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EXECUTIVE SUMMARY 
 

Under the Federal Aviation Administration Airworthiness Assurance Program Center of 
Excellence and Aircraft Catastrophic Failure Prevention Program, the University of California at 
Berkeley (UCB) investigated the concept of lightweight fabrics as barriers for engine fragments 
from uncontained turbine engine failures in commercial aircraft.  UCB’s role was to conduct 
ballistic impact tests on Zylon® fabric and to develop a computational model focused on the 
multiscale nature of the fabric material.  This report summarizes the work conducted to develop 
the computational model and the comparison of the model to impact test data.   
 
Zylon fabric was found to have long-term environmental issues.  For the purpose of this study, 
Zylon was used to leverage previous testing and analysis conducted on this fabric.  The 
computational methods used in this study can be applied to a wide class of structural fabrics, 
such as aramid-based materials.  
 



 

1.  INTRODUCTION. 

1.1  PURPOSE. 

A major concern to commercial aircraft is the situation when a rotor disk of one of the main 
propulsion engines fails, usually due to fatigue failure, and passes through the engine 
containment structure showering the fuselage with engine fragments.  While the loss of one 
engine is not enough to cause the complete failure of the commercial aircraft, if one or more of 
the fragments were to tear through the fuselage and damage critical components, such as the 
hydraulic or fuel lines, this could result in losing control of the aircraft. 
 
To help prevent such accidents from occurring, many lightweight materials, such as aluminum, 
titanium, high-strength fabric, composites, and other materials, are being considered to act as 
barriers against engine fragments on critical aircraft systems.  Of course, to develop a barrier, it 
is necessary to characterize the ballistic performance of these materials, which is typically done 
through testing.  Since these ballistic tests are extremely expensive and time-consuming, 
developing an efficient model would help to reduce the testing required and to more efficiently 
understand how changes in the design will affect the barrier’s performance. 
 
This report summarizes the development of such a computational model for Zylon® fabric.  
 
1.2  BACKGROUND. 

The Federal Aviation Administration (FAA), under the Aircraft Catastrophic Failure Prevention 
Program (ACFPP), sponsored research to aid in the development of lightweight barrier systems 
for aircraft and related computational models of such systems.  In May 2000, The Boeing 
Company expressed interest in Zylon’s potential as a lightweight barrier system.  SRI 
International (SRI) and Boeing began discussions of a program in this area and invited the 
University of California at Berkeley (UCB), with its expertise in ballistic impacts and finite 
element analysis, to join in the discussions.  UCB (teamed with SRI and Boeing) was granted an 
Airworthiness Assurance Center of Excellence (AACE) Grant by the FAA to institute a 
computational and experimental program aimed at the industrial application of Zylon in a 
ballistic fabric barrier. 
 
In 2002, UCB performed ballistic tests with Zylon, concentrating on the effects that different 
boundary conditions had on energy absorption [1].  The research conducted in this study is a 
continuation of the 2002 research and was focused on the creation of a multiscale model of the 
ballistic fabric to numerically simulate the UCB ballistic tests.  
 
2.  DISCUSSION. 

The majority of this research is confined to the development of a multiscale model of the ballistic 
fabric to numerically simulate ballistic tests on fabrics.  The model’s ballistic fabric building 
blocks are yarn, comprised of one-dimensional, microscale fibrils, which are arranged to form 
two-dimensional planar sheets of fabric (see figure 1).  A key aspect of such an approach is that 
if the properties of the fibrils that make up the yarn are known, the structural scale properties can 
be constructed without resorting to phenomenological parameters.  For most types of structural 
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fabric, the overall rupture of a single yarn is gradual, as opposed to abrupt, due to 
inhomogeneous microscale fibril failure, stemming from their random misalignment within the 
yarn.  An important feature of the multiscale modeling approach is the ability to directly 
incorporate fibril misalignment into the structural scale response of the fabric.  An efficient 
numerical strategy can then be developed to rapidly construct and numerically simulate the 
multiscale system.   

 
Figure 1.  Representation of Multiscale Structural Fabric 

Although a wide range of ballistic fabrics exists [2-8], the focus of this report is on a recently 
developed ballistic fabric called Zylon.  Zylon, a polymeric material produced by the Toyobo 
Co. Ltd. [9], has a multiscale structure constructed from polybenzoxale (PBO) microscale fibrils 
that are bundled together to form yarns that are then tightly woven into sheets.  Zylon fabric was 
found to have long-term environmental issues [10].  For the purpose of this study, Zylon was 
used to leverage previous testing and analysis conducted on this fabric.   The computational 
methods used can be applied to a wide class of structural fabrics, such as aramid-based materials.  
 
2.1  MULTISCALE CONSTRUCTION OF STRUCTURAL FABRICS. 

Approaching the modeling of fabrics through continuum mechanics has its difficulties.  The 
multiscale approach starts by first determining the behavior of the microscale fibers and yarns 
using continuum mechanics and then constructing the macroscale sheet out of a network of these 
yarn elements.  Using this multiscale approach allows for the creation of a simple description of 
the material and, at the same time, avoids phenomenological modeling to account for the 
peculiarities, such as the localization of failure and macroscale anisotropy, inherent in fabrics.  
The large-scale behavior of the fabric sheets is captured solely by using information about the 
microscale fibrils. 
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For structural fabrics, the global tensile response is typically desired, while the response under 
compression is rarely of interest.  Thus, a zero-stress state can be enforced for any compressive 
strains and the so-called relaxed theory of perfectly flexible solids can be employed.  This 
approach was taken by several researchers for the elastostatic analysis of structural fabrics [11-
15].  Steigmann and coworkers [16-21] developed a series of theoretical results and elastostatic 
solution techniques based on pseudo-dynamic relaxation methods, such as those found in 
Papadrakakis [22].  Steigmann and coworkers showed that a necessary condition for the 
existence of energy minimizers in elastostatics is for the structural members to carry no load in 
compression.  This relaxed requirement is adopted for the microscale fibrils in the dynamic 
analysis in this study, although strictly speaking, it is only required in elastostatic cases. 
 
To begin constructing the model, an initially undeformed planar network of yarn constructed of 
microscale fibrils was used.  These yarns were joined together at nodes, or suture points, where 
they were restricted from sliding across one other (see figure 2). The analysis started with a 
purely one-dimensional description of the tensile deformation of a microscale fibril.  Plane 
uniaxial-stress type conditions were assumed as the microscale fibrils were very thin, 
approximately the width of a human hair.  The axial strains for structural fabrics such as Zylon 
are expected to be approximately 2% to 10%, in the elastic range, before rupturing.  Thus, a 
relatively simple St. Venant-Kirchoff material model is reasonable. 

 
Figure 2.  Four Yarns Intersecting at a Lumped Mass Node (sutured-point) 

2.2  A SINGLE FIBRIL. 

The stored energy (W) of a single fibril is given by: 
 

2

2
1

Ε= IEW  
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where IE  is Young’s modulus, 
 

( )Ι−= CE
def

2
1  

 
where E is the Green-Lagrange strain,  
 

FFC
def

Τ=  
 

where C is the right Cauchy-Green strain, 
 

dX
dxF =  

 
where F is the deformation gradient, X are referential coordinates, and where x  are current 
coordinates along the axis of the filament.  The second Piola-Kirchhoff stress is given by 

.  During the calculations, it is convenient to work with quantities expressed in terms of 
the stretch ratio: 

Ε= IES

0L
LU =  

 
where  is the deformed length of the fibril,  is its original length and, by virtue of a polar 
decomposition: 

L 0L

( )1
2
1 2 −= UΕ  

 
For this relaxed one-dimensional model, the Cauchy stress, σ , is related to the second Piola-
Kirchhoff stress by: 
 

21σ F S
J

=  

 
where  is the Jacobian of : J F
 

FJ =  
 

thus: 
 

σ FS=  
 

2.3  BEHAVIOR OF THE YARN. 

The process of weaving individual fibrils together to create yarn results in random misalignments 
of the fibrils.  While these misalignments are unavoidable, they are not necessarily undesirable 
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for rupture resistance.  The first result of this misalignment is that the rupture of the yarn is not 
sudden, but gradual, due to the inhomogeneous rupture of the individual fibrils that make up the 
yarn.  The second result is that larger strains can be achieved by the misaligned fibrils and, thus, 
a yarn can absorb more energy prior to total failure. 
 
To explore the effects of this misalignment on the yarn response, the tensile response of ten yarn 
segments, each with different random fibril orientations, was computed under displacement 
control.  The response is shown in figures 3 and 4. 
 

 
Figure 3.  Exaggerated Image of the Misalignment in an Individual Fibril 

 

 
(a) (b) 

 
Figure 4.  (a) The Fraction of Fibrils not Ruptured for Ten Different Yarns and 

(b) the Corresponding Second Piola-Kirchhoff Stress in the Yarn 

According to the manufacturer, each yarn is composed of approximately 350 fibrils.  Each fibril 
has a critical stretch of 1.03 and a Young’s Modulus of 180 GPa.  The misalignment was 
determined by randomly orienting the fibrils within the known thickness of a yarn of Zylon.  The 
amount of inclination and initial fibril lengths were determined by placing them within a 
hypothetical (tubular) yarn domain of elliptical cross-sectional area.  The cross-sectional area 
had a minor radius of m and aspect ratio of 4:1, leading to a major radius of 

m, encompassing the fibrils shown in figure 3.  The nodal separation distance 
was m.  In figure 4, note that if there was no fibril misalignment, the rupture was 

000185.0=r
000185.04×=r

00072.00 =h 5
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sudden with far less energy absorbed (area underneath the curve).  Thus, a critical feature of the 
upcoming overall multiscale model is the incorporation of fibril misalignment into the response 
function.  This gives the material a more gradual, realistic, rupture behavior, which is a natural 
outcome of the multiscale model.  The misaligned response was in excellent agreement with 
experimental results furnished by Boeing.  This experimental material data is available in 
reference 10. 
 
The response of the yarn segments in figure 4 was determined by calculating the response of 
their individual fibrils.  A one-dimensional model was used to evaluate the stress response of a 
single fibril.  For the jth fibril (within a yarn) the following equation can be used:  
 

0j

j
j L

L
U =  

 
where  is the deformed length of the fibril, and  is its original length.  Explicitly the axial 
stretch is: 

jL 0jL

 
( )

22
0

22
0

0 j

j

j

j
j

dh

dh

L
L

U
+

+Δ+
==  

 
where the initial nominal length between nodes is denoted by , the length of misalignment for 
the jth  fibril within the yarn by  and where 

0h

jd Δ  is the displacement between two connected 
nodes (yarn connections).  For the Ith yarn (containing  fibrils), the effective axial second 
Piola-Kirchhoff response (per yarn) can be written in terms of the fibril deformation and material 
properties 

IN

 
( ) ( )

( )
j

j

N

j j

j
f

I
II

dh

h
dh
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IE

Nh
h

IES
I
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2
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0

0

1
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0
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0

2
0

2
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2
111

2
1

+
⎟
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⎠

⎞
⎜
⎜
⎝
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⎠
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⎜
⎜
⎝

⎛
−
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= ∑
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where  is the Young’s modulus of a fibril,  is the effective Young’s modulus of the 
yarn, (I) 

fIE
d

*
IIE

jj d γ= 0 , γ  is a random number, such that 10 ≤γ≤ , and  is the maximum 
horizontal inclination possible for a fibril, (II) 

0d
1=jξ  if U critUj <  and (III) 0=jξ  if , 

and U  is a critical uniaxial stretch.  This leads to 
critj UU ≥

crit

 

( )
∑
= +

=
IN

j
j

j
I

f
I

dh
N

hIE
IE

1 2
3

22
0

3
0* 1 ξ  

 

 6



 

In the absence of damage ( 1=jξ , ), the effective modulus can be bounded from below by 
setting , , and above by setting 

j∀
1=γ j j∀ 0=γ j , j∀ , resulting in 

 

( )
fI

j

f IEIE
dh

hIE
≤≤

+

*

2
3

22
0

3
0  

 
The upper bound is obvious, i.e., the overall yarn stiffness can never exceed the stiffness of 
perfectly aligned fibrils.  The lower bound indicates that, for a single yarn, the stiffness decreases 
in a monotonic fashion with increasing fibril misalignment.  For Zylon’s specifications, even 
though the yarn is stiffer when all fibrils are aligned, the overall energy underneath the curve is 
larger for a yarn with misaligned fibrils. 
 
The misaligned fibrils change their angle of inclination within the yarn, hence, as the yarn 
stretches, the fibrils stretch.  The fibrils are assumed to be perfectly attached (pinned) to the 
suture points (nodes), which is consistent with the previous observations that the yarn is tightly 
woven and that the nodes are the criss-cross contact junctions (sutures) between the warp and the 
fill of the weave.  During the macroscopic deformations, the nodes move to satisfy dynamic 
equilibrium, thus inducing overall nodal displacements.  Subsequently, the yarns, which are 
attached to the nodes, displace, thus changing the fibril orientation with respect to an inertial 
frame of reference. 
 
3.  LARGE-SCALE COMPUTATION METHODS. 

Having developed a model for the yarn elements, a macroscale sheet of structural fabric can be 
assembled.  While it would be possible to compute the response of each yarn in this network 
through the response of their individual fibrils, this would be exceedingly laborious.  Instead, 
using the information from the fibril simulation, a constitutive relationship for the yarns can be 
constructed that takes into account the variation due to fibril misalignment.  Thus, the Ith yarn is 
tracked by two variables:  (1) , the effective Young’s Modulus.  This value is randomly 
assigned from the range of 

*
IIE

*IE  values determined by the yarn analysis in section 2.2.  (2) The 
, the rate at which the damage grows.  The damage in the Ith yarn, or , is given by the 

following equation: 
Iλ Iα

 

( ) ( )
( )( )( )
( ) ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

−
<≤α=α λ−

λ−−λ−

I

IcritI

e
eettt

UtU

II 03.0

03.0
*

1
,0,1min  

 
To match the end points of the damage data, this curve was chosen so that α  = 1, signifying no 
damage, when U  is equal to 1.03 and α  = 0 when U is 1.06.  Thus, the equation for damage is 
restricted to begin and end at the stretch values specified by the data.  The rate λ is determined 
from the data through a least squares analysis.  The largest and smallest damage growth observed 
in the computed fibril response determines the acceptable range of λ  values.  It should be noted 
that  can never become greater than one or assume a value greater than a previous time step.  α
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Thus, the yarns do not harden or heal themselves over time.  The key features of both  and 
 is that they are randomly assigned and unique for each yarn.  Just as fibril misalignment 

prohibits any two real yarns from being identical, no two simulated yarns behave in the same 
way. 

*
IIE

Iλ

 
3.1  ITERATIVE SOLUTION PROCEDURE FOR FABRIC DYNAMICS. 

To simulate the response of the network of nodes, a lumped mass model was employed.  All the 
mass of the sheet is considered to lie at the suture points where the yarns intersect.  Dynamic 
equilibrium for the nodal system can then be computed via: 
 

∑
=

=
4

1I
iIi fum  

 
where the four forces acting on node i are the axial components of the force carried by the four 
yarns intersecting at that node.  The mass m is simply the mass of a single node, or the total mass 
of the sheet divided by the number of nodes.  To determine the force transmitted through a yarn, 
the Cauchy stress is simply multiplied by the cross-sectional area.  Thus, the force on the ith 
node due to yarn I is: 
 

iIIIiI aAUSf 0=  
 

where  is the cross-sectional area of the yarn, where the unit axial yarn direction is given by  0A
 

−+

−+

−

−
=

II

II
iI

rr
rra  

 
where  denotes the end point not in contact with the lumped mass and  denotes the end 
point in contact with the lumped mass. 

+
Ir −

Ir

 
Clearly, the force on each node is a function of .  To solve the equations for dynamic 
equilibrium, a fixed-point iterative scheme must be employed.  The equation is now written as 

iu

 

∑
=

−=
4

1

1

I

K
iI

K
i fum  

 
where K = 1,2,3,… is an iteration counter.  In other words, the forces on a node are first 
computed, then the nodes are displayed.  After this, the forces are recomputed and used to attain  
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a corrected displacement.  This process continues until the solution has been determined to 
within a set tolerance.  Using a finite difference approximation the equation can expand to: 
 

( ) ( ) ( ) ( ) ( )
( )

( )
t
tv

t
tuttu

t
tvttvttu ii

K
ii

K
iK

i Δ
−

Δ
−Δ+

≈
Δ

−Δ+
≈Δ+ 2  

 
which leads to the following recursion relation: 
 

( ) ( ) ( ) ( ) ∑
=

−Δ
+Δ+=Δ+

4

1

1
2

I

K
iIii

K
i f

m
tttvtuttu  

 
For all the nodes at a given time step, is calculated until the error reaches a specified 
tolerance.  The error in a given time step is specified as  

K
iu

 
( ) ( )

( ) ( )∑

∑

=

=

−

−Δ+

Δ+−Δ+
=

1

1

1

i
i

K
i

i

K
i

K
i

tuttu

ttuttu
error  

 
Thus, the change in position between two successive iterations is divided by the total change in 
position, since the previous time step must be below a set tolerance before the simulation 
proceeds to the next time step. 
 
3.2  PROJECTILE AND FABRIC INTERACTION. 

The problem of interest in this study consisted of a projectile impacting an initially planar sheet 
of structural fabric, as shown in figure 5.  To simplify this problem, the projectile was assumed 
to be rigid and its motion was constrained to pure translation along the z direction. 
 

 
Figure 5.  Side View of the Fabric/Projectile Pair 

The velocity immediately after the initial impact can be determined using the conservation of 
linear momentum,  
 

f
C

fpzppzp vmvmvm +=0  
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and is therefore: 
 

0
pzC

fp

p
pz v

mm

m
v

+
=  

 
where all nodes initially in contact with the projectile are restricted to having initially the same z 
component of velocity as the projectile, pzf vv = .  Here,  is the mass of the projectile,  is 

the mass of the fabric material in the contact zone,  is the incoming velocity of the projectile, 
 is the velocity of the fabric, and  is the velocity of the projectile immediately after impact.  

As the simulation progresses, nodes are allowed to slide across the projectile and move beyond 
it, but never pass back through it.  Any node in contact with the projectile during the previous 
time step is restricted to having the z component of its position equal to or greater than that of the 
projectile.  The only time a node is allowed to have a smaller z component of position is if it is 
no longer beneath the projectile and, thus, is no longer considered a contact node. 

pm C
fm

0
pzv

fv pzv

 
For times after the initial impact, the velocity of the projectile is determined using energy 
balance.  The work-energy relation for the projectile and fabric system is: 

 

( ) ( ) ( ) ( ) ( )
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Due to the earlier assumption of projectile motion only along the z axis, 
 

2
pzpp vvv =⋅  

 
using a finite difference approximation, 
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the position of the projectile becomes: 
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The solution to this equation can be determined using a fixed-point iteration coupled to the fixed-
point iteration of section 3.1.  Thus, the overall system can be solved simultaneously. 
 
To determine when the simulation is complete, one of two criteria must be met.  Either the 
projectile must be stopped, its velocity reduced to zero, or the projectile must penetrate the 
fabric.  While the former is easy to check, the latter requires slightly more work.  The motion of 
the projectile is examined and if it remains constant for a sufficient length of time (over 3000 
time steps), then the fabric no longer affects the motion of the projectile and the simulation is 
complete. 
 
3.3  OVERALL ALGORITHM. 

To solve the problem numerically, the preceding formulae were condensed into the following 
algorithm.  The overall goal is to deliver accurate solutions where the temporal discretization 
accuracy dictates the upper limits on the time step size ( ), while the upcoming strategy 
refines the step size further, if necessary, to control the iterative error, which represents 
satisfaction of dynamic equilibrium for all of the nodes.  The following algorithm is applied until 
penetration occurs: 
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4.  RESULTS. 

A number of ballistic impact tests on Zylon were performed at UCB.  Typical perforation 
patterns that such projectiles produce are shown in figure 6.  The test data used to develop the 
model in this study was taken from reference 1.  More information on the UCB test facility and 
fabric test data is included in references 23 and 24.  In addition, a photograph, a schematic, and a 
short description of the test facility are presented in appendix A. 
 

 
Figure 6.  Localized Damage in Penetrated Sheets 

4.1  DEVELOPMENT OF THE COMPUTATIONAL MODEL. 

As in the previously mentioned laboratory experiments, a 50-caliber (0.0127-m), cylindrical, 
flat-tip projectile, with a mass of 0.0371 kg, initially traveling at 152 m/s, was considered for the 
model.  An initial square planar fabric target (0.254 by 0.254 meters) was chosen.  The boundary 
conditions consisted of clamped edges around the entire sheet.  The fabric was set to have 35 by 
35 yarns per square inch (500 denier Zylon), with each fibril estimated to be 0.01 mm in 
diameter.  Consequently 350 by 350 mass nodes and 500,3673503503 =×× degrees of freedom 
(unknowns) were needed for the computations. 
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The final step in setting up the simulation was to define the penetration criteria.  For the fixed-
edge boundary conditions, failure occurred in a ring around the projectile.  Thus, a ring around 
the projectile with inner radius 4.763 mm and outer radius 7.62 mm was chosen as the 
penetration zone.  The ’s of all fibrils, totally or partially within this region, were averaged 
and used to determine penetration.  If the average value fell below 50%, the sheet was considered 
to have failed.  The size of the ring and the value of 50% may seem somewhat arbitrary, 
however, they were determined through trial and error. 

Iα

 
The simulation was run many times using the fixed-edge boundary condition.  Overall, the 
results varied only slightly.  The total deformation of the sheet, as shown in figure 7, had the 
same general behavior for all simulations.  The displacement wave created by the projectile 
travels outward from the center of the fabric.  Because of the weave of the fabric, this wave is 
not circular; instead, it is more diamond-like in shape, as shown in figure 7.  Failure in the 
contact zone begins shortly after the wave first reaches the fixed edges.  Once failure of the sheet 
begins, the projectile quickly penetrates the fabric.  The projectile is free before the displacement 
wave reaches the corners of the sheet. 
 

 
 

Figure 7.  Displacement in the Simulated Sheet During Impact (Displacement in z direction is 
magnified by a factor of ten for easy viewing.) 

While the overall deformation remained relatively consistent, the deformation in the penetration 
zone differed between each of the simulations.  Figure 8 shows a closer view of the projectile 
penetrating one of the simulated sheets.  Failure begins around the edge of the projectile.  The 
tension in the stretched sheet then pulls the hole open and allows the projectile to exit the fabric.  
Upon initial inspection, the asymmetry of the damage was obvious.  As with real fabric, no two 
yarns are exactly alike.  This is due to the unavoidable misalignment of the fibers during the 
weaving process.  To capture this behavior, every fiber in the simulation was randomly assigned 
a different Young’s modulus within the range calculated earlier in this research. 
 
In addition, the majority of the damage is localized to the region directly around the projectile.  
The average value of  in the contact area drops to zero very quickly once penetration starts.  Iα

 13



 

Alternatively, the average  in the entire sheet remains very close to its undamaged value.  
Thus, it is clear that the damage is not widespread throughout the sheet. 

Iα

 

\ 
Figure 8.  Localized Damage Evolution in the Simulated Fabric Sheet (The scale is in meters and 

the red circle shows the position of the projectile.) 

Of primary interest was the effect of the fabric on the velocity and kinetic energy of the 
projectile.  Figure 9 shows the simulated velocity of the projectile over time.  The initial smooth 
curve was a result of kinetic energy being transferred to the fabric and work performed in 
stretching the fabric.  A kink is shown in the projectile response graphs where the fabric began to 
tear.  This is a result of the weakening of the fabric as the projectile begins to break free. 
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Figure 9.  Simulated Velocity of the Projectile Over Time 

The damage in the fabric versus time is shown in figures 10 and 11.  Figure 10 shows the 
damage in the penetration zone, which is the same time the kink occurred in figure 9.  The first 
drop is the rupture of the fibers around part of the projectile.  The graph briefly plateaus as the 
fabric is pushed out of the way instead of tearing.  Finally, there is a dramatic drop as the fabric 
leaves the penetration zone.  The jaggedness of this graph is a result of new fibers moving into 
the penetration zone and old fibers being pushed out.  The fabric does not heal itself and the Iα  
value of any yarn can only decrease.  The total damage in the sheet is shown clearly in figure 11.  
Once damage was initiated, the average Iα  value in the entire sheet only decreased.  The amount 
it decreased was small compared to the damage in the ring around the projectile.  This was due to 
the local nature of the damage.  The majority of the fabric was undamaged by the projectile.  
Rupture occurred only in the fibers directly around the projectile. 
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Figure 10.  Average Damage Value of the Yarns in the Impact Zone (ring around projectile) 
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Figure 11.  Average Damage Value for the Entire Sheet During Impact 
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Rupture of the fabric follows the interaction of the displacement wave with the boundary of the 
sheet.  Thus, it is reasonable to assume boundary conditions play a role in determining the 
method of failure.  To explore this idea, a number of simulations were run with the fabric pinned 
at the corners only.  A 3/4-inch-diameter circle was placed 1/2 inch in from the corner to attach 
the fabric.  This corresponded to the size of the washer and the approximate placement in 
experimental tests.  The overall response of the fabric is shown in figure 12.  The fabric edges 
were pulled inward as the sheet stretched.  Failure occurred not in the contact zone, but at the 
boundaries.  The pinned corners tore and the fabric was carried along with the projectile. 
 

 
Figure 12.  Displacement in the Simulated Sheet 

There are several other differences to note:  (1) The time between initial contact and failure was 
significantly longer when the sheet was pinned at the corners.  (2) The overall displacement of 
the sheet was larger.  (3) These plots show that the large displacement wave created by the 
projectile travelled slower than the wave speed of the fabric.  The upper right tile in figure 12 
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shows that the centers of the boundary begin to experience displacements long before the large 
wave reaches the edges.  The flexibility of the edges to deform allows for a more gradual 
stretching of the fabric.  This results in the projectile taking longer to rupture and allows for the 
center of the sheet to travel farther in the z direction.  Figure 13 shows a close-up of the 
simulation progression at the fabric edge. 
 

 
Figure 13.  Evolution of Localized Damage in the Simulated Sheet (Scale is in meters.) 

4.2  COMPARISON OF SIMULATION TO EXPERIMENTAL RESULTS. 

To determine the accuracy of the numerical model, a number of tests were run recreating the 
conditions of a number of experimental tests described in reference 11.  In these tests, two 
opposite sides of the fabric are clamped (held fixed) and the other two are unrestrained.  In the 
simulation, the two fixed edges were completely restricted from moving while in the actual 
experiment there was a small amount of slipping at the boundaries.  In addition, the effect of an 
initial angle on the projectile was examined.  Using the high-speed video of the experimental 
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tests, the initial angle of the projectile was estimated.  The simulation was repeated for 
projectiles impacting the fabric at 0, 5, 10, and 20 degrees.  Tables 1 and 2 show the results of 
the experimental and numerical tests.  Figure 14 shows a plot of the initial versus the residual 
velocity of the experiments and the simulation.  As expected, the larger incoming angle results in 
a higher residual velocity for the projectile.  An angle of zero degrees means the flat face of the 
projectile strikes the fabric while an angle of 10 or 20 degrees means the corner of the projectile 
hits the fabric first.  The sharp corner greatly reduces the area under the impact, concentrates the 
stress, and results in less energy being absorbed during the impact.  At low velocities, near the 
ballistic limit, the affect of the initial angle is increased. 
 

Table 1.  Experimental Results of Projectile Impacting Sheet Clamped Along Two Sides 

Experimental Data 
Initial Velocity 

(ft/s) 
Residual  

Velocity (ft/s) 
Estimated Initial 

Angle 
480.9 417.6 -3.0 
405.8 321.5   0.0 
380.7 300.2  -8.0 
311.3 238.4   0.0 
272.5 201.9  10.0 
270.9 189.4  -4.0 
188.0 98.4    ? 
130.5 18.6  -3.0 
112.2   0.0   0.0 

 
 

Table 2.  Numerical Results of Projectile Impacting Sheet Clamped Along Two Sides 

Simulation Data 
Residual Velocity (ft/s) Initial Velocity 

(ft/s) 0 Degree 5 Degrees 10 Degrees 20 Degrees 
480.9 446.8 452.4 452.1 456.4 
405.8 374.7 376.3 374.3 379.3 
311.3 275.8 276.9 277.2 282.5 
272.5 236.4 - - - 
188.0 133.2 - 138.0 145.0 
130.5  11.0 -   26.4  74.1 

 
The numerical and experimental results are in good agreement near the ballistic limit.  At high 
velocities the simulation overpredicted the residual velocity.  This may be due in part to the lack 
of slip at the boundaries.  In the experiments, some slip occurred at the boundaries allowing the 
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fabric to stretch farther and absorb more energy.  This slipping occurred more at higher 
velocities. 
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Figure 14.  Initial Versus Residual Velocity of the Projectile Impacting a Sheet of Zylon 
(Experimental and numerical results are shown.) 

5.  CONCLUSIONS. 

A multiscale model was developed to describe the response of lightweight structural fabric.  An 
efficient numerical strategy was used to rapidly construct and numerically simulate the 
multiscale system.  The results from the large-scale simulations were compared to experimental 
observations and found to be qualitatively in good agreement.  To more accurately calibrate the 
model, larger simulations needed to be run to match the exact conditions of the experimental 
data.  This proved to be a difficult challenge.  The code and all results presented here were 
achieved using Matlab software.  However, the student version of the software was not designed 
to handle very large systems and proved inadequate for simulating any models larger than 10 
square inches.  Thus, the entire software program is being rewritten in another program 
language, i.e., FORTRAN, to be used in future simulations. 
 
In addition, there are various improvements that can be made to address the shortcomings of the 
model that would become apparent in more complicated impact scenarios.  For example, 
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frictional forces due to fibers and yarns sliding relative to one another, which was not taken into 
account, would be critical to capture the combing effect, whereby the yarn and fibers become 
bunched up.  This would be critical for simulating projectiles with tapered tips and would most 
likely also occur in impacts very close to the ballistic limit of the fabric.   
 
Another very realistic possibility would be a projectile coming in at an angle.  This would lead to 
projectile motion that is not confined to the z direction, like tumbling, and thus, the earlier 
assumption of confining the projectile to motion along the z axis would be inaccurate.  Video of 
actual test shots confirms that projectiles often exit the fabric sheet with some angular velocity.  
To allow for this motion, the projectile’s position and velocity could instead be determined by 
examining the forces and torques that result from its contact with the fabric sheet.  While more 
complicated, this would allow for movement and tumbling in all three dimensions.  Of course, 
the assumption that the projectile behaves as a rigid body is still quite reasonable and should not 
be abandoned. 

 
The main strength of this model is its ability to capture the basic behavior of structural fabric 
using only microscale information, Young’s modulus, and critical stretch of the fibrils.  The 
numerical results are in good qualitative agreement with experimental observations with respect 
to the overall timescale of the impact, the resulting shape of the deformation, and the type of 
failure experienced by the fabric.  Most importantly, this is all done without resorting to any 
phenomenological modeling. 
 
6.  GLOSSARY. 

Discretization:  Transforming a continuous model into a discrete number of elements.  In this 
case, a continuous yarn is transformed into a discrete number of trusses. 
 
Fibrils:  Long, thin pieces of polymeric material that are woven together to form a single yarn. 
 
Macroscale:  Scale that is observable to the naked eye. 
 
Microscale:  Scale that is too small to be easily observed by the naked eye. 
 
Multiscale modeling:  Modeling a material using information at multiple scales.  In this case, a 
microscale fibril simulation is worked in to a macroscale fabric sheet model. 
 
Node:  Point mass placed at the intersection of multiple yarn. 
 
Phenomenological modeling:  Representation of the material response by its macroscopic 
effective response, without accounting for the microstructural effects. 
 
Suture point:  Point where two yarn cross and are then pinned together. 
 
Yarn:  Made up of many microscale fibrils and then woven together to create the fabric sheet. 
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APPENDIX A—EXPERIMENTAL SETUP 

All tests performed at the University of California, Berkeley (UCB) were performed using a 
pneumatic gun.  Compressed nitrogen was used to propel cylindrical projectiles into the center of 
a fabric target.  The projectiles weighed 37.1 grams, were 1/2 inch in diameter, and 1 1/2 inches 
in length.  Pressures up to 1500 psi were reached. 
 
The initial velocity of the projectiles was measured using a series of lasers spaced 2 1/2 inches 
apart.  The time at which each laser was interrupted as the projectile crossed its path was 
recorded and used to determine the incoming velocity of the projectile. 
 
The impact was recorded using a high-speed video camera.  Using this video, the motion of the 
projectile after penetrating the fabric was examined and the residual velocity was determined.  
Figure A-1 shows a photograph of the test facility.  Figure A-2 shows a schematic of the test 
setup. 
 
 

 
 

Figure A-1.  Pneumatic Gas Gun Test Facility 
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Figure A-2. The Test Setup UCB Used in the Fabric Experiments 
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