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a b s t r a c t

A central issue in the use of ballistic fabric shielding is the mode of attachment to the structure that it is
intended to protect. In order to investigate this issue, a discrete multi-scale yarn-network model is devel-
oped for structural fabric undergoing ballistic impact, based on work found in Zohdi and Powell [Zohdi TI,
Powell D. Multiscale construction and large-scale simulation of structural fabric undergoing ballistic
impact. Comput Meth Appl Mech Eng 2006;195:94–109] and Zohdi [Zohdi TI. Modeling/simulation of
progressive penetration of multilayered ballistic fabric shielding. Comput Mech 2002;29:61–7]. The
model is comprised of a network of yarn with stochastic properties determined by smaller-scale fibrils,
which are randomly misaligned. The effects of stochasticity on the overall response are explored, and the
model is compared against macro-scale experiments. The key feature of the model is the fact that it does
not depend on phenomenological parameters, and can be calibrated by simply measuring the properties
of an individual, smallest-scale, fibril. The properties of a fibril are easily ascertained from a simple ten-
sion test. The response of the overall fabric model and ballistic experiments are in excellent agreement.
The model indicates that fabric which is attached by being pinned at the corners generally absorbs more
energy, relative to fabric clamped along the sides. The basis for this result is discussed at length in the
body of this work. Furthermore, it is observed that a uniform-yarn model, one which ignores the stochas-
tic nature of the yarn, over-estimates the amount of energy absorbed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Structural fabrics are used in a wide range of applications, from
parachutes to body armor to the protection of structures. Kevlar,
which is the most widely used fabric shielding, made its first
appearance in bullet-proof vests in the 1970s and is now used
extensively. Its high strength-to-weight ratio and flexibility, prop-
erties shared by many of the Aramid fabrics, allows its wide use as
body armor, such as vests, which can be easily concealed and not
encumber or hinder the user. Twaron, Zylon, and a number of other
materials have recently been introduced as lighter, but more
expensive, alternatives.

In addition to protecting personnel, these fabrics are used in
structures and vehicles to stop high-speed projectiles. For the past
15 years, the airline industry has employed ballistic fabrics like
Kevlar in the commercial aircraft design. Ever since the crash of
flight 232 in 1989 just outside of Sioux City Iowa, aircraft and en-
gine manufacturers have been concerned with rotorburst phenom-
ena. Jet engine manufacturers (such as GE and Rolls Royce) have
been using ballistic fabrics to surround the engine turbines in an
effort to impede fragments of the rotor that may break off. The Fed-
ll rights reserved.
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eral Aviation Administration (FAA) requires each new engine de-
sign to pass a rotorburst test before going into service. It should
be noted that a single test costs on the order of $10 million and
takes several months to instrument. In addition, the airline manu-
facturers (Boeing and Airbus) have been using ballistic fabrics in
the walls of their commercial aircraft to protect flight critical com-
ponents in case the engine fails to contain the fragments. Ballistic
fabrics such as Kevlar or Zylon are ideal due to their high strength
and low weight. The University of California, Berkeley (UCB), has
been working with the FAA and the Boeing Company to examine
the use of structural fabric as a ballistic shield for commercial
aircraft.1

Since creating and testing an actual aircraft or jet engine is ex-
tremely expensive and time consuming, small scale tests and accu-
rate computer models are advantageous to adequately design new
aircraft and to validate those designs. In order to accurately cap-
ture realistic fabric behavior and failure, discrete models will be
employed in this work. Discretely modeling the yarn produces a
more realistic model, but is far more computationally expensive.
In this work, a multi-scale approach is used where the fabric weave
is modeled by a simple network of truss elements. This approach is
1 Reports are available through the National Technical Information Service and the
FAA [14,21,22,27].
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Fig. 1. Multi-scale nature of structural fabric.

2 Although we do not discuss continuum models here, they have also received
attention in the last few years for modeling structural fabric. We refer reader to Tabiei
and Jiang [24], Lim et al. [15,16], Cheeseman and Bogetti [7], Phoenix and Porwal [19],
Shockey et al. [22], Tan et al. [25], Duan et al. [8–10], among others.

3 We used data specific to Zylon, which was provided by the FAA for research
purposes.
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able to capture realistic fabric behavior and failure, while signifi-
cantly reducing the computational cost of the discrete yarn model
described above. The number of elements is reduced by a factor of
60 and the number of unknowns by a factor of approximately 210
when compared to a typical yarn-level finite element model (based
on mesh shown in Duan et al. [9]). The multi-scale approach relies
on purely micro-scale information about the fibrils that make up
each yarn.

The goal of this work is to explore the role of boundary attach-
ments during ballistic impact and the effect on the amount of en-
ergy absorbed during the impact. Three common attachment
methods are explored: (a) fabric pinned near the corners, (b) fabric
fixed along two sides and (c) fabric fixed along all four sides. In
addition, the role of stochastic-yarn in the model is explored. The
weaving process introduces random material variation in every
yarn of the fabric sheet. While many models use an average mate-
rial response, the inclusion of the variation appears to be critical to
capturing realistic failure behavior. This work will examine the dif-
ferences in the predictions of these two approaches.

2. A simple micro-scale fibril/yarn model

In order to accurately capture the behavior of structural fabric
without having to resort to phenomenological modeling, a multi-
scale approach to fabrics is employed. A sheet of fabric is woven
from thousands of yarns, which are themselves comprised of hun-
dreds of micro-scale fibrils (Fig. 1). A macro-scale model for the
fabric sheet will be introduced in the following section. This model
will be based on the geometry of the fabric sheet and the results of
a micro-scale fibril model. This approach allows for a model based
entirely on the micro-scale fibril information and thus no macro-
scale phenomenological parameters are introduced.

Since the typical quantities of interest involve the global, ten-
sile, force-deflection and, ultimately, fabric rupture, the compres-
sive response is of little interest. For these reasons, we employ a
model enforcing a zero stress state for any compressive strains.
These types of approaches have been adopted by numerous
researchers for the elastostatic analysis of structural fabric; for
example Buchholdt et al. [3], Pangiotopoulos [17], Bufler and Ngu-
yen-Tuong [4] and Cannarozzi [5,6]. In some cases, such an ap-
proach corresponds to so-called relaxed theories of perfectly
flexible solids. Pipkin [20] appears to have been the first to have
shown that such a model is compatible with the conventional the-
ory of elastic surfaces by considering a minimizing sequence for an
associated variational problem, and that such sequences have a
structure similar to observed wrinkling in thin elastic sheets. Steig-
mann and coworkers [1,2,11–13,23] have developed a variety of
theoretical results and elastostatic solution techniques based on
pseudo-dynamic relaxation methods, such as those found in
Papadrakakis [18]. This approach has been applied to the dynamic
analysis of structural fabric and other materials in Zohdi [29], Zoh-
di and Steigmann [28], and Zohdi and Powell [30].2

3. Fibril description

The micro-scale analysis will begin with a purely one-dimensional
description of the tensile deformation of the micro-scale fibril. As the
fibrils are extremely thin, roughly the width of a human hair, one
may assume a uniaxial-stress state of stress. Axial strains for a struc-
tural fabric are expected to be in the range of 2–10% prior to ruptur-
ing. For example, a Kevlar or Zylon fibril ruptures at approximately a
3% strain [26]. Due to the moderate strains, a simple Kirchhoff–St.
Venant material model for the fibrils is reasonable. The stored energy
of a single fibril is given by W ¼ 1

2 IEE2, where IE is Young’s modulus,
where E ¼def 1

2 ðC � 1Þ is the Green–Lagrange strain, where C ¼def
F2 is the

right Cauchy–Green strain, where F ¼ dx
dX is the deformation gradient,

where X are referential coordinates and where x are current coordi-
nates along the axis of the filament. The second Piola–Kirchhoff
stress is given by S ¼ IEE. During the calculations, it is often more
convenient to work with quantities expressed in terms of the stretch
ratio, U ¼ L

L0
, where L is the deformed length of the fibril, L0 is its ori-

ginal length and, by virtue of a polar-decomposition, E ¼ 1
2 ðU

2 � 1Þ.
For this relaxed one-dimensional model, the Cauchy stress,r, is related
to the second Piola–Kirchhoff stress byr ¼ 1

J F2S, where J is the deter-
minant of F and therefore, in one-dimension, J ¼ F, thus r ¼ FS.

4. Yarn simulation and micro-scale results

The overall response of the yarn is determined by summing the
response of each of its individual micro-scale fibrils. For Zylon, a
single yarn is made up of 350 individual fibrils. At the micro-scale,
unavoidable fibril misalignment occurs due to the weaving pro-
cess. However, this misalignment is highly advantageous from
the standpoint of rupture resistance. In the event that all the fibrils
are perfectly aligned, a state that is almost impossible to attain,
then one would get instantaneous rupture of the yarn once the
critical strain was reached. With misalignment, the axial directions
of the fibrils and the yarn are no longer aligned. As such, the rup-
ture of many fibrils will be delayed and the yarn as a whole fails
gradually, not suddenly. Another important consequence of the
random misalignment of the fibrils is that it is a source of statistical
variation for the yarn properties. As the misalignment differs from
yarn to yarn, so do the yarn properties. Since each yarn is made up
of many fibrils, 350, and not just a few, the differences between
yarns tend to be somewhat small. However, as it will soon be
shown, the inclusion of these statistical variations, due to the mi-
cro-scale fibril misalignment, is critical for accurately capturing
the macro-scale behavior.

In order to demonstrate the effects of misalignment, the re-
sponses of 100 simulated yarn segments, gripped at the ends, each
containing fibrils with different random misalignment, were com-
puted under displacement control. The random orientation of the
fibrils was generated with a Matlab random number generator.
The distance inclined (with respect to the longitudinal axis of the
yarn), dj, was randomly chosen using a Gaussian distribution with
a standard deviation of half the width of the yarn. According to the
manufacturer (of Zylon), each fibril has a Young’s modulus of
IEf ¼ 180 GPa, the stretch at failure is Ucrit ¼ 1:03, and there are
350 fibrils in a single yarn.3 The misalignment was generated by



Fig. 2. Stretching of a single fibril.
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randomly orienting (leaning) the fibrils according to the measured
thickness of Zylon yarn which are relatively flat. The amount of incli-
nation and initial fibril length were determined by placing the fibrils
within a hypothetical (tubular) yarn domain with an elliptical cross-
sectional area. The cross-sectional area had a minor radius of
r ¼ 0:000185 m and aspect ratio of 4:1, leading to a major radius
of r ¼ 4� 0:185 mm. The separation distance of the two yarn end-
points was h0 ¼ 0:725 mm (Fig. 2).

In Fig. 3 one can see the response of 100 simulated yarn with
random misalignment of the fibrils and one yarn with no misalign-
ment (i.e. all fibrils perfectly aligned). It is clear that without mis-
alignment the yarn would be stiffer as the yarn’s elastic modulus
with misalignment is less than the modulus of a fibril. However,
without misalignment, rupture would be sudden, as all fibrils
would rupture at the same strain. Despite the higher (peak) stress
at failure, there is a larger area under the curve for the yarn with
misalignment. This means that the yarn with misaligned fibrils ab-
sorbs a greater amount of energy prior to total failure than a yarn
with perfectly aligned fibrils. Again, it is clear that including the
micro-scale fibril misalignment is essential to accurately modeling
the macro-scale fabric sheet. The material has a more gradual, real-
istic rupture behavior, which is a natural outcome of the multi-
scale model. Furthermore, this misaligned response is in excellent
agreement with the experimental results furnished by the Boeing
Company [27], which are shown in Fig. 3. The resulting stiffness,
failure stress, and general failure behavior are all in good agree-
ment with Boeing’s tests on actual Zylon yarn segments.

The response of a yarn can be stated explicitly. For an individual
jth fibril, the stretch is equal to Uj ¼

Lj

Lj0
, where Lj is the deformed

length of the fibril and Lj0 is its original length. The axial stretch
can be rewritten as

Uj ¼
Lj

Lj0
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh0 þ DÞ2 þ d2

j

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2

0 þ d2
j

q ð1Þ

where h0 is the initial length of the yarn, nominal distance between
suture points, dj is the length of misalignment for the jth fibril, and
D is the displacement of the yarn’s end points. For the Ith yarn, con-
taining NI fibrils, the effective axial second Piola–Kirchhoff response
(per yarn) can be written in terms of the fibril deformation and its
material properties

SI ¼ IE�I
1
2
ðho þ DÞ2

h2
o

� 1

 !

¼ 1
NI

XN

j¼1

IEf
1
2
ðho þ DÞ2 þ d2

j

h2
o þ d2

j

� 1

 !
h0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2
o þ d2

j

q nj ð2Þ
where IEf is the Young’s modulus of a fibril, where IE�I is the effec-
tive Young’s modulus of the yarn, where (I) dj ¼ dokj, where kj is a
random number such that 0 6 kj 6 1, and where do is the maximum
horizontal inclination possible for a fibril (Fig. 2), (II) nj ¼ 1 if
Uj < Ucrit and (III) nj ¼ 0 if Uj P Ucrit and where Ucrit is a critical uni-
axial stretch. This leads to

IE�I ¼
IEf h3

o

NI

XNI

j¼1

1

ðh2
o þ d2

j Þ
3
2
nj ð3Þ

For a more detailed discussion of this model, see Zohdi and Powell
[30].

5. Macro-scale fabric sheet model

For the coarse weave of many structural fabrics, treating the
sheet as a continuum is not a useful model. In this case, the diam-
eter of the projectile is less than 20 yarns across. Thus, the choice
was made to model the yarn discretely as continuous truss ele-
ments connecting a network of lumped masses (Fig. 4). The
macro-scale model begins with an initially undeformed two-
dimensional network of yarn made up of micro-scale fibrils. The
yarn are pinned together at nodes. In reality the yarn are tightly
woven, not pinned. The nodes are placed at every criss-cross con-
tact junction between the warp and the fill of the weave.

The macro-scale model is relatively straightforward to imple-
ment. The truss network can be solved directly or as part of a finite
element model. Either an implicit or explicit method for solving
the nonlinear ODEs would be acceptable. The results presented in
this work make use of the trapezoidal rule (an implicit method).
The nonlinear equations were solved using a simple fixed-point
iteration. The advantage of the specific type fixed-point iteration
employed is that no matrix equation needs to be solved; the sys-
tem of equations can instead be solved rapidly in (node by node)
vector form. For additional details on this implementation see Zoh-
di and Powell [30].
6. Yarn–fibril homogenization

While the micro-scale simulation can compute the yarn re-
sponse very quickly, it calculates the responses one at a time; cal-
culating the full response of a single yarn before moving on to the
next yarn, and so forth. Calculating the response of many yarn
simultaneously can be extremely memory intensive. For a single
yarn, the inclination of each fibril must be stored as well as a flag
denoting whether or not a given fibril has failed. As a single yarn
has 350 individual fibrils, storing the inclination information of
each fibril means storing 350 pairs of information. In a 10 by
10 in. sheet, such as the ones used for testing at UCB, there are
approximately 244,300 yarn. Computing the micro-scale simula-
tion during the macro-scale calculation requires storing
171,010,000 constants.

A significant reduction in the computational effort can be
achieved by first precomputing the mean, maximum and mini-
mum for a population of yarn over the entire possible deformation
range, and then reconstructing a constitutive response ‘‘on the fly”
(during the computations) for each yarn. This can be done either by
accessing an embedded precomputed stretch-response ‘‘database”
or creating a constitutive law based on the data with parameters
from a least squares calculation. In order to speed up the computa-
tions, the latter was chosen. This allows the algorithm to store only
two constants (Young’s modulus and damage rate parameter) and
one history variable (total damage) per yarn. This significantly re-
duces the storage space and computational effort required to run
the macro-scale simulation. Furthermore, the macro-scale



Fig. 3. (Left) Simulated response of 100 yarn based on randomly oriented micro-scale fibrils and one yarn with perfectly aligned fibrils. (Right) The blue line is the stress–
strain response for a Zylon yarn as measured by the Boeing Corporation [27]. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 4. Truss network with lumped mass nodes representing the yarn of the macro-
scale fabric sheet.

Fig. 5. Distribution of Young’s modulus based on 10,000 runs of the micro-scale
simulation.
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simulation only affects the micro-scale simulation by providing it
with the current (yarn) stretch. There are no complicated changes
to a single yarn’s geometry that need to be included. Thus, there
would be no benefit to the method by simulating the micro-scale
at each time step to offset the additional memory and computa-
tional time requirements.

To model the yarn response, a simple Kirchhoff–St. Venant
material model, S ¼ IEE, was used where the weakening of the
material was introduced through IE. Thus, IEðU; tÞ ¼ aðU; tÞIE0. IE0

is the undamaged Young’s modulus and is a constant assigned to
each yarn. Due to fibril misalignment, this value is statistically
determined for a specific yarn and will vary over the fabric.
aðU; tÞ is the measure of the damage in the yarn (due to ruptured
fibrils) and causes a weakening (reduction) in IE as more and more
of the fibrils fail. IE0 is found by first taking the mean value of IE
from the earlier micro-scale computation and then perturbing it
by some amount. This perturbation produces a different value of
IE0 for every yarn. Multiple runs of the micro-scale simulation pro-
duce the Gaussian distribution shown in Fig. 5. Accordingly, IE0 will
differ for every yarn with no preference to the yarn’s location or to
the values possessed by the yarn’s neighbors.

The variable a is the damage in each yarn. As fibrils rupture, a
goes from unity, corresponding to an undamaged yarn, to zero, a
yarn that has failed completely. a is obviously a function of the
strain, but it is also a function of history of the yarn. After a yarn
has been damaged, reducing the strain will not reattach snapped
fibrils. Thus
Fig. 6. Distribution of the damage parameter, k, as a function of Young’s modulus
aðU; tÞ ¼minðâðUÞ;aðU; t � DtÞÞ ð4Þ

values based on 10,000 runs of the micro-scale simulation.



Fig. 7. Reference basis, ei , and basis, ai , fixed to projectile.
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Here aðU; t � DtÞ is the damage in the yarn at the previous moment
in time. The damage evolution behavior is similar to exponential
decay, so the following equation was used for â:

âðUÞ ¼ Aðexpð�kðU�Ucrit ÞÞ � BÞ ð5Þ

where the values of A; B, and k were determined by fitting the curve
to the data and using a least squares best fit. Fig. 6 shows the distri-
bution of k values versus the Young’s modulus of the yarn. There is
clearly a correlation between the stiffness of the yarn and the rate at
which the damage grows. When assigning k values in the simula-
tion, a Gaussian distribution was used where the mean value was
assumed linearly dependent on the Young’s modulus (based on
Fig. 6).

7. Contact

Consistent with the cited experimental data, the problem of
interest is the resistance to puncture of initially planar sheets of
fabric by a projectile. In order to simplify the problem somewhat,
it is assumed that the penetrator is rigid. The fabric deformations
are finite and involve a certain amount of randomness due to mate-
rial variation, therefore all nodes can potentially come into contact
with the projectile during the course of the simulation. The search
to determine if a node is in contact with the projectile depends on
the shape of the projectile.4 If the projectile is a more complicated
shape, such as a cylinder with a flat or hemispherical end, then the
determination of contact requires several more steps. The fabric’s
nodes must be checked against penetration of the specific surface
of the projectile.

Contact is enforced using a Lagrange multiplier method. The
interaction between the projectile and fabric is assumed to be fric-
tionless. As a result, the contact force will be normal to the surface
of the projectile. The magnitude of the contact force can then be
determined by considering it to be the value necessary to prohibit
interpenetration of the projectile by the nodes. The resulting non-
linear equations can be solved using a simple fixed-point iteration.

8. Projectile motion

As the positions of the nodes are changed to enforce contact, the
force required to cause this change is calculated. An equal and
opposite force must also be applied to the projectile. The projectile
is a three-dimensional body, so torques caused by the fabric–pro-
jectile interaction must also be taken into account. The interaction
force due to the ith node, f pi, is applied at ri, the contact point on
the projectile’s surface. The moment about the center of the projec-
tile due to this force is Mpi ¼ ri � f i. As the projectile is very stiff
compared to the fabric, it is treated as a rigid body, and thus it is
assumed not to deform, but only to undergo rigid-body translation
and rotation. For the motion of the projectile’s center of mass, the
net force on the projectile is given by

mp€up ¼
X

f pi ð6Þ

where mp is the mass of the projectile, up is the position of the pro-
jectile, and f pi is the force from the ith node on the projectile. For the
orientation of the projectile, the sum of the moments equals the
change in angular momentum.

d
dt
ðIp �xpÞ ¼

X
Mpi ð7Þ

where Ip is the projectile’s moment of inertia, xp is the angular
velocity of the projectile, and Mpi is the applied torque or moment
4 For example, for a sphere, the search is simple. The distance from a node to the
center of the projectile must be greater than or equal to the radius, R, of the projectile.
due to the ith node’s interaction with the projectile. Both the projec-
tile’s angular velocity and moment of inertia change during the mo-
tion. Therefore, Eq. (7) can be rewritten as

_Ip �xp þ Ip � _xp ¼
X

Mpi ð8Þ

However recalculating the moment of inertia at each time step is
inconvenient. Therefore, the moment of inertia and the projectile’s
angular momentum can be described in terms of a basis that is fixed
to the projectile (Fig. 7), leading to

Ip �xp ¼ Ip1xp1e1 þ Ip2xp2e2 þ Ip3xp3e3

¼ I0p1x
0
p1a1 þ I0p2x

0
p2a2 þ I0p3x

0
p3a3 ¼ I0p �x0p ð9Þ

Here ei is the basis fixed to the observer’s reference frame, ai is the
basis fixed to the projectile’s reference frame, and ‘ denotes a quan-
tity defined on the ai basis (Fig. 8). The I0pi’s are constant throughout
the motion, but each ai will change. Since ai are attached to the
body, _ai ¼ x0p � ai. Thus, Eq. (7) can be rewritten as

d
dt
ðI0p �x0pÞrot þx0p � I0p �x0p ¼

X
Mpi ð10Þ

Here d
dt ð�Þrot is the time derivative in the rotating reference frame.

Alternatively, Eq. (10) can be written in component form as

I0p1
_x0p1 þ ðI0p3 � I0p2Þx0p2x

0
p3 ¼

X
M0

pi1 ð11Þ
I0p2

_x0p2 þ ðI0p1 � I0p3Þx0p3x
0
p1 ¼

X
M0

pi2 ð12Þ

I0p3 _x0p3 þ ðI
0
p2 � I0p1Þx0p1x

0
p2 ¼

X
M0

pi3 ð13Þ

Both approaches for determining the projectile’s orientation, 7 and
10, are acceptable. From a coding standpoint, 10 was deemed the
simpler option. It should be noted, that for a spherical projectile
the interaction forces between the projectile and the fabric, which
are always normal to the projectile’s surface, will produce zero tor-
que. Thus only the translation of the projectile needs to be deter-
mined. If friction between the projectile and the fabric was
included, then this would no longer be true.

To solve the resulting equations, we can rewrite 11 as

_xp1 ¼
1

Ip1

X
Mpi1 � ðIp3 � Ip2Þxp2xp3

� �
ð14Þ
Fig. 8. Angular velocity vector resolved on both coordinate systems.
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For simplicity, the primes have been dropped. This is a first order
ordinary differential equation. As with the equations for the motion
of the nodes, this equation can be solved using the theta rule

xp1ðt þ DtÞ ¼ xp1ðtÞ þ
Dt
Ip1

h
X

Mpi1ðt þ DtÞ þ ð1� hÞ
X

Mpi1ðtÞ
� �

� Dt
Ip1
ðIp3 � Ip2Þðhxp2ðt þ DtÞxp3ðt þ DtÞ

þ ð1� hÞxp2ðtÞxp3ðtÞÞ ð15Þ

Eq. (15) is a nonlinear equation so it will be solved using fixed-point
iteration

xK
p1ðt þ DtÞ ¼ xp1ðtÞ þ

Dt
Ip1

h
X

MK�1
pi1 t þ Dtð Þ þ ð1� hÞ

X
Mpi1ðtÞ

� �

� Dt
Ip1
ðIp3 � Ip2Þ hxK�1

p2 ðt þ DtÞxK�1
p3 ðt þ DtÞ

�
þð1� hÞxp2ðtÞxp3ðtÞ

�
ð16Þ

where K is an iteration counter. The same approach is taken when
developing the equations for xp2 and xp3.
9. Results and discussion

In order to evaluate the performance of the numerical model,
simulations were run matching the setup and initial conditions
to those of the experimental tests run at UCB. The simulation mod-
eled a 50 caliber (0.0127 m or 0.5 in. diameter) cylindrical projec-
tile with a mass of 0.037 kg and a length of 0.0381 m (1.5 in.)
impacting the fabric sheet. An initially planar, square, fabric target
with dimensions 0.254 by 0.254 m (10 by 10 in.) was chosen. The
spacing of truss elements was set to match the yarn spacing
(1378 yarn per meter or 35 yarn per inch). Consequently
350� 350 lumped mass nodes and 3� 350� 350 ¼ 367;500 de-
grees of freedom or unknowns were needed for the computations.
The diameter for each of the fibrils that make up the yarn is esti-
mated to be 0.02 mm. The cross-sectional area for the yarn was
determined by summing the areas of all of the fibrils making up
that yarn, thus each yarn would have a cross-sectional area of
1:075� 10�7 m2. The mass of the entire 10 in.2 fabric sheet was
measured to be 7.99 g. Based on this information, the mass of a sin-
gle node was determined to be 6:52� 10�8 kg.

Guided by the micro-scale simulation, the overall mean stiff-
ness of the yarn was determined to be IE�mean ¼ 140:21 GPa with a
standard deviation of 2.04 GPa. As discussed earlier, the mean va-
lue of the damage parameter k for a given yarn is linearly depen-
dent on the value of that yarn’s Young’s modulus. Using a least
squares approach, the dependence was determined to be

kmean ¼ ð7:91ð1=GPaÞÞ � IEi � 878:46 ð17Þ

where kmean is unitless and IEi is measured in GPa. The standard
deviation for k was determined to be 8.35.

Simulations were run on a standard Dell workstation with a re-
search code written in Fortran 90. The total simulation time was on
the order of 10 min.
Fig. 9. Series of images from high-speed video of experimental test. Fabric clamped
on two sides.
10. Comparison of numerical and experimental results

A number of different boundary conditions were examined in
the experimental tests performed at UCB. One common set of
boundary conditions involved clamping the fabric along two
opposing sides. To recreate this boundary condition in the simula-
tion, all nodes along the corresponding boundaries are held fixed
ðuiðtÞ ¼ uið0ÞÞ. Of course this differs slightly from the experiments
in that absolutely no motion of the boundary nodes is permitted. In
the experiments, there would be some sliding at the boundaries.
However, this sliding is assumed to be small enough to ignore.

Fig. 9 shows a series of four images taken from the high-speed
video of the experiment. The video is shot in profile and shows the
fabric mount in all four images. The projectile can be seen entering
from the right and moving towards the left. During the test the fab-
ric deforms slightly and then fails at the center, the point of impact.
The image is zoomed in towards the point of impact and the fabric
sheet extends far beyond what is shown.

Fig. 10 shows a series of four images taken from the numerical
simulation of the fabric sheet. The predicted deformation and fail-
ure region agree with the experimental results.

A second common set of boundary conditions involved pinning
the fabric at each of its corners. In this case, a small hole was cut at
each of the corners, 1 in. from the sides. A bolt was slipped through
the hole and the fabric was held in place by a 1.5 in. diameter
washer, fixing it to the mount. To recreate this boundary condition
in the simulation, all nodes within the area of the washer were
held fixed. Fig. 11 shows a series of four images taken from the
high-speed video of the experiment. As before, the video is shot
in profile and shows the fabric mount in all four images. The pro-
jectile can be seen entering from the right and moving towards the
left. Unlike the previous image series, with these boundary condi-
tions the fabric deforms significantly. Failure occurs at the bound-
aries, occurring first at the upper two corners followed by the
lower two.

Once again, a numerical simulation was run with initial condi-
tions set to match the experiment. Fig. 12 shows a series of four
images taken from the numerical simulation. Unlike the previous
simulation, the deformation is much larger and failure occurs at
the boundaries. And, as in the experiment, failure does not occur
at all boundaries simultaneously.

In both of these cases, the simulation and the experiment agree
qualitatively very well. The correct deformation in the sheet is pre-
dicted by the model as well at the location and the behavior of the
failure mechanism for the sheet. It is important the note that no
parameters have been changed to cause the simulation and the
experiment to agree. All parameters are determined by the geom-
etry of the fabric and the results of the micro-scale simulation. The
only changes made to the simulation were to adjust the boundary



Fig. 10. Series of images from numerical simulation of fabric clamped on two sides.

Fig. 11. Series of images from high-speed video of experimental test. Fabric pinned
at the corners.

Fig. 13. Comparison of experimental and numerical test results, projectile’s
residual velocity as a function of initial velocity shown.

D.A. Powell, T.I. Zohdi / Composites: Part B 40 (2009) 451–460 457
conditions. Despite the good qualitative agreement, a quantitative
comparison is still desirable. In the experiments, the initial and
residual velocities of the projectiles were measured. The initial
velocity was determined as the projectile passed through a series
of laser gates. Due to the erratic path of the projectile after the im-
pact, the high-speed video was used to calculate the residual veloc-
ity of the projectile. Fig. 13 shows the residual velocity of the
projectile versus the initial velocity. Both the data collected from
the experiment and data collected from the simulation are shown.
The simulation and the experiment are in good agreement, espe-
Fig. 12. Series of images from numerical sim
cially at the lower range where the residual velocity approaches
zero. At higher velocities, the simulation slightly over-predicted
the residual velocity of the projectile. Friction most likely accounts
for the additional energy loss seen in the experimental results.
Work is currently being done to include friction in this model.

11. Effect of boundary conditions on energy absorption

With confidence in the numerical simulation, the role of bound-
ary conditions can now be examined. Three different boundary
conditions are of interest: fabric pinned at the corners, fabric
clamped along two sides, fabric clamped along four sides. The first
two of these boundary conditions were described above. The third,
fabric clamped along all four sides, is merely an extension of the
two sides boundary condition. For ballistic shielding, the primary
role of these fabrics is to strip energy away from the projectile.
Consequently, the amount of energy absorbed as a function of
the initial energy is of primary interest. The question we are trying
to answer is which type of boundary attachment results in the
greatest amount of energy absorption and why.

The following series of results were created using a simulation
as described above with a few minor changes. The shape of the
projectile was changed to a sphere with a 0.0127 m or 0.5 in. diam-
eter and a mass of 8.4 g. These values are used to match another
projectile used in the testing at UCB. The spherical projectile was
chosen so as to reduce any variation in the results due to tumbling.
All of the energy of the projectile is in translational kinetic energy;
none in rotational kinetic energy. The other change was to reduce
the size of the simulated sheet to 0.0762 by 0.0762 m (3 by 3 in.).
In addition to reducing the time needed for each simulation, the
decrease in the size of the sheet should amplify the role of bound-
ary conditions during the impact.
ulation of fabric pinned at the corners.



458 D.A. Powell, T.I. Zohdi / Composites: Part B 40 (2009) 451–460
When interpreting the results, it is important to keep in mind
that variation at the micro-scale, fibril misalignment, is included
in the macro-scale simulation producing a stochastic-yarn model.
In effect, every time the simulation is run a different random fabric
sheet is generated. As a consequence, the results of a single simu-
lation do not provide the average response. The simulation must be
repeated using the same initial conditions. Of primary interest is
the amount of energy the fabric sheet strips off of the projectile
during impact. Fig. 14 shows the average energy absorbed by a sin-
gle sheet of fabric as a function of the projectile’s initial energy. All
three sets of boundary conditions are shown in the figure. At the
lower end of the range, where the majority of the energy is ab-
sorbed, all three boundary conditions are relatively close. At the
higher end of the range, the fabric pinned at the corners begins
to absorb a significantly larger amount of energy. This will be ex-
plored in more depth shortly. From this plot, it can be clearly seen
that the fabric fixed along two sides absorbs the least amount of
energy while fabric pinned at the corners absorbs the most.

Figs. 15–17 show a more detailed look at the energy in the sys-
tem during impact for the fabric fixed along four corners, two sides,
and four sides, respectively. In each plot the total amount of kinetic
energy lost by the projectile is shown versus time as well as the ki-
netic energy and strain energy in the fabric sheet. The fabric fixed
along all four sides is allowed the least amount of free movement
Fig. 14. Average energy absorbed by fabric sheet for each of the three boundary
conditions.

Fig. 15. Energy in the system during impact of fabric pinned at the corners.
and thus the majority of energy absorbed goes into deforming the
fabric or the strain energy of the fabric sheet. The fabric fixed along
two sides is allowed more movement and thus more energy is
transferred from the projectile into kinetic energy in the fabric.
However, as two sides of the sheet are no longer constrained, the
amount of strain energy absorbed by the fabric sheet is reduced.
For the fabric sheet fixed at the corners, the greatest amount of
deformation is seen in the experimental and numerical results.
As expected, the amount of energy lost to the kinetic energy of
the fabric is significantly higher, almost by a factor of three, than
the other two cases. Meanwhile, the strain energy remains consis-
tent with the values seen in the other simulations.

12. Role of material variation

It has been stated that this approach, because of the inclusion of
material variation, requires multiple runs for each set of initial con-
ditions in order to produce the average response of the fabric sheet.
Since the inclusion of this variation requires additional work in or-
der to produce results, one could question if it is necessary. In order
Fig. 16. Energy in the system during impact of fabric clamped on two sides.

Fig. 17. Energy in the system during impact of fabric clamped on four sides.



Fig. 19. Energy absorbed by the fabric sheet clamped along two sides. Average
response of the stochastic-yarn sheet and the response of the uniform-yarn sheet
are shown.

Fig. 20. Energy absorbed by the fabric sheet clamped along four sides. Average
response of the stochastic-yarn sheet and the response of the uniform-yarn sheet
are shown.
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to answer this, we must explore the affect of including stochastic-
yarn in the model or artificially imposed uniform-yarn in the mod-
el on the numerical results. Most numerical models of ballistic fab-
ric use an average material response for all of the yarn. This
uniform-yarn model has a number of geometric symmetries that
can be exploited to reduce the size of the problem and speed up
simulation time. This model presented here is easily adapted to
create a uniform-yarn sheet of fabric by setting the Young’s mod-
ulus in every yarn to the mean value of 140.21 GPa and the damage
parameter to a corresponding mean value of 230.6. Planes of sym-
metry can also be introduced to reduce the number of unknowns
and reduce the computation time. These series of simulations were
then repeated for each of the boundary conditions.

Fig. 18 shows the response of the uniform-yarn fabric sheet side
by side with the averaged response of the stochastic-yarn sheet for
the fabric pinned at the corners. While the two data sets are similar
at the higher end of the range, there is significant divergence near
the ballistic limit. The uniform-yarn model over-predicts the
amount of energy absorbed by a factor of 2. One of the main causes
for this discrepancy may be the modes of failure allowed by each
model. In the stochastic-yarn model, impacts with lower initial en-
ergy cause only one or two of the boundary attachments to fail. The
projectile then pushes the fabric sheet out of the way without
causing the remaining boundary attachments to fail. With this type
of failure, the sheet absorbs less energy in the form of strain energy
or work done by the yarn. When failure occurs in the uniform-yarn
sheet, on the other hand, all four boundary attachments will al-
ways fail regardless of the initial energy of the projectile. The en-
ergy absorbed in the form of strain energy can be as much as 2–
4 times as large in the uniform-yarn sheet as in the stochastic-yarn
sheet. At higher initial energies, all four boundary attachments typ-
ically fail in the stochastic-yarn model. In this range, the two mod-
els are in much greater agreement.

Figs. 19 and 20 show the response of the uniform-yarn fabric
sheet side by side with the averaged response of the stochastic-
yarn sheet for the fabric clamped on two and four sides, respec-
tively. In both cases the uniform-yarn model slightly over-predicts
the energy absorbed by the fabric sheet. Unlike the previous
boundary condition, the failure in the sheet occurs in the center
and does not change significantly over the range of initial energies.
Still, there are differences in the failure pattern of the two models.
In the uniform-yarn model, all yarn are identical, so failure occurs
in yarn at either two or four points along the primary directions
depending on the planes of symmetry. In the stochastic-yarn mod-
el, failure initiates at weak points in the fabric near the contact re-
Fig. 18. Energy absorbed by the fabric sheet pinned at the four corners. Average
response of the stochastic-yarn sheet and the response of the uniform-yarn sheet
are shown.
gion. Consequently, slightly less energy is absorbed in the
stochastic-yarn sheet, as seen in both plots.

13. Conclusion

The model presented in this work takes a multi-scale approach
to modeling structural fabric based on a network of yarn with sto-
chastic properties determined by smaller-scale fibrils, which are
randomly misaligned. By using purely micro-scale information to
build the model (simply measuring the properties of an individual,
smallest-scale fibril), all necessary material parameters are easily
verifiable and no phenomenological parameters are required. It is
important to emphasize that the properties of a fibril are easily
ascertained from a simple tension test. The use of simple truss ele-
ments to represent the yarn created a model that naturally cap-
tures the fabric behavior needed in ballistic regimes.
Additionally, as individual yarns are allowed to break in the model,
more realistic failure behavior is achieved. The response of the
overall fabric model and ballistic experiments are in excellent
agreement. The model indicates that fabric which is attached by
being pinned at the corners generally absorbs more energy, rela-
tive to fabric clamped along the sides. The basis for this result is
discussed at length. The effects of stochasticity on the overall re-
sponse were investigated. Furthermore, it is observed that a uni-
form-yarn model, one which ignores the stochastic nature of the
yarn, over-estimates the amount of energy absorbed.
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Material variation in the yarn caused by the micro-scale mis-
alignment of the fibrils is critical to accurately capturing the fabric
behavior. By artificially imposing uniformity of the yarn on the fab-
ric sheet, failure modes seen in experiment tests cannot be repro-
duced by the model. The inclusion of stochastic-yarn in the macro-
scale model is important, and is a key feature that allows the
numerical results to closely match the experimental results over
the range of boundary conditions examined. In addition, the uni-
form-yarn model consistently over-predicts the amount of energy
absorbed during impact. This is especially hazardous in the case of
ballistic shielding where accurate measurements of energy ab-
sorbed are critical to designing safe shielding.

Of the three major boundary conditions examined, the fabric
pinned at the corners absorbed the greatest amount of energy.
The majority of the energy lost by the projectile was transferred
into the kinetic energy of the fabric. In large part, this was due to
the large deformation allowed by this specific boundary attach-
ment. This may be suitable in some applications such as ballistic
shielding for some vehicles and structures, but not suitable as
shielding for personnel or other vehicles where space is limited.
The fabric clamped along the sides absorbed less energy, but also
had significantly smaller deformation. The majority of the energy
lost by the projectile was transferred into the strain energy of
the fabric.

For the comparison between the uniform-yarn and stochastic-
yarn models, the fabric pinned at the corners had the largest dis-
crepancy in the results. Near the ballistic limit, the stochastic-yarn
model would fail at only some of the boundary attachments, as
supported by the experimental results. The uniform-yarn model,
due to the imposed symmetry, always had failure at all four bound-
ary attachments. The fabric sheets clamped along the side always
failed at the center, a type of failure that could be reproduced in
the uniform-yarn model. While the failure in the stochastic-yarn
sheet would initiate at slightly different locations and produce dif-
ferent hole patterns, the damage seen in the sheet was of a more
symmetric nature than the damage in the sheets pinned at the cor-
ners. As a result, the uniform-yarn and stochastic-yarn model dif-
fered by a significantly smaller margin for the clamped sides
boundary conditions. Still, due to subtle differences in the fabric
sheet, the uniform-yarn model continued to over-predict the
amount of energy absorbed during impact. In all cases, the model
including material variation at the macro-scale is a more reliable
modeling approach.
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