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In recent years, modeling of the high-performance ballistic fabric has gradually shifted from the continuum
and yarn length scales to the sub-yarn length scale which enabled establishment of the relationships
between the fabric penetration resistance and various fiber-level phenomena such as fiber-fiber friction,
fiber twist, transverse properties of the fibers, and the stochastic nature of fiber strength. In general, these
sub-yarn modeling schemes involve special numerical techniques (e.g., digital-element method) and cus-
tomized computational codes. This status of the sub-yarn fabric-modeling methods and tools makes them
not readily available to wider academic and industrial research communities. In the present work, an
attempt is made to use conventional finite-element methods and tools in order to carry out sub-yarn
numerical analysis of the penetration resistance of Kevlar® KM2 ballistic fabric. The goal was to dem-
onstrate that results could be obtained which are comparable to their digital-element method = based
counterparts. Specifically, a series of transient nonlinear dynamics finite-element analyses was carried out
in order to investigate the role of the following two important sub-yarn phenomena on the penetration
resistance of Kevlar® KM2 fabric: (a) fiber transverse properties including nonlinear elastic and plastic
response and (b) fiber-fiber friction within the context of stochastically distributed fiber axial strength.
It is generally found that the results obtained are consistent with their digital-element method-based

©ASM International
1059-9495/$19.00

counterparts.

ballistic performance, flexible armor, Kevlar® KM2
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1. Introduction

In order to respond to the new enemy threats and warfare
tactics, military systems, in particular those supporting the U.S.
ground forces, are being continuously transformed to become
faster, more agile, and more mobile so that they can be quickly
transported to operations conducted throughout the world.
Consequently, an increased emphasis is being placed on the
development of improved lightweight body-armor and light-
weight vehicle-armor systems as well as on the development of
new high-performance armor materials. High-performance
fiber-based materials have been exploited for both body-armor
(e.g., as soft, flexible fiber mats for personal-armor vests) and
for the vehicle-armor systems (e.g., as reinforcements in rigid
polymer matrix composites (PMCs) for lightweight vehicle-
armor systems).
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Flexible lightweight materials have been used, throughout
history, in body-armor systems to provide protection against
specified threats, at reduced weight and without compromising
person’s mobility. Early materials used included leather, silk,
metal chain mail, and metal plates. Replacement of metal with a
nylon (poly-amide) fabric and an E-glass fiber/ethyl cellulose
composite in body-armor systems can be linked to the Korean
War (Ref 1). Although, primarily due to their low cost, nylon
and E-glass fibers are still being used today, other nonnylon
high-performance polymeric fibers (typically used in the form
of woven fabrics) are now the standard in most fiber-reinforced
body-armor applications. These high-performance polymeric
fibers enabled the development of novel flexible-armor systems
with exceptional protection against bullet penetration (Ref 2).

The defining characteristics of high-performance polymeric
fibers used today are their superior strength, stiffness, and
ballistic performance. Among these high-performance fibers the
most notable are: (a) poly-aramids (e.g., Kevlar®, Twaron®,
Technora®); (b) highly oriented poly-ethylene (e.g., Spectra®,
Dyneema®); (¢) poly-benzobis-oxazole, PBO (e.g., Zylon®);
and (d) poly-pyridobisimi-dazole, PIPD (e.g., M5%). The
present work is concerned with a particular grade of Kevlar®
fibers, the Kevlar® KM2 fibers.

When tested in tension, the high-performance fibers men-
tioned above differ significantly from the nylon fibers, having
very high absolute stiffness, extremely high density-normalized
strength, and quite low (<4%) strains-to-failure. These fibers
essentially behave, in tension, as rate-independent linear elastic
materials. When tested in transverse compression, however,
these fibers are similar to nylon and can undergo large
nonlinear elastic/plastic deformation without a significant loss
in their tensile load carrying capacity. On the other hand, this
behavior is quite different from that found in carbon or glass
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fibers, which tend to shatter under transverse compression
loading conditions (Ref 3).

While the attention above was focused on fibers and the
associated materials, it should be recognized that flexible-armor
structures are made of fabric/textiles containing these fibers.
The fabric itself possesses a hierarchical structure, i.e., fibers
are arranged into bundles called yarns and yarns are assembled
into fabric in specific patterns through weaving or braiding
processes. It is important to note that fabric ballistic-penetration
resistance is influenced not only by fiber physical properties,
such as strength, ductility, elastic modulus, mass-density,
viscosity and thermal properties, but also by fabric architecture
in its as-fabricated state.

Although attempts were made as early as the 1960s to guide
the development of new flexible-armor systems using compu-
ter-aided-engineering and modeling/simulation approaches, the
design and development of textile armor systems remains
primarily governed by experiments and experience. While
numerical models typically have not been used to guide the
design/development of the new flexible-armor systems, they
have been frequently employed to quantify the effect of specific
fiber/yarn/fabric parameters on the ballistic-penetration resis-
tance of the armor (Ref 4, 5). Furthermore, it should be noted
that, while, it is well established that the fabric performance is
highly affected by the fabric-manufacturing process and the as-
fabricated architecture, most of the flexible-armor ballistic-
penetration numerical models either fail to include or include
incompletely/incorrectly the effect of fabric microstructural
parameters such as yarn denier, end count, yarn structures,
filament spatial paths and fiber-to-fiber interactions. Conse-
quently, a quantitative relation among material properties,
manufacturing process, fabric micro-geometry, and ballistic
performance could not be established by these models.

This deficiency of the flexible-armor numerical models has
been recently addressed in a series of papers by Wang and co-
workers (Ref 6-12) who proposed a new method, the so-called
“Digital-Element Method.” In this method, a yarn is repre-
sented as an assembly of colinear regularly spaced discrete
fibers. Each fiber, in turn, is modeled as a chain composed of
short truss elements with the adjacent trusses being connected
via friction-less spherical joints. To model the contact between
adjacent fibers, contact elements are introduced adaptively, i.e.,
at the places at which the distance between two fibers is smaller
than fiber diameter. The main objective of the present work is to
demonstrate that the “Digital-Element Method™ can be cast as
a conventional finite-element analysis problem and that it can
be implemented into a commercial finite-element code.

It is important to note that the level of details of the fabric
architecture used in the numerical model influences the
resolution and the accuracy/fidelity of the numerical results
obtained (Ref 13-16). For example, if a fabric is considered as a
continuum, details of yarn-to-yarn interaction and projectile-to-
yarn interaction cannot be modeled. Consequently, the effect of
fabric weave pattern on ballistic resistance cannot be analyzed.
On the other hand, if the fabric is represented as an assembly of
inter-woven yarns but the yarns are represented as a continuum,
details of fiber-to-fiber interaction and projectile-to-fiber inter-
action cannot be modeled. Consequently, the effect of yarn
microstructure on the ballistic resistance cannot be analyzed.

A review of the public-domain literature carried out as part
of the present work revealed that the numerical models of the
flexible-armor systems can be broadly divided into two groups:
(a) those in which the fabric is modeled as a continuum and
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(b) those in which the fabric architecture is accounted for
explicitly but the yarns are treated as a continuum.

While there are a relatively large number of continuum-
fabric numerical models developed since the 1970s, the most
representative of these appear to be (i) a homogeneous and
isotropic plate model which deforms into a straight-sided
conical shell when impacted by a projectile (Ref 17, 18); (ii) a
two-dimensional isotropic membrane model (Ref 19); (iii) an
anisotropic membrane model (Ref 20); (iv) a model based on
the use of a system of linear springs to represent continuum
behavior (Ref 21); and (v) a visco-elastic continuum model
with rate-dependent failure (Ref 22). While all of these models
claim to be in good agreement with the associated experimental
results, they are, as mentioned above, unable to account
for yarn-to-yarn and projectile-to-yarn interactions, which
have been shown to influence the flexible-armor ballistic
performance (Ref 23, 24).

In the most recent renditions of the continuum-fabric
numerical models, the concept of the unit-cell is used in order
to derive the equivalent (smeared-out) continuum-level (mem-
brane/shell) material models of flexible armor from the
knowledge of the meso-scale fiber and yarn properties, fabric
architecture and inter-yarn and inter-ply frictional characteris-
tics. The term “meso-scale” is used to denote yarn-level
millimeter length scale details of the fabric microstructure/
architecture. In other words, finer-scale molecular-level and
fiber-level material details are not considered explicitly and
instead only their lumped contributions are taken into account.
The “unit-cell” term is used to denote the basic structural unit
in a woven single-ply fabric so that a fabric patch can be
considered as an in-plane assembly of such units. Among the
most notable studies based on these analyses are those carried
out by Kawabata et al. (Ref 25-27) who introduced simple
analytical models to capture the uniaxial, biaxial, and shear
behavior of fabrics. Furthermore, Ivanov and Tabiei (Ref 28)
proposed a micro-mechanical material model for a woven
fabric (in which a visco-elastic constitutive model was used to
represent the mechanical behavior of the yarns) for the use in
nonlinear finite-element impact simulations. In deriving the
material model, Ivanov and Tabiei (Ref 28) considered the
motion of the yarn-crossover point and developed a procedure
for determining the equilibrium position of this point under the
applied unit-cell strains. Recently, King et al. (Ref 29) proposed
a new approach for deriving the continuum-level material
model for fabrics based on the properties of the yarns and the
weave architecture which involves the use of an energy
minimization technique to establish the relationship between
the configurations of the fabric structure to the microscopic
deformation of fabric components. Similar unit-cell based
continuum-level membrane/shell material models have been
developed by Boisse et al. (Ref 30) and Peng and Cao (Ref 31).
Also, Shahkarami and Vaziri (Ref 32) proposed a similar but
simpler model to that introduced by King et al. (Ref 29) and
provided a detailed account of its incorporation into a material-
model subroutine which can be readily coupled with commer-
cial dynamic-explicit finite-element codes.

Among the flexible-armor numerical models falling into the
second category the most representative appear to be: (i) the
model developed by Roylance and co-workers who simplified a
two-dimensional woven fabric as a two-dimensional network of
pin-jointed short filaments. In the model, the filament longitu-
dinal stiffness and strength are set equal to their fiber/yarn
counterparts. The model was subsequently extended to include
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the contribution of other material/contact/microstructural
parameters such as yarn slippage (Ref 33), projectile geometries
and fabric-clamping conditions (Ref 34), nonlinear visco-elastic
effects (Ref 35), multiple-ply fabric architecture (Ref 36), yarn
crimp (Ref 37), and slip at yarn-crossover points (Ref 38).
Despite all these improvements, the pin-jointed filament-
network model fails to capture the contribution of fabric
topology and yarn micro-geometry to the flexible-armor ballistic-
penetration resistance; (ii) the model developed by Shockey et al.
(Ref 39) which represents the first finite-element model in which
each individual yarn was discretized using solid/continuum
elements. The model was applied to the case of a turbine blade
impacting a containment shroud. This model was extended to
the case of fabric impact by spherical and right-circular
cylindrical fragment simulating projectiles (FSPs) by Duan
et al. (Ref 40, 41). Additional expansions of the Shockey model
were also made in order to account for the effects of multi-ply
ballistic fabric (Ref 42, 43) and different weaving patterns
(Ref 44); and (iii) the model of Zohdi and Powell (Ref 45), in
which the fabric is represented as an assembly of cross-woven
yarns, yarns are modeled as bundles of collinear fibers while
fibers are treated as continuum elements.

The main objective of the present work is to extend the use of
conventional transient nonlinear dynamics finite-element simu-
lations to the sub-yarn length scale and to compare the results with
both the computational ones obtained by Wang and co-workers
(Ref 11, 12) (using the digital-element method), and with the
corresponding experimental results reported in Ref 11, 12.

The organization of the article is as follows: A brief overview
of the Kevlar® KM2 fiber, yarn, and fabric properties is provided
in section 2. The problem of normal impact of a spherical
projectile onto a square patch of Kevlar® KM2 fabric clamped
along its edges and the computational procedure employed are
described in section 3. The role of fiber transverse properties in
the behavior of ballistic fabric during impact by a projectile is
analyzed in section 4. The effect of friction and the stochastic
nature of the Kevlar® KM2 fiber strength are discussed in
section 5. A general discussion of the results obtained is
presented in section 6. The main summary points and conclu-
sions resulting from the present work are listed in section 7.

2. Kevlar® KM2 Fiber, Yarn, and Fabric Properties

2.1 Fiber Properties

Experimental investigation of Chen et al. (Ref 46, 47),
clearly established that, in the longitudinal direction, Kevlar®
KM2 fiber behaves as a rate-independent inelastic material with
an average longitudinal Young’s Modulus of 84.62 +4.18 GPa
with 95% confidence. As far as the longitudinal strength, o, is
concerned, it is found to be a stochastic property (due to
inevitable presence of various microstructural defects/imper-
fections within the fibers) and to be implicitly given by a bi-
modal Weibull-type failure-distribution function, F(c), in the
form (Ref 48):

F(c)=1—exp [—Lioz (%)m]

(Eq 1)

i=1

where n = 2 (due to the bi-modal nature of the distribution
function), Ly = 0.025 m (the fiber reference gage length), L
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(the fiber actual gage length), o©o; =3.323 GPa and
Coz = 3.7004 GPa (the two Weibull scale parameters) and
my; = 18.0023 and m, = 24.8803 (the two Weibull shape
parameters). The bi-modal nature of the Kevlar® KM2 fiber
strength is related to the distinct defect/flaw potency distribu-
tions in the core and in the skin regions of this class of
fibers.

While in the transverse direction, Kevlar® KM2 fibers show
nonlinear and inelastic behavior, following the work of Wang
and co-workers (Ref 11), the constitutive response of the fibers
in the transverse direction is modeled at three different levels of
physical accuracy/fidelity: (a) at the highest level of approx-
imation, the response is treated as being linear elastic with the
associated transverse modulus of 1.34 +0.35 GPa (with 95%
confidence); (b) the response is considered to be nonlinear
elastic with the loading/unloading nominal stress G versus
nominal strain g, relation given as:

& = 0.006€9 + 0.5296¢98 — 1.2208¢982 + 6.9417¢98
(Eq 2)

where the nominal stress is defined as a ratio of the contact
force and the product of the fiber diameter and the fiber
length, while the nominal strain was defined as the ratio of
the fiber diameter change and the fiber diameter; and (c) at
the highest level of fidelity, the transverse response is consid-
ered as being elastic/plastic with Eq 2 defining the strain
hardening yielding behavior of the fiber during loading
(involving plastic deformation) while elastic unloading/reload-
ing is defined as:

K = 0.0646€9 + 7.0632€98ay + 18.666€982 (Eq 3)

where €, 1s the maximum transverse normal strain experi-
enced by the local material point of the fiber.

It should be noted that since fiber transverse stiffness
provides little contribution to either fabric or yarn transverse
stiffness, one cannot generally determine fiber transverse
properties by testing yarns or the fabric. Instead, testing must
be done using individual fibers (Ref 46, 47).

2.2 Yarn Properties

It should be noted that yarns are represented in the present
work as a bundle of collinear discrete fibers. Hence, yarn
properties are not defined as input parameters to the numerical
model but rather could be assessed through the appropriate
postprocessing schemes. Nevertheless, it should be recognized
that the yarn longitudinal properties are directly controlled by
the fiber longitudinal properties. For example, the longitudinal
stiffness modulus of the yarns is defined as a product of the
fiber longitudinal stiffness modulus and a (1 — F(o)) factor in
order to account for the effect of potential fiber failure.

As far as the yarn transverse properties are concerned, they
are mainly controlled by yarn microstructure, fiber/fiber
friction, and yarn tension.

2.3 Fabric Properties

As in the case of the yarns, fabric properties are not defined
as input parameters to the numerical mode but rather could be
assessed through the appropriate postprocessing schemes. In
general, both the longitudinal and transverse properties of the
fabric depend on the fabric areal density, yarn count per fabric
unit length, longitudinal properties of the fibers and yarns,
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fabric architecture/weave pattern, fiber/fiber friction, and yarn
tension. The Kevlar® KM2 fabric analyzed in the present work
has an areal density of 180 g/m” and 13.4 yarns per centimeter.
The fabric contains a plain-woven architecture which is
obtained by “snaking” through orthogonally oriented warp
and weft yarns.

3. Problem Definition and Computational
Procedure

In this section, a brief description is provided of the
projectile/fabric-impact problem analyzed in the present work
and of the computational procedure employed.

3.1 Problem Definition

The basic problem analyzed in the present work involves the
impact of a 8-mm diameter steel spherical projectile,
mass = 2.1 g, with a 33 x33 mm? patch of a Kevlar® KM2
fabric clamped along all its four edges. Only the normal impact
(i.e., zero obliquity angle) case is considered. The projectile
incident velocity is varied in 35-210 m/s range.

3.2 Geometrical Model

The initial geometrical model for the projectile/fabric
assembly is shown in Fig. 1(a). A close-up of the fabric is
displayed in Fig. 1(b) in order to reveal the plain-weave fabric
architecture and the (7-fiber) sub-yarn microstructure.

The fabric architecture and its areal density were defined in
section 2.3. The fabric test patch included 42 (warp) yarns and

Fig. 1 (a) A geometrical model for the projectile/fabric interaction
problem analyzed in the present work and (b) a close-up of the
fabric region showing sub-yarn microstructure and the yarn-weave
pattern
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42 (weft) yarns. Each yarn is discretized into discrete circular-
cross-section fibers bundled into a regular (identical) hexagonal
close-packed configuration. Various yarn discretizations were
initially considered, Fig. 2(a)-(f), in the initial portion of the
work in order to identify the one which provides the best trade-
off between the physical accuracy and computational cost. For
each of the configurations considered fiber diameter was
calculated in such a way that the correct fabric areal density is
obtained. Fibers are treated as discrete circular-section solid
entities. Yarns are treated as bundles of linearly collinear
transversely interacting fibers, while the fabric is treated as a
plain-woven structure consisting of nearly orthogonal warp and
weft yarns.

3.3 Finite-Element Model

Within the finite-element model each fiber is discretized into
a number of three-dimensional beam elements with the beam
length chosen to match the fiber diameter. The material
properties for Kevlar® KM2 fibers were defined in section 2.1.
It should be noted, as will be discussed in more detail below,
that the longitudinal properties of the fibers are specified within
the material definition while the transverse properties are
specified as a part of the fiber/fiber contact definition.

The spherical projectile is discretized using continuum first-
order tetrahedron elements with an edge length comparable to
the fiber beam-element length. Due to the fact that the steel
projectile used in the experimental studies relevant to the
present work (Ref 11), did not suffer any permanent deforma-
tion during impact testing, the projectile material (steel) is
treated as an isotropic linear elastic material with a Young’s
Modulus of 210 GPa and a Poisson’s ratio of 0.3.

At the beginning of the analysis, the following initial
conditions are specified: (a) the projectile is assigned a
preselected negative value of the velocity z-component (the
mid-plane of the fabric is placed on the xy-plane associated
with z = 0, while initially the projectile center of gravity is
placed at x = y = 0 and z > projectile radius); and (b) the fabric
is assumed to be stress-free, deformation-free and at rest.

As mentioned earlier, during the simulation the fabric
is fully clamped along all its four edges (the boundary
conditions).

The response of the fibers in the transverse directions, due to
fiber/fiber and fiber/projectile normal interactions, is modeled
using a contact algorithm implemented within the VUINTER
user subroutine of the commercial finite-element package
ABAQUS/Explicit (Ref 49). Within this subroutine, the fiber
transverse constitutive relations defined in Eq 2 and 3 are
implemented. Within the same subroutine, tangential fiber/fiber
and fiber/projectile interactions are modeled using a simple
Coulomb-type friction law within which the transmission of
shear stresses across the contact interfaces is defined in terms of
static and kinetic friction coefficients and an upper-bound shear
stress limit (a maximum value of shear stress which can be
transmitted before the contacting surfaces begin to slide).

Within a portion of the present work, fiber-fracture strength
is treated as a stochastic quantity. In this case, a Monte Carlo
procedure is employed within which a random number in a
range (0,1) is drawn (for each fiber element) from the uniform
distribution and assigned to the failure probability of the element
in question. Then, the Eq 1 is solved for the unknown fracture
strength of the material residing within this element. Within the
ABAQUS/Explicit (Ref 49) computational environment, the
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(c)
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(d)

®

Fig. 2 Various yarn microstructures considered in the present work: (a) single-fiber yarn, (b) 7-fiber yarn, (c) 14-fiber yarn, (d) 19-fiber yarn,

(e) 24-fiber yarn, and (f) 30-fiber yarn

most efficient way to implement the stochastically distributed
fiber-fracture strength is through the use of a user material
subroutine VUMAT. Within this subroutine, material strength
associated with a given beam element/integration-point is
treated as a material-state variable. This variable retains its
initially assigned value until the onset of fiber failure (i.e., until
the axial stress becomes equal to the material strength) and then
decreases monotonically to zero (in a manner consistent with the
preassigned value of the material toughness).

Journal of Materials Engineering and Performance

3.4 Computational Procedure

All the calculations carried out in the present work were
done using ABAQUS/Explicit (Ref 49) within which the
problem at hand defined in terms of a set of mass, momentum,
and energy conservation differential equations along with the
material constitutive relations and contact, initial and boundary
conditions is solved using a finite-element approach. A typical
210 ps projectile/fabric computational analysis based on
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14-fiber yarns required 3.5 h of (wall-clock) time on a 12 core,
3.0 GHz machine with 16 GB of memory.

It should be noted that an attempt was made in the present
work to include the effect of the weaving process on to the
architecture/microstructure of the fabric used in the present
impact simulations. Specifically, a separate computational
analysis was conducted first in order to include the potential
effect of the weaving process on the yarn cross section. Within
this analysis, fiber ends were subjected to axial outward loads.
The loads were first linearly ramped to a maximum value and
then linearly ramped back to zero. The maximum value of the
loads was selected in such a way that the corresponding yarn
force is 1 N (a typical value of the yarn stretching loads
accompanying fabric weaving). Due to the creation of relatively
high contact forces between the crossing fibers, the yarn cross-
sectional area in the cross-over region was found to change
from the circular ones, displayed in Fig. 2(a)-(f), to the oval
ones (with the major axis running horizontally). To include
first-order effects of the weaving process on the fabric
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Fig. 3 Variation of the fabric back-surface displacement with the
radial distance from the fabric center for the case of 2.1 g steel
spherical projectile impacting the Kevlar KM2 fabric at an initial
velocity of 63 m/s: (a) present computational results; and (b) compu-
tational results from Ref 11. In both (a) and (b), the experimental
results from Ref 11 are shown
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architecture, all the subsequent fabric penetration-resistance
analyses were done using the fabric with the oval-shaped yarns.

4. The Effect of Fiber Transverse properties

When a projectile strikes the flexible-armor/fabric, it applies
transverse loading either directly or indirectly (through fiber-to-
fiber contacts) to the fibers and yarns constituting the flexible
armor. As clearly established in the recent work of Wang and
co-workers (Ref 11), fiber transverse properties play an
important role in the ballistic performance of flexible armor.
Hence, one of the main objectives of the present work is to
extend the use of conventional transient nonlinear dynamics
finite-element simulations to the sub-yarn length scale and to
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Fig. 4 Variation of the projectile residual/rebound velocity with the
projectile initial velocity for the case of 2.1 g steel spherical projec-
tile impacting the Kevlar KM2 fabric: (a) present computational
results and (b) computational results from Ref 11. In both (a) and (b),
the experimental results from Ref 11 are shown. Rebound velocities
are assigned negative values
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compare the computational results pertaining to the effect of
fiber transverse properties on the penetration resistance of the
Kevlar® KM2 fabric with the ones obtained by Wang and co-
workers (Ref 11) (using the digital-element method and the
experimental measurements).

4.1 Observation/Findings of Wang and Co-workers (Ref 11)

Wang and co-workers (Ref 11) clearly established that fiber
transverse properties play an important role in the ballistic
performance of flexible armor affecting the magnitude of the
projectile residual velocity (the velocity of the projectile after it
has defeated the flexible armor or has been defeated by the
armor), fabric transverse-displacement profile, fabric’s ability to
deform and absorb/dissipate the projectile’s kinetic energy, the
stress magnitude/distribution within the fibers and the overall
armor strength. When a projectile strikes flexible armor, there
are two general outcomes: (a) the projectile is defeated by the
flexible armor and it rebounds and (b) the projectile penetrates
the flexible armor while retaining a portion of its initial velocity
(typically referred to as the residual velocity).

In the case of projectile defeat one can generally identify
four distinct phases of the projectile/fabric interaction: (i) on the
initial contact, both the projectile and the “influenced region”
of the fabric move in the projectile-traveling direction with a
progressively lower velocity; (ii) the projectile is brought to
rest; (iii) the projectile and the fabric begin to rebound at a
progressively higher velocity; and (iv) the projectile separates
from the fabric and continues to move in the reverse direction
with a constant velocity. Since neither projectile nor the fabric

suffers typically any significant damage in this process, it is the
temporal evolution of the projectile and fabric velocities and the
fabric transverse-displacement profile which are generally used
to validate a flexible-armor numerical model in this regime of
the projectile/target interaction. In the case of the flexible-armor
defeat by the projectile, on the other hand, it is the projectile
residual velocity and the temporal evolution and spatial
distribution of the fabric damage/failure which is used in the
numerical-model validation.

The work of Wang and co-workers (Ref 11) clearly
established that if Kevlar® KM2 fibers are treated as rate-
independent linear elastic materials in the transverse direction,
the digital element-based numerical model for the flexible
armor shows significant disagreement with respect to the
corresponding experimental findings in the following four
areas:

(a) The computed projectile rebound velocity is nearly equal
(in magnitude) to while the corresponding experimental
velocity is significantly smaller than the projectile inci-
dent velocity. This finding indicates that the ability of
the fabric to absorb and dissipate the kinetic energy of
the projectile is considerably under-predicted;

(b) The ballistic-penetration resistance of the flexible armor
as quantified by the vso (the velocity at which a projec-
tile has a 50% chance of penetrating the armor) is
underestimated typically by 20-25% signaling that the
attendant energy absorption/dissipation processes are not
properly accounted for;

Fig. 5 Spatial distribution of the fabric damage during impact by a 2.1 g steel spherical projectile traveling at an initial velocity of 63 m/s for
the case of a deterministic fiber-fracture strength (=3.4 GPa) at postimpact times of (a) 75, (b) 120, (c) 165, and (d) 210 ps. Damaged elements
(white) and undamaged elements (black) are shown using the undeformed fabric mesh and the projectile is not shown
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(¢) In the cases when the projectile initial velocity exceeds
the vso, the projectile residual velocity is generally
over-predicted by 20-25%, again suggesting that the
numerical model at hand fails to properly account for
the attendant energy-dissipation processes; and

(d) The computed and the experimentally measured spatial
distribution and the temporal evolution of the fabric
transverse displacement are very different.

Wang and co-workers (Ref 11) further showed that if
Kevlar® KM2 fibers are treated as rate-independent nonlinear
elastic materials in the transverse direction, the digital element-
based numerical model for the flexible armor still shows
significant (although somewhat lesser with respect to the
transverse linear elastic fiber case) disagreement with respect to
the corresponding experimental findings in the areas of the
projectile rebound velocity, vso and the projectile residual
velocity. However, the computed and the experimentally
measured spatial distribution and the temporal evolution of
the fabric transverse displacement are quite similar in this case.

When the Kevlar® KM2 fibers are treated as rate-independent
elastic-plastic materials in the transverse direction, Wang and
co-workers (Ref 11) showed that the digital-element method
predicts the projectile’s rebound, vs, residual velocities as well
as the flexible armor transverse-displacement spatial distribution
and temporal evolution in a reasonably good agreement with
their experimental counterparts.

Finally, Wang and co-workers (Ref 11) showed that fiber
transverse properties control the maximum axial stress within

the fibers and, in turn, the fabric strength. That is, an increase in
the fiber’s ability to undergo transverse compressive deforma-
tion lowers the extent of fiber longitudinal extension (and thus
longitudinal peak stress) during the projectile/fabric-impact
process. This, in turn, reduces the probability for fiber failure
and increases the overall flexible-armor ballistic strength. The
ability of the fiber to undergo transverse strain is facilitated by
at least two phenomena: (a) a low magnitude of the fiber
transverse modulus (e.g., in Kevlar® KM2 fibers the transverse
modulus is only about 1/60 of the longitudinal modulus); and
(b) a relatively low transverse yield strength (150 MPa),
respectively, in the case of Kevlar® KM2 fiber.

4.2 Present Work Results and Their Comparison
with Those of Wang and Go-workers (Ref 11)

The results obtained in the present work pertaining to the
radial distribution of the fabric back face nodal displacements
in the projectile-propagation (z) direction for the case of
projectile initial velocity of 63 m/s and the postimpact time of
0.174 ms are displayed in Fig. 3(a). Three sets of the compu-
tational results are displayed in this figure, one for each of the
three (linear elastic, nonlinear elastic, and elastic-plastic) fiber
transverse-response conditions. For comparison, the experi-
mental results reported in Ref 11 are also depicted in this figure.

For further comparison, the computational results of Wang
and co-workers (Ref 11) based on the use of the digital-element
method along with the associated experimental results (Ref 11)
are displayed in Fig. 3(b).

Fig. 6 Spatial distribution of fiber axial stress during impact by a 2.1 g steel spherical projectile traveling at an initial velocity of 63 m/s for the
case of a deterministic fiber-fracture strength (=3.4 GPa) at postimpact times of (a) 75, (b) 120, (c) 165, and (d) 210 ps
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A simple comparison of the Fig. 3(a) and (b) reveals that
the corresponding computational results obtained using the
two computational schemes is mutually in reasonable agree-
ment and that the elastic-plastic analysis (in both cases)
yields the best overall agreement with the experimental
data.

The results obtained in the present work pertaining to the
effect of the projectile initial velocity on its residual/rebound
velocity are displayed in Fig. 4(a). Three sets of computational
results are displayed in this figure, one for each of the three
(linear elastic, nonlinear elastic, and elastic-plastic) fiber
transverse-response conditions. For comparison, the experi-
mental results reported in Ref 11 are also depicted in this figure.
It should be noted that when the projectile is defeated and
rebounds, its rebounding velocity is shown as a residual
velocity with a negative value.

For further comparison, the computational results of Wang
and co-workers (Ref 11) based on the use of the digital-element
method along with the associated experimental results (Ref 11)
are displayed in Fig. 4(b).

Simple comparison of the Fig. 4(a) and (b) shows that the
two computational schemes yield the results which are
comparable under the given (linear elastic, nonlinear elastic,
and elastic-plastic) fiber transverse-response conditions. In
addition, in both cases, the elastic-plastic analysis has been

found to yield the best overall agreement with the experimental
data.

5. The Effect of Fiber-Fiber Friction
and the Stochastic Nature
of the Fiber Strength

As clearly established in the recent work of Wang and co-
workers (Ref 12), fiber-fiber and fiber-projectile friction has a
major effect on the penetration resistance of high-performance
ballistic fabric and also affects the role of the stochastic nature
of the fiber strength onto the fabric ballistic performance.
Hence, the other main objective of the present work is to
compare the finite-element-based computational results (per-
taining to the effect of friction and stochastic character of the
fiber strength on the fabric penetration resistance) with the ones
obtained by Wang and co-workers (Ref 12) (using the digital-
element method and the experimental measurements).

5.1 Observation/Findings of Wang and Co-workers (Ref 12)

In regard to the phenomenon of fiber failure, in general, and
the roles of fiber-fiber friction and the stochastic nature of fiber

Fig. 7 Spatial distribution of the fabric damage during impact by a 2.1 g steel spherical projectile traveling at an initial velocity of 63 m/s for
the case of stochastic fiber-fracture strength at postimpact times of (a) 140, (b) 150, (c) 170, and (d) 180 ps
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strength, in particular, during impact of a projectile onto the
fabric, the work of Wang and co-workers (Ref 12) established
the following:

(a) Failure of a (stretched) fiber is followed by a fairly com-
plex stress-redistribution/unloading process which can be
divided into three well-defined stages: (i) the propaga-
tion of the release waves from the fractured ends of the
two fiber fragments toward the clamped end of these
fragments. The swept region of the fiber fragments is
fully relieved of the prior tensile longitudinal stress; (ii)
the release waves become arrested at one of the yarn/
yarn-crossover points producing locally a high level of
tensile stress; and (iii) transmitted release waves are
emitted from the high-stress region toward the clamped
end of the fiber fragments reducing the extent of stress
concentration and increasing the average level of tension
in the loaded portion of the fiber fragments;

(b) the distance travelled by the release waves, before their
arrest, scales inversely with the magnitude of the fiber-
fiber friction coefficient;

(c) if, and when, the enhanced average level of tension de-
fined in (a), (iii) exceeds the fiber local failure strength,
the fiber fracture as well as the aforementioned stress-
redistribution processes reoccur;

(d) in the case of the reoccurring fracture of the fibers, the
average fragment length scales inversely with the magni-
tude of the fiber-fiber friction coefficient;

(e) the deterministic versus stochastic nature of the fiber
strength affects both the magnitude of the fabric

®

(e

(h)

ballistic-penetration resistance, the morphology of the
fabric-fracture process as well as the role of the fiber-
fiber friction coefficient;

when fiber strength is treated as a deterministic quantity,
fabric failure appears to be a local phenomenon and
occurs in the highest-stress region (the region which is
in direct contact with the projectile tip). In this case, a
lower magnitude of the friction coefficient gives rise to a
longer length of the tension-free region of the fractured
fiber(s). This enables the projectile to more readily push
aside the fractured fibers and to defeat the fabric. How-
ever, due to the local nature of the fiber failure process,
the effect of the magnitude of fiber-fiber friction coeffi-
cient on the fabric ballistic strength is relatively weak;
when fiber strength is treated as a stochastic quantity,
fabric failure appears to be a nonlocal phenomenon and
generally occurs not in the high-stress region but rather
in the regions associated with the most potent micro-
structural imperfections/flaws in the fibers. Typically,
these regions are located outside the impacted fabric re-
gion and the associated release waves mentioned above
can cause a spread of the fiber fracture into the fabric-
impact region. In other words, the fabric-fracture process
becomes a nonlocal phenomenon in this case. Since the
average fiber fragment length is controlled by the fiber-
fiber friction coefficient, the magnitude of the friction
coefficient tends to play a more significant role than in
the deterministic case;

when the projectile incident velocity substantially
exceeds vs, the deterministic versus stochastic nature of

Fig. 8 Spatial distribution of fiber axial stress during impact by a 2.1 g steel spherical projectile traveling at an initial velocity of 63 m/s for the
case of stochastic fracture strength at postimpact times of (a) 140, (b) 150, (c) 170, and (d) 180 ps
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the fiber strength has little effect on the projectile resid-
ual velocity or on the projectile/fabric interaction pro-
cess in general. The fabric failure in this case is a local
phenomenon occurring in the fabric-impacted region.
That is, although in the stochastic case the fabric initial
failure can occur outside the impacted region, insuffi-
cient time is available for this fracture to spread into the
impact region before full penetration of the fabric takes
place.

5.2 Present Work Results and Their Comparison
with Those of Wang and Co-workers (Ref 12)

Since all of the computational and experimental results
reported in the work of Wang and co-workers (Ref 12) were
obtained using fabric test patches with an edge length of
101.6 mm or larger while the present computational analysis
(due to the limitations on the computing resources) involved
fabric test patches with an edge length of 33 mm, a direct
quantitative comparison of the two sets of results could not be
carried out. Instead, the present computational effort was aimed
at validating the previously overviewed general findings
obtained in the work of Wang and co-workers (Ref 12).

Typical results pertaining to the spatial distribution of the
fabric damage during impact by a 2.1 g steel spherical projectile
traveling at an initial velocity of 63 m/s for the case of a
deterministic fiber-fracture strength (=3.4 GPa) at four different
postimpact times (75, 120, 165, and 210 ps) is displayed in
Fig. 5(a)-(d). It should be noted that for improved clarity, the
results in this figure are displayed using the undeformed fabric
mesh and the projectile is not shown. The damaged/broken fiber
elements are depicted using white color, while the undamaged
elements are shown in black. Examination of the results
displayed in Fig. 5(a)-(d) shows that the fabric damage, in the
deterministic fiber-strength case, is mainly localized in the
region underneath the projectile. This finding is fully consistent
with the ones reported by Wang and co-workers (Ref 12).

Typical results pertaining to the spatial distribution of fiber
axial stress under the impact conditions identical to the ones
stated in conjunction with Fig. 5(a)-(d) are shown in Fig. 6(a)-
(d). In this case, the fabric deformed mesh and the projectiles
are shown. Examination of the results displayed in Fig. 6(a)-(d)
confirms the general digital element-based computational and
experimental findings of Wang and co-workers (Ref 12) that
fabric penetration is a local process. In other words, penetration
of the fabric is mainly controlled by the creation and evolution
of damage in the fabric region which is beneath and, hence,
directly impacted by the projectile.

Typical results pertaining to the spatial distribution of the
fabric damage during impact by a 2.1 g steel spherical
projectile traveling at an initial velocity of 63 m/s for the case
of stochastic fiber-fracture strength at four different postimpact
times (140, 150, 170, and 180 ps) is displayed in Fig. 7(a)-(d).
It should be noted that for improved clarity, the results in this
figure are displayed using the undeformed fabric mesh and the
projectile is not shown. The damaged/broken fiber elements are
depicted using white color, while the undamaged elements are
shown in black. Examination of the results displayed in
Fig. 7(a)-(d) shows that the fabric damage, in the stochastic
fiber failure-strength case, initiates in a region not directly
impacted by the projectile and then advances toward the
impacted region. This finding is fully consistent with the ones
reported by Wang and co-workers (Ref 12).

Journal of Materials Engineering and Performance

Typical results pertaining to the spatial distribution of fiber
axial stress under the impact conditions identical to the ones
stated in conjunction with Fig. 7(a)-(d) are shown in Fig. 8(a)-
(d). In this case, the fabric deformed mesh and the projectiles
are shown. Examination of the results displayed in Fig. 8(a)-(d)
confirms the general digital element-based computational and
experimental findings of Wang and co-workers (Ref 12) that
fabric penetration is a nonlocal process. In other words, fiber
damage is typically initiated in the fabric region which is not
directly in contact with the projectile but contains high-potency
flaws/defects. The resulting redistribution of the stress within
the fibers and the formation of high-stress regions leads to
spreading of damage toward the region impacted by the
projectile. Thus, fabric penetration is no longer a local
phenomenon and is highly affected by the distributed nature
of fabric failure strength.

The effect of the magnitude of the fiber-fiber friction
coefficient on the penetration frequency of the fabric by the
projectile for the case of deterministic fiber-fracture strength is
displayed in Fig. 9(a). Clearly, due to the deterministic nature
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Fig. 9 Variation of penetration frequency of the fabric by the pro-
jectile with the magnitude of the fiber-fiber friction coefficient for
the case of (a) deterministic fiber-fracture strength and (b) stochastic
fiber-fracture strength
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of the fiber strength, the results obtained under nominally
identical conditions are fully repeatable. Hence, the curves shown
in Fig. 9(a) are of a step-function type. The results displayed in
this figure confirm the general digital element-based computa-
tional and experimental findings of Wang and co-workers (Ref
12) that: (a) a higher value of the fiber-fiber friction coefficient
increases the fabric’s penetration resistance (as quantified by the
projectile velocity at which the penetration frequency changes
from zero to one) and (b) the effect of friction coefficient on the
fabric penetration resistance is relatively weak.

The effect of the magnitude of the fiber-fiber friction
coefficient on the penetration frequency of the fabric by the
projectile for the case of stochastically distributed fiber-fracture
strength is displayed in Fig. 9(b). Due to the stochastic nature
of the fiber strength, the penetration frequency versus projectile
strike velocity curves are no longer step-function like. Instead,
there is a range of projectile velocities between the maximum
velocity at which no penetration occurs and a minimum
velocity at which penetration always occurs. The results
displayed in this figure confirm the general digital element-
based computational and experimental findings of Wang and
co-workers (Ref 12) that: (a) there is an optimal value of the
fiber-fiber friction coefficient which is associated with the
maximum value of the fabric penetration resistance and (b) the
effect of fiber-fiber friction coefficient on fabric penetration
resistance is substantially stronger in the case of the stochastic
nature of the fiber strength than in the deterministic case.

6. A Brief Discussion

It should be recalled that the main objective of the present
work is to extend the use of conventional transient nonlinear
dynamics finite-element simulations to the sub-yarn length
scale and to compare the results with both the computational
ones obtained by Wang and co-workers (Ref 11, 12) (using the
digital-element method), and with the corresponding experi-
mental results reported in Ref 11, 12. The description of the
finite-element analysis presented in section 3 showed how the
sub-yarn fabric modeling and simulations which are commonly
done using the digital-element method and in-house developed
codes could be carried out using a commercial finite-element
package. The results presented and analyzed in sections 4 and 5
demonstrated that the present approach is fully consistent with
the digital-element computational approach and that the results
are in agreement with their experimental counterparts (Ref 11,
12). It should be noted, however, that there are additional
computational and experimental results reported in Ref 11, 12,
these results were obtained using fabric test patches whose size
is too big to be modeled using the computational resources
available in the present work. Nevertheless, the level of
agreement between the results obtained in the present work and
the ones reported in Ref 11, 12 is such that there is no reason to
doubt that the present approach could adequately predict the
ballistic performance of the larger fabric test patches.

7. Summary and Conclusions

Based on the material-model development procedure used
and the results of the subsequent computational analyses, the

1118—Volume 21(7) July 2012

following main summary remarks and conclusions can be
drawn:

1. A sub-yarn (i.e., a fiber length scale) material model has
been developed for Kevlar® KM2 ballistic fabric within
a conventional finite-element framework.

2. The model is used to determine the penetration resistance
of this fabric and its overall deflection, deformation and
damage response during impact by a spherical projectile.

3. To validate the present computational procedure, the results
obtained are compared with their computational (digital-
element method based) and experimental counterparts.

4. Particular attention has been given to identifying and
quantifying the effects of fiber transverse properties,
fiber-fiber friction and the stochastic nature of fiber-
fracture strength on the overall ballistic performance of
the high-performance flexible armor fabric.

5. Overall, the results obtained in the present work are
found to be in reasonable agreement with their computa-
tional (digital-element method based) and their experi-
mental counterparts.
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