requires the
definition of equivalent plastic displacement, #P' = L&P'. L is a characteristic length that depends
on the element geometry and formulation. When damage evolution is based on energy dissipated
during the damage process, we can specify the fracture energy per unit area, Gy, to be dissipated
during the damage process directly. The exponential evolution process is defined by:

_ uP! o, duP!

d—l—exp(—fo G—f) (5)
where d is damage variable which increases progressively with %P!.The formulation of the model
ensures that the energy dissipated during the damage evolution process is equal to Gy, as shown in
the following figure. In theory, when the damage variable, d, reaches 1, damage evolution process is
completed. In practice, Abaqus/Explicit will set d equal to 1 when the dissipated energy reaches a
value of 0.99G;. Therefore, the fracture energy Gy, is the energy required to open a unit area of crack.
With this parameter, the softening response after damage initiation can be characterized by a
stress-displacement response. Our preliminary work showed that the value of fracture energy has
limited influence on the energy absorption capability of the material. Nevertheless, a value is
needed to identify the process of fracture evolution. In addition, G; can be expressed by:

7Pl

Ge= [, o,du? (6)
the value of fracture energy per unit area was set to 500 ] [1, 22, 29].



The projectile was modeled as a rigid body and was not deformed during the impacting
process. The material properties are listed in Table 2. A general contact interaction was used to
define the contact between the projectile and the sample target and between the interlaced warp
and weft yarns. For general contact Abaqus/Explicit enforces contact constraints using a penalty
contact method, which searches for node-into-face and edge-into-edge penetrations in the current
configuration. The penalty stiffness that relates the contact force to the penetration distance is
chosen automatically by Abaqus/Explicit so that the effect on the time increment is minimal, yet the
penetration is not significant. The coefficient of friction, u, was set to 0.22 [30]. The EVA foam was
not modeled in the simulation because it provides limited resistance against ballistic impact. The
calculation time depends on the impact velocity of the projectile, i.e., in the cases of impact velocity
=400 m/s, the calculation time is 50 ps, in the cases of impact velocity =200 m/s, the calculation
time is 100 ps.

Table 4

Material properties.

Material properties Projectile Yarn
Exx/GPa — 70.5

Eyy and Ezz/GPa — 1.34 [26]
nyand GXZ/GPa - 3.28 [27]
Vxy, Vxy, and Vxy — 0.2 [26]
Mass density p/(kg'm-3) 7800 1440
oy/GPa — 2.92

P! — 0

Gt — 5001, 22, 29]
u 0.22 0.22 [30]

4.3. Model validation

The FE model was validated by simulating the ballistic impact at different impact velocities and
by comparing the deformation of the numerical model with images obtained from the high-speed
camera. Fig. 4 compares the FE and experimental results for the variation of residual velocity as a
function of the impact velocity for two-, four- and six-layer non-spaced fabric systems. A close
resemblance was found between the FE and experimental results. The numerical predictions show
that the ballistic limits of the three above fabric systems are approximately 119 m/s, 194 m/s, and
239 m/s, respectively. The non-linear and linear increasing trend of the curves beyond the ballistic
limit can be explained by the transition from the elastic response of the fabrics to the inelastic
response of the fabrics as the impact velocity increases [31]. Fig. 5 shows the fabric deformation of
a double-ply fabric system and FE predictions at an impact velocity of 400 m/s. A full size model
was used to present the deformation so that the numerical predictions can be compared with the
images from the high-speed photography. It must be noted here that the numerical data displayed in
section 5 was still obtained from quarter models. Both high-speed images and the FE model exhibit
the pyramid-like transverse deflections, and the marker of yarn de-crimping was also noticed on the

fabric surface.
400

- o- FE two-layer non-spaced system
Exp four-layer non-spaced system (’, 5 e
300 |- = FE four-layer non-spaced s_\*sten%:)") [
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Fig. 4. Comparison of FE and experimental results of the multi-ply fabric systems.
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Fig. 5. High-speed images and FE simulation of a double-ply fabric system at an impact velocity of
400 m/s.

4.4. Characterization of fabric responses

The responses of the front and rear sets of plies were characterized by the projectile-fabric
engagement time and the amount of energy absorbed. Hence, it is important to find out the
breakage time of the corresponding set of plies. Fig. 6 shows the time history of the strain and
kinetic energy of a non-spaced double-ply system. During a ballistic event, the loading of the
impacting projectile causes the energy evolution curves to exhibit a peak. As the peaks of the strain
energy curve seem to occur way beyond fabric penetration, which is identifiably clear in Fig. 6, the
peaks of the kinetic energy curve appear to be a more reasonable indicator of fabric breakage time.
It follows that the projectile-fabric engagement time can be determined by the duration between
the initiation and the peak of the kinetic energy curve. As it is difficult to quantify the amount of
frictional energy absorbed by the constituent layers, the amount of energy absorbed is determined
to be the sum of the kinetic and strain energy at breakage. Fig. 6 shows the energy evolution history
of the front and rear plies in a “1+1” system (Seen in Table 2). In terms of “2+2” and “3+3” systems,
both the front plies and rear plies were considered as a whole in FE simulation to make the
numerical analysis more tractable. The interaction behavior between the front and rear sets of plies
will be analyzed in this research. The interaction time is determined to be the duration between the
onset of the kinetic energy curve of ply two and the peak point of that of ply one. In Fig. 6, the
duration of interaction is 9.8 ps. When there is a gap in the system, the response of the rear plies
will be delayed.
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Fig. 6. Energy evolution of the nonspaced double-ply system at an impact velocity of 400 m/s.

5. Results and discussion
In this section, “1+1”, “2+2”, and “3+3” fabric systems shown in Table2 were selected to study
the underlying energy absorption mechanism of spaced systems upon ballistic impact. Fig. 7



displays the plot of energy absorption against normalized gap G. Research was undertaken on
systems with normalized gaps G up to 10. This is convenient to achieve in FE simulation. In ballistic
shooting test, the value of G for system “1+1” is 0 (Gap=0 mm), 2.5(Gap=1 mm), 5(Gap=2 mm),
7.5(Gap=3 mm) and 10(Gap=4 mm); the value of G for system “2+2” is 0 (Gap=0 mm), 2.5(Gap=2
mm), 5(Gap=4 mm), 7.5(Gap=6 mm) and 10(Gap=8 mm); the value of G for system “3+3” is 0(Gap=0
mm), 1.67(Gap=0 mm), 3.34(Gap=4 mm), 5(Gap=6 mm) and 6.67(Gap=8 mm). When the value of G
is greater than 6.67 (Gap=12 mm) for system “3+3" it is very difficult for the clamp to constrain the
fabric edge tightly. Yarn tails tend to slip from the clamp, and therefore, the ballistic results would
be biased. The amount of energy absorbed by the fabrics obtained from the FE simulation was
multiplied by a factor of four to compare the experimental results. In Fig. 7, the experimental results
were found to be greater than the numerical predictions in thinner systems. The difference becomes
less pronounced as the number of ply increases. The amount of energy absorbed by the systems
increases almost linearly with the number of plies. In terms of the experimental results, the energy
absorption of all the systems increases from G=0, reaches a peak and then levels off from that point
onwards. The normalized ply gap that provides the first peak energy absorption refers to critical G.
The value of critical G appears to range from 2 to 5 for different panels. Take “1+1” systems for
instance, a spaced system with G=5 absorbs approximately 34.4% more energy than the non-spaced
system. The increases in energy absorption at G=5 in the optimum spaced panels are 23.7% and
24.2% for “2+2” and “3+3” systems, respectively. Since the EVA foam does not provide impact
resistance, the improvement in ballistic performance can only be attributed to the ply gap. The
results raise two important questions: why a critical G is there, and why the value of critical G varies
with the thickness of the system. These two questions will be further explored in subsections 5.1
and 5.2, respectively.
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Fig. 7. Comparison of FE and experimental results of multi-ply systems at various ply gaps at an
impact velocity of approximately 400 m/s.

5.1. The influence of ply gap

This subsection will study the underlying working mechanisms of the ply gap to elucidate the
becoming of critical G. In order to solve this problem, FE simulation was used to analyze fabric
deformation, stress distribution, and energy absorption of the “1+1” systems using the method
described in subsection 4.4. Three cases, G=0, 2.5, and 5, were selected for investigation at the
impact velocity of 400 m/s.

During the penetration process, the front and rear plies interact with each other. The duration
of interaction, which has been defined in subsection 4.4, is compared in Fig. 8. It was found that the
interaction time decreases slightly as the ply gap increases, from 9.8 ps in the case of G=0 to 8 ps in
the case of G=5, and the total projectile-fabric engagement time (Fig. 8(a)) and the total amount of
energy absorbed (Fig. 8(b)) also increases accordingly, indicating that ply interaction is detrimental
to panel performance. In terms of the front ply, fabric breakage time is delayed when the gap
increases (Fig. 8(a)). This is because when there is no gap designed for the system, the deformation
of the front ply is constrained by the rear ply. The compressive shock wave generated by the impact
is reflected from the rear ply as a compressive pulse at the impact site of the front ply [30]. As a
result, stress concentration occurs at the impact site, and the material fails at an early stage. When
the projectile impacts a spaced system, the gap relieves the reflection of the compressive pulse, and
therefore the projectile-fabric engagement time is prolonged. This consequently leads to a slightly
more defined transverse deflection and a noticeably larger area of stress distribution in Fig. 9. A
more detailed comparison was made in Fig. 10, where the primary yarns of the front and rear plies
were extracted from Fig. 9. It is not difficult to find that stress is more concentrated on the front ply



yarn of G=0 than those of G=2.5 and 5 prior to failure. At 6th us after impact, the yarn of the
unspaced system fails due to the constraint of the rear ply. Accordingly, the amount of strain and
kinetic energy absorbed by the front ply increases from G=0 to G=5 in Fig. 8(b); On the other hand,
the rear ply appears to be increasingly less active in energy absorption when G increases, the
phenomenon of which was quantified by a decreasing trend of projectile-fabric engagement time in
Fig. 8(a) and the sum of strain and Kkinetic energy absorption in Fig. 8(b). This is because the
narrowly spaced systems enable the rear plies to load the projectile at an early stage of the ballistic
event and promote more rapid and effective slowing via the absorption of ply strain and kinetic
energy after sufficient time has elapsed for penetration. In terms of the widely spaced systems, the
response of the rear ply is delayed by the gap and hence becomes less active during the energy
absorption process.

By comparing the responses of the front and rear plies, it is not difficult to find that the former
is more sensitive to ply gap than the latter, i.e., the variation in projectile-fabric engagement time as
well as energy absorption is more dramatic for the front ply than those for the rear ply. For instance,
the increase in the projectile-fabric engagement time of the front ply is 23.3% when G increases
from O to 5, while the decrease is 8.16% for the rear ply. The variation of stress distribution is more
dramatic in the front ply than in the rear ply in Fig. 9. These cause the increase in energy absorption
of the former to be greater than the reduction in the energy absorption of the latter. In addition, the
projectile-fabric engagement time of the front and rear plies differs by more than 30% when G=0
and by less than 10% when G=5. It, therefore, appears that increasing the ply gap facilitates
assimilating the responses of the front and rear plies, during the process of which the failure of the
front ply is delayed, and the amount of energy absorbed by the whole system increases with G up to
a critical value beyond which the front and rear plies do not interfere with each other, and their

responses cease to vary.
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5.2. The influence of system thickness

The numerical predictions shown in Fig. 7 indicate that the critical G for the “1+1”, “2+2” and
“3+3” systems are approximately 3.75, 3, and 2. This subsection aims to resolve another problem:
why the value of critical G decreases when the fabric system becomes thicker. It has been
established in the previous section that the gap un-constrains the transverse deflection, releases
stress concentration at the impact site, and prolongs the projectile-fabric engagement time. This
consequently improves the energy absorption capability of the front ply. In terms of the “2+2” and
“3+3” systems, the value of the critical ¢ would be unchanged if the projectile-fabric engagement
time doubles and triples. Nevertheless, it appears in Fig. 11(a) that the projectile-fabric engagement
time of the front set of plies does not multiply with the number of plies. e.g., these values are 9.8 pus
(“1+1” system), 10.6 us (“2+2” system), and 11.8 ps (“3+3” system) when G=0. The prolonged
projectile-fabric engagement time in “2+2” and “3+3” systems reasonably require widened ply gaps
to release the transverse deflection so that the potential of the front set of plies can be fully
explored. The ply gaps should be greater than 1.5 mm (G=3.75 in the “1+1” system) but definitely
smaller than 3 mm (G=3.75 in the “2+2” system) and 4.5 mm (G=3.75 in the “3+3” system). This is
because the front plies in “2+2” and “3+3” systems fail earlier than expected and therefore do not
need a 3 mm or 4.5 mm ply gap to minimize the interference between the front and rear sets of
plies. Evidence can be found in Fig. 11(a), where there is limited interaction between the front and
rear sets of ply when G=5. This causes that the amount of energy absorbed by the front and rear
sets of ply appear to be similar in Fig. 11(b).

It is also found in Fig. 11(b) that the sum of the strain and kinetic energy accumulated on the
panel at breakage increases approximately linearly with panel thickness. In terms of the front sets
of plies, stress is distributed to a greater area on spaced systems (Fig. 12(a)); In terms of the rear
sets of plies, the distribution of stress is shrinking as the ply gap increases in “2+2” systems (Fig.
12(b)), the phenomenon of which is less identifiable noticeable in “3+3” systems. This indicates that
thicker systems respond more swiftly and more actively to energy dissipation than thinner systems
when subjected to ballistic impact. In addition, the front set of plies is more sensitive to the ply gap
than the rear set of plies, even in thicker systems.
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5.3. The influence of the impact velocity

The results and discussion shown above were based on the work undertaken at the impact
velocity of 400 m/s. It is interesting to further study the responses of spaced systems at other
impact velocities. Both experimental tests and FE simulations were performed over three impact
velocities, i.e., 346 m/s (120 J), 283 m/s (80 ]), and 200 m/s (40 J) to examine the role of impact
velocity on the ballistic performance of the spaced system. The results shown in Fig. 13 suggested
that the effect of the ply gap on the energy absorption of “1+1” systems diminishes as the impact
velocity decreases. In terms of the experimental results, the improvement in energy absorption
decreases from 34.4% (from G=0 to G=5) at the impact velocity of 400 m/s to 10.6% (from G=0 to
G=5) at the impact velocity of 200 m/s. In terms of the numerical results, the improvement in
energy absorption decreases from 23.6% (from G=0 to G=5) at the impact velocity of 400 m/s to
6.23% (from G=0 to G=5) at the impact velocity of 200 m/s. This is probably because that that the
duration of interaction between the front and rear plies increase dramatically at lower impact
velocities (Fig. 14(a)).

In Fig. 15(a), the area of stress distribution and the transverse deflection on the front plies
becomes increasingly greater as the impact velocity decreases and G increases. This is because the
projectile-fabric engagement time is prolonged at low impact velocities and distanced ply gaps (Fig.
14(a)). Therefore, a greater amount of energy deposited on the front ply at breakage (Fig. 14(b)).
What is interesting is that the deformation and stress distribution of the front ply are more sensitive
to the gap at high impact velocities than those at low impact velocities, e.g., the energy variation
from G=0 to G=5 is approximately 21.6% at 346 m/s, and this value is less than 5% at 200 m/s. This
could probably be attributed to the fact that the stress concentration caused by the rear ply is more
likely to cause failure on the front ply at high impact velocities than at low impact velocities; In
terms of the rear ply, it is obvious that more material is involved in stress distribution as the impact
velocity decreases. In addition, the rear ply is less sensitive to ply gap than the front ply at all the
velocities (Fig. 15(b)). The ply gap appears to be less influential on the performance of the rear ply
than the front ply, e.g., energy variation from G=0 to G=5 is less than 10% at 346 m/s (Fig. 14(b)). It
was also found in Fig. 14(a) that the total projectile-fabric engagement time at 200 m/s are more
than double and triple those at 283 m/s and 346 m/s, respectively. The amount of total energy
accumulated at 200 m/s, however, is less than double those at 283 m/s and 346 m/s (Fig. 14(b)).
This is probably because the kinetic energy of the projectile at 200 m/s (40 ]) is considerably lower
than 283 m/s (80 ]) and 346 m/s (120 ]). It follows that the efficiency of energy transmission from
projectile to sample target is lower for the former case, and hence less amount of energy deposited
on the fabric at breakage.
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The numerical predictions displayed by the FE model suggested that the ballistic performance
of a spaced multi-ply system is dependent on the effects of the ply gap and the impact velocity of the
projectile. A greater ply gap shortens the interaction time between the front and rear set of plies,
and a lower impact velocity weakens stress concentration at the impact site and delays the failure
time of the front set of plies. These two factors combine to weaken the ply interference, during the
process of which the response of the front and rear plies is assimilated and the energy absorption of
the whole system is improved. Now, we can answer the question of why the value of critical G varies
inversely with impact velocity in Fig. 13: when the impact velocity drops to 200 m/s, the
engagement time between the projectile and the front ply is considerably prolonged, allowing a
more defined transverse deflection. To obtain better ballistic performance, a wider ply gap is
required to avoid interference between the front and rear sets of plies at low impact velocities.

5.4. The influence of the stacking order of the ply gap

Two types of panel were designed (Type A & Type B) to study the stacking order of the ply gap.
Details of the panel were displayed in Table 3, and the energy absorption capability of Type A and B
panels was shown in Fig. 16. The ballistic performance of spaced systems is dependent on the
specific order in which the plies are stacked. The results suggested that placing a wider gap near the
impact face and a narrow gap near the back face yields better performance than the reversed
sequence. For “3+3” fabric systems, Type A4 absorbs 5.7% and 10.9% more energy than Type A3
and A2, respectively. During the penetration process in the multi-ply system, the projectile is
progressively slowed. That means the projectile impacts the middle plies at a comparatively lower
velocity than that impacts the front plies, and consequently, a wider gap is required for the former
to accommodate sufficient energy absorption prior to material failure. In addition, systems with
separated ply gaps exhibit greater energy absorption than those with combined ply gaps. For
example, Type A4 and B4 exhibit around 11.6% and 19.8% increase in energy absorption when
compared with their corresponding panel type of A5 and B6. This is probably because the former
design has more free surfaces, and thus is more likely to explore the energy absorption potential of
individual plies during the ballistic events than the latter.
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approximately 400 m/s.

6. Conclusions

The focus of this research was to examine the role of the ply gap on multi-ply fabric systems
and develop guidelines for the engineering design of a lightweight flexible anti-ballistic system. The
ballistic performance of spaced and non-spaced systems was characterized by using a gas gun and
performing penetration tests. The fabric response under ballistic impact was predicted using FE
simulation. It was found that the ballistic performance of the systems improves with a weakened ply
interference, i.e., a reduction in interaction time between the front and rear sets of plies. This can be
achieved by widening the ply gap. As the ply gap increases, the front set of plies tends to absorb
more energy while the rear set absorbs less. The increment in the amount of energy absorbed by
the former is sufficient to offset the reduction in the energy absorbed by the latter. When there is no
interaction between the front and rear plies before the complete failure of the front plies, the whole
system ceases to vary. In cases where the system becomes thicker and cases where the impact
velocity becomes lower, a greater ply gap is required to accommodate the transverse deflection of
the front plies so that the ballistic potential of spaced systems can be fully explored. The stacking
order of the ply gap was also investigated, and the experimental results suggested a better energy
absorption capability for spaced systems with a separated ply gap than for those with a combined
ply gap or no gap.
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