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EXECUTIVE SUMMARY

This final annual technical report describes the progress made during Year 4 (January 1 through
September 30, 2001) of the SRI International (hereafter referred to as SRI) Phase II effort to
develop a computational capability for designing lightweight fragment barriers for commercial
aircraft. Fabrics of high-strength polymers have been shown to be excellent candidates for these
barriers.

Previous large-scale fragment impact testing of corner-peg-mounted fabric barriers performed at
SRI’s remote test site, showed that failure of the fabric around the pegged hole was a significant
factor in the barrier’s effectiveness. SRI designed and implemented a laboratory test to
characterize fabric failure behavior in the vicinity of a pegged hole. A series of these fabric
corner failure tests in both Zylon and Kevlar fabrics determined that significant energy can be
absorbed in corner tearing and showed the effect of various parameters on this energy.

SRI then performed a second series of large-scale fragment impact tests at Corral Hollow
Experimental Site (CHES), SRI's remote test site near Tracy, California, in which fabric barriers
were attached to a rigid fusclage frame through pegs near the four comers. The pegged corner
holes were positioned far enough from the fabric edges to allow significant comer tearing
without complete corner detachment. Tests revealed a relatively small effect of fragment roll
angle and a large effect of impact location (with respect to the center of the barrier) on the
ballistic efficiency of the barrier. In some cases, Kevlar could be as effective as or more effective
than Zylon, due to the larger fraction of impact energy consumed in producing corner tearing. A
considerable amount of data of large-scale fragment impact tests into Zylon and Kevlar fabric
ballistic barriers is now available for refining and verifying computational models.

SRI has developed a simplified finite element fabric model for use as a design tool for choosing
or evaluating parameters for fragment barriers. The design tool uses a continuum description of
the fabric, and the calculations run quickly (about 10 min for a 3000-element simulation of a gas-
gun test using 6-processors on a Linux cluster) and easily allow evaluation of changes in size of
fabric, number of layers, and method of gripping.

SRI evaluated the reliability of the model by performing computational simulations of push tests,
laboratory gas gun impact tests, and large-scale impact tests of Zylon fabric. The computed
deformation and failure behavior and the energy absorbed by the fabric during penetration agreed
with measurements to within about 20% for most cases.

In this report, the first section reviews the motivation for this program and briefly summanzes
progress previously achieved. The second section describes laboratory tests to characterize the
failure of fabric barriers around corner pegs and a second series of large-scale impact tests on the
fabric barriers performed at SRI’s remote test site. The third section describes progress on

ix



development of the computational model. The fourth section lists publications and presentations
and briefly describes two FAA Airworthiness Assurance Center of Excellence (AACE) Grants

awarded in late government Fiscal Year (FY)2001 to transfer the technology to the commercial
aircraft commumity.



INTRODUCTION AND BACKGROUND

Over the years, several civil aircraft accidents with catastrophic consequences have occurred
when fragments from in-flight engine failures damaged critical aircraft components. To reduce
the probability of catastrophic consequences from engine failures, the Federal Aviation
Administration (FAA) established the Aircraft Catastrophic Failure Prevention Research
(ACFPR) Program [1] to develop and apply advanced technologies and methods for assessing,
preventing, or mitigating the effects of such failures. In support of the ACFPR objective, SRI
International is conducting research aimed at developing lightweight barrier systems for turbine
engine fragments.

In Phase I of this program, SRI reviewed the rich body of armor technology held by the
Department of Defense to identify concepts, materials, and armor designs that could lead to
practical barriers to engine fragments on commercial aircraft {2]. Highly ordered, highly
crystalline, high-molecular-weight polymers were identified as the advanced materials holding
greatest promise for engine fragment barriers on aircraft. Specifically, fabrics of certain aramids
(Kevlar and Twaron), polyethylenes (Spectra and Dyneema), and polybenzobisoxazole (PBO,
Zylon) appeared able to provide a useful measure of ballistic protection in the most weight-
efficient manner. Furthermore, some of these materials appear to have sufficient flame
resistance, water absorption resistance, and thermal and acoustic insulation properties to serve as
building blocks for barriers.

In Phase I, SRI conducted a combined expernimental and modeling research program to
characterize the ballistic properties of these high-strength fabrics and develop a computational
capability for designing the barriers. During the first 3 years of the Phase II program [3,4,5],
small- and large-scale impact tests performed at SRI and full-scale fuselage impact experiments
performed at NAWC-China Lake, using real fragments or fragment-simulating projectiles,
confirmed that lightweight barriers made of a few plies of these fabrics absorb substantial
fragment energy. These tests indicated how the ballistic effectiveness of the fabric varied in
response to changes in the number of fabric plies, boundary conditions (how the fabric was
gripped), and fragment sharpness.

To assist in model development, tensile and friction properties of the fabric yarns were measured
at several strain rates. In addition, quasistatic penetration tests were performed with a tensile
machine and monitored with an audio-video camera to eclucidate the phenomenology and
evolution of fabric failure. Three different fabric failure mechanisms were observed and the
effects of multiple fabric plies and gripping geometry were investigated.



Computational models were developed at two levels of matenial detail to facilitate design of
barrier structures and assist in their evaluation. The more detailed model treats individual yarns
of the fabric explicitly, accounting for yam geometry, properties, interactions with each other,
and failure mechanisms. This model, implemented with brick elements in the LS-DYNA3D
finite element code, was used to examine postulated ballistic scenarios and compute the failure
behavior of yarns and fabrics under impact scenarios. Fragment barriers were designed using the
insights gained from the simulations, the barriers were constructed, and their performance was
evaluated in full-scale fragment impact experiments on a fuselage.

In the less detailed “enginecring design” model, the fabric is modeled in shell-element form,
which decreases the computation time significantly. This model was used to simulate fragment
impact tests, and is intended for use by aeronautical engineers in designing fragment barriers.



BALLISTIC TESTING OF FABRIC BARRIERS

The series of large-scale impact tests performed from September to November of 2000 using the
6-in.-bore gas gun located at CHES, SRI’s remote test site near Tracy, California, examined the
effectiveness of the fabric barriers to realistic fragment impact scenarios.

As discussed in the previous technical report [5], the results showed the importance of barrier-
airframe attachment conditions; that tearing of the fabric around each corner peg could be used as
an energy-absorbing mechanism. Therefore, before conducting further ballistic testing, SRI
performed a series of quasistatic laboratory fabric comer failure tests to gain an understanding of
the phenomenology of fabric corner failure and determine the energy absorbed in fabric failure
around a peg.

FABRIC CORNER FAILURE TESTS.

A laboratory test, called the fabric corner failure test, was designed to examine fabric behavior in
the vicinity of a pegged commer. As shown in figure 1, the test is performed on the MTS servo-
hydraulic mechanical testing machine and uses some of the same fixtures from the previously
reported [3] quasistatic penetration (pull) tests and yam pullout tests. A square sheet of fabric is
folded in half and tightly gripped along one diagonal to form two triangular test specimens. A
square hole is cut in the comer of each specimen at a specific distance from the corner. The
fabric is inserted between two transparent acrylic plates attached to a clevis, a cylindrical peg is
inserted through the hole in the fabric and the plates, and the specimen is pulled at a constant
rate, usually until the peg tears through to the fabric edge. The stroke (deflection of the grip with
respect to the peg) and the load (force that the fabric exerts on the peg) are continuously
recorded, while a videocamera and microphone capture detailed visual images and acoustic
emissions of the fabric deformation and failure around the pegged hole.
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TEST MATRIX. A matrix for the corner pull tests is given in table I, including test parameters,

resultant energy absorbed, E,, and the quantitative yarn damage results. Parameters that were varied
mcluded:

. Fabric Material — baseline material was Zylon 35x35; a few tests were performed on Zylon
35x35, Zylon 40x40, and Kevlar 32x32. The Zylon fabrics had 500-denier yarns, while the Kevlar
fabric had 400 denier varns. A more complete description of the fabrics is presented in table 2.

. Pull rate — baseline pull rate was 7.5 in./s (19 com/s), which is the fastest rate available on the MTS
machine; a few tests were performed at 0.075 in./s (0.19 cm/s).

. Hole size (equals peg diameter), P (in figure 1 and table 1) — baseline size was 0.75 in. (1.9 cm); a
few tests were performed with size 0of 0.25 in. (0.6 cm).

. Distance of hole (peg) from fabric edges, D, — from 1.0 to 5.0 in. (2.5 to 12.7 cm).

. Distance of hole (peg) from grip, D, — from 4.0 to 8.2 in. (10.2 to 20.8 cm).

. Shape of the fabric test piece - baseline geometry was a right isosceles triangle (half of a square
sheet folded along a diagonal) tightly gripped for 5 in. (12.7 c¢m) along the midpoint of the
hypotenuse, with a 0.5-in. (1.3-cm)-wide gap on each side to clear the end of the clamping bar.
Other configurations decreased the length of the gripped section, increased the gap at the end of the

grip, or eliminated material outside of lines perpendicular to the grip at each end (see figure 1).

Some tests were performed with modifications to the fabric test piece to increase (e.g., a hem around the
fabric, as in Tests 19A,B) or decrease (e.g., slits cut in the fabric between the hole and the corner, as in
Tests 16-18A,B and 19B) the energy needed to tear through the fabric.

TEST RESULTS. Figure 2 shows a typical load-stroke curve (from Test 8A). First, the fabric deformed
around the peg without any yarn rupture as the load rose to an initial peak. Yam rupture began at the

peak and the load dropped to a rough plateau as yarn rupture continued intennittently.* As the peg
neared the fabric edge and the force necessary to overcome the frictional forces between yarns became
less than that needed to rupture the yamn, the failure mode switched from local rupture to yarn pullout,
and the load decreased to zero as the remaining yarns were pulled out of the fabric. The test results were
repeatable within £10% for both energy absorbed and yarn failure.

* There are local peaks within the plateau that reach levels close to the initial peak. These later peaks may identify
where the rupture switches from yarns in one direction to yarms in the other perpendicular direction.
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TABLE 2. HIGH-STRENGTH WOVEN FABRIC MATERIALS

Trade Name® Zylon-AS Kevlar-29
Material PBO {polybenzobisoxazole) P-Aramid
Volume Density (g/em ) 1.54 1.44
Nominal Yam Denier” 500 400
Mesh (yamsfin.) 30 x30 35x35 40 x 40 32x32
Thickness (in.) 0.0c8 0.007 0.009 0.007
{mim) Q.15 0.19 0.23 0.18
Areal Density (gicm?) 0.013 0.0158 0.0185 0.0113
{lo/ft2) 0.0266 0.0324 0.0378 0.0232

2 Zylon was supplied by Toyoba Co., Ltd., Osaka, Japan; Kevlar was obisined from Fabri¢ Develcpment Inc., Quakertown, P/
® Denier denotes linear density of yarns in terms of grams per 8 kilometers. Actual values varied by +10% from nominal value

In Test 8A, for example, the distance between the hole and the fabric edges, D¢, was 5 in. The
plateau of intermittent yarn rupture extended over more than 6 in. of stroke; 300 yarns ruptured
(167 in one direction and 133 in the other) before the final 8 yams were pulled out (see figure 3).
On the other hand, in Test 4A, where De was only 1 in., no yarns were ruptured; all 35 yarns
between the hole and fabric edge failed by yamn pullout (see figure 4). '
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