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EXECUTIVE SUMMARY

This interim technical report describes the progress made during year 3 of the SRI International
Phase II effort to develop a computational capability for designing lightweight fragment barriers
for commercial aircraft. Fabrics of high-strength polymers have proven to be excellent
candidates for these barriers.

A series of large-scale fragment impact tests was performed at SRI’s remote test site to
characterize the resistance of full-scale fabric barriers to realistic fragment impact and provide
data for model calibration and verification. These tests have demonstrated the importance of
allowing material failure to occur near the held corners of a fabric barrier, but not allowing the
corner to detach from the fuselage frame. In addition, SRI designed and implemented laboratory
tests to characterize the cut resistance of the fabric yarns to sharp blades. Results show a strong
effect of the slicing angle upon the energy absorbed during yarn failure.

Simulations using the detailed computational fabric model showed the effectiveness of holding
the fabric at the corners. A time-efficient, user-friendly design model for fabric barriers is being
developed. The model, previously calibrated against small-scale gas gun tests, was used to
simulate the large-scale fabric impact tests. The results of the simulations showed that the
current model is stiffer and stronger than the measured response of the fabric.
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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 in future 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 effect 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 documentation 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]. Because of their low density
and high strength, 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.

Phase II is a combined experimental research and computational modeling program to
demonstrate and characterize the ballistic properties of these high-strength fabrics, and develop a
computational capability for designing the barriers. During the first 2 years of the Phase II
program, SRI conducted small-scale impact tests at its remote test site, as well as full-scale
fuselage impact experiments at Naval Air Warfare Center (NAWC), China Lake, using real
fragments or fragment-simulating projectiles. These tests confirmed that lightweight barriers
made of a few plies of these fabrics can absorb a substantial amount of fragment energy. SRI
determined how the ballistic effectiveness of the fabric varied as a result of changes in the
number of fabric plies, boundary conditions (how the fabric was gripped), and fragment
sharpness.

To assist in model development, SRI performed quasi-static penetration tests with a tensile
machine in conjunction with an audio-video camera to elucidate 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. Tensile and friction
properties of the fabric yarmns were measured at several strain rates.

Computational models were developed at two different levels of material detail to facilitate
design of barrier structures and assist in their evaluation. The detailed model treats individual
yams of the fabric explicitly, accounting for yarn 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 simulate ballistic experiments 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 design model, the fabric was modeled with shell elements, which decreases the
computation time significantly. This model was also used to simulate the fragment impact tests,
and is intended for use by aeronautical engineers in designing fragment barriers.

At the conclusion of this program, a computational model and information on advanced materials
that will enable airframers to design and evaluate lightweight engine fragment barriers will be
developed. An important direct result of this effort will be practical fragment barriers that could
be implemented on commercial aircraft.

This 1s a report of the progress made during calendar year 2000. The first section describes the
large-scale impact tests on the fabric barriers performed both at NAWC-China Lake and at SRI’s
remote test site. The second section describes progress on the computational model
development. The third section discusses technology transfer. The final section outlines plans
for calendar year 2001. The work on the resistance of yarns is described in appendix A.

LARGE-SCALE IMPACT TESTING OF FABRIC BARRIERS

Large-scale impact tests were performed using both the NAWC 12-in.-bore gas gun at China
Lake and the SRI 6-in.-bore gas gun to examine the effectiveness of the fabric barriers to realistic
fragment impact scenarios. These tests involved actual fan or compressor blade fragments,
weighing between 166 and 597 g (0.37 to 1.32 1b), and traveling at velocities up to 271 m/s (890
f/s), in the range of expected velocities for uncontained fragments.

FUSELAGE IMPACT TESTS AT NAWC-CHINA LAKE.

In October 1999, SRI International, in conjunction with the NAWC, performed a second series of
full-scale fragment impact tests on a commercial transport aircraft fuselage section at China
Lake, CA. The principal goals for this series were to (1) test the effectiveness of the fabric
barriers against larger, more energetic engine fragments (in particular the type of fragments
identified by analysis in the large engine debris report [3]) and (2) investigate the effect of
various barrier attachment schemes on the ballistic capability. Last year SRI presented a
preliminary report [4] that included a detailed description of the experimental procedure and the
test matrix and a qualitative description of the test results. However, the analysis of the tests,
including a determination by NAWC of the impactor (projectile) velocities and orientations from
the high-speed movies, were not complete at that time. A review of the test setup and matrix is
given below, along with the final test results.

TEST SETUP. The relevant test parameters are shown in table 1, including the mass and
dimensions of the fragment impactor, the materials, dimensions, areal densities, locations, and
attachment methods for the fabric barriers.




TABLE 1, SRI FUSELAGE IMPACT TESTS AT NAWC-CHINA LAKE (OCTOBER 1999)—TEST MATRIX AND RESULTS

I Fuselage Location: Al Skin

Test Fabric Barrier® Fragment Impactor Measured Impact: Residual | K.E. Absorbed by:° SEA°
No. | Material® Areal {Width Height{ Total Fabric |Method | Sec- Thick- |Mass Dimensions Roll | Yaw |Pitch |Obli- | Velo- [Kinetic |Velo- | Lost | Fuselage | Fabric |(__ kdJ
Mesh, {Density Area | Mass of tions ness Th. | W. L quity | city |Energy | city Structure |Barrier | glcm 2 )
Number j(g/cm 2) (cm) | (cm) (mz) (g) {Attach- | below (cm) @ i1emilem|[@cm [O]O 1O O |ms)] k) (m/s) (kd) (kJ) &J) |( kit-Ib
CL-| ofplies fabmt 2 Gn) | Gn) 1@ 2| () | ment®|Window! ¢in) | b §Gn) {Gn) | Gn) @rs) |@eitb) | @s)  |oeitab) | o) ) | obm 2
18 | 2y |35]|3} 0.047 | 826 | 622} 15| 166 G/P 2nd 0.165 |166 {055 | 76| 102(-19] 51| -8| O | 271 6.1 134 4.62 1.71 292 61.5
0.097 [ 325 2451166 ] 0.37 0.065 10371022 | 3.0 4.0 890 4.5 439 3.41 1.26 2.15 22.2
19 | Zy 135(3] 0.047 | 826 622 15| 166 G/P 2nd 0.170 }166 |055 | 76 10.21-26 ] 55| -34 | 0 | 239 48 0 4.75 1.55 3.21 > 68
0097 | 325 245]1661 0.37 0.067 1037 ]0.22 | 30 4.0 785 3.5 0 3.51 1.14 2.36 > 24
20 |Kevi32137 0034 | 826 | 622| 15 166 G/P 2nd 0160 181 1064 | 76| 102 (12 |-87] 16| 0 | 223 45 0 452 1.43 3.09 >91
0.069 | 325 | 2451 166 | 0.37 0.063 |0.40 025 | 3.0 4.0 733 3.3 0 3.33 1.06 2.28 > 33
21 |Sped32{3]| 0032 | 826 | 622} 15| 166 G/P 2nd 0259 (1811064 | 76| 102} 13} 18| 22| O | 240 52 0 522 1.29 3903 | »121
0066 | 325 | 2451} 16.6 | 0.37 0.102 [0.40 | 0.25 | 3.0 4.0 788 3.9 0 3.85 0.95 2.90 > 44
22 { 2y {35]6} 0.095 |211 622 7.9 850 P 2nd & | 0241 597 |0.84 {140} 17.8] 27|-22} 10| O | 246 | 1841 174 9.09 2.85 6.24 65.9
0194 | 83014 245)84.7] 187 3rd 0095 113210331 55 7.0 808 13.4 570 6.71 2.10 4.61 23.7
29 None —_ | — — ] — | — ] — | 18t& 0216 |475 |os6'|12.7| 203 |-60 | 90 0] 15 | 256 | 156 NA. | NA. N.A. N.A. N.A.
2nd® 0.085 110561022 | 50 8.0 840 1-115
30 | Zy |35]1| 0126 | 45.7| 381 | 3.4 371 |Unheld] 1st& 0216 |475 [0567[12.7| 20.3|-69}-10| -49 | 15 | 258 | 158 30 15.62 5.38 10.24 81
0.259 180 | 150 369 | 0.82 2nd? 0.085 |1.05}0.22 5.0 8.0 847 1.7 99 11.52 397 7.55 292
6 t 826 622 *© t G/P
1 325 245 1 1
1 1 457 | 3841 t t G
1 180 ] 150 T T .
31 | 2y {35]3] 0047 | 826 | 62.2| 15| 166 G/P 2nd 0216 |187 {079 | 76| 102}-20|-78 | -27 | 15 | 240 54 98 450 2.05 2.46 51.8
0.097 [ 325] 245] 1661 0.37 0.085 10.4110.31 3.0 4.0 788 4.0 321 3.32 1.51 1.81 18.7
32 | 2y |35]6]} 0095 | 826 | 622 3.1 333 GP |2nd& | 0274 |482 |0567|127] 203 3| 38 91 15 | 222 | 119 N.A. | NA. 4.86 N.A. N.A.
0194 | 3251 2451332 | 0.73 3rd 0108 |10610.22 | 5.0 8.0 728 8.7 3.59
33 | 2y [3516) 0.095 (211 (124 15.7 | 1700 |GPawv | 1st& | 22-27 | 481 {os6'[12.7] 203 | so| -4 5|15 | 256 | 158 117 | 12.46 1.58 10.88 115
0194 | 8301 490 169 | 3.75 2nd® |085-11 |1.06 1022 | 50 8.0 840 11.6 385 9.19 1.17 8.02 41
34 | zy |35]|6] 0095 | 826 6221 34| 333 |[GPwW | 1st8 |22-27 {413 [os6'[12.7] 17.8] 22| 33 81 15 | 241 11.9 NA. | NA 4.26 N.A. N.A.
0194 | 3257 2451332 ] 0.73 2nd® |.085-11 10911022 5.0 7.0 789 8.8 3.14
36 | 2y |35]|4] 0158 | 826 ] 622|178 1922 | G/P | 2nd& | 0.234 [419 | 069 {102| 17.8] 4|-34| -7} 15 } 265 | 147 0 14.75 423 10.52 > 67
0324 | 325 245 191] 4.24 3rd? 0.092 (092]027 | 4.0 7.0 870 109 0 10.88 312 7.76 >24
é t 211 1124 t t o |GPW
T 8301 490 1 1

® Fabric barriers were located upstream of the insulation blanket, except for the last ply in Test CL-30, which was upstream of the interior wall panet ((WP).

b« E. absorbed by fuselage structure” was calculated from FAA JTCG mode! by NAWC-China Lake based upon their tests without fabric barriers; "K.E. absorbed by the fabric barrier”
is the difference between the total K.E. lost and the K E. absorbed by the fuselage structure (K.E. absorbed by insufation and |.W.P. are considered negligible).
© Specific Energy Absorbed — K.E. absorbed by the fabric barrier divided by lts areal density; for tests where residual velocity was zero, the SEA of the barrier is a lower bound.
9«2y Is Zylon, "Kev" I8 Kevlar, "Spec” is Spectra; miesh Is in yarns per inch.

° G-—~glued (epoxied around periphery), P—pegged (holes cut in fabric fit around rubber protrusions on fuselage frame), W—washers (attached to protrusions to help retain fabric barmier).

" These impactors had small triangular fins extending outward on both faces.
9 In these tests, the fragment impacted a stringer behind the fuselage skin.




Fragments as large as 5 in. wide by 8 in. long and weighing as much as 597 g (1.32 Ib) were used
for some tests (these are referred to as the “large” fragments), and these were launched at yaw
angles as high as 45°. Other tests used 3-in.-wide by 4-in.-long fragments (referred to as
“standard” fragments), weighing 166 to 181 g (0.37 to 0.40 Ib), and were launched at 0° yaw.
Fragment velocities ranged from 222 to 271 nv/s (728 to 890 f/s) and kinetic energies from 4.5 to
18.1 kJ (3.3 to 13.4 kft-1b). In tests with the smaller impactors, the impactor passed through the
skin only without impacting any of the stringers. In tests with the larger impactors, particularly
tests involving large yaw, either the impactor encountered the stringers or the stringers were
removed before testing to eliminate impact. Impact obliquities were either 0° or 15°.

The fabric barriers consisted of three to ten plies of Zylon 35 x 35 weave, except for one test
which used Kevlar 32 x 32 weave and one with Spectra 32 x 32 weave. The arrangement of the
fabric barriers within the fuselage wall is shown in figure 1. The fabric barriers were usually cut
approximately the same width as the insulation blankets (see figure 1), and holes were cut near the
vertical edges of the fabric at the same location as the holes in the insulation. For most tests, the
fabric plies were glued to the insulation blanket (using epoxy along a thin rectangle near the fabric
periphery) as shown in figure 2, and the holes in the fabric and insulation blanket were fastened
around the protrusions in the fuselage frame ribs. Since the horizontal distance between the holes
on the fabric was significantly greater than the distance between adjacent frame ribs (the fabric
and insulation fold down into the recess between the ribs), there is substantial room for fabric
stretching and deformation before the fabric tightens against the rib protrusions. For some tests,
the barrier extended over three vertical fuselage frame segments but was glued to the insulation
blanket only in the middle segment, the segment in which impact occurred.

Fuselage Skin Fuselage Frame Insutation Interior Wal
(folds into recess Panel (IWP)
between ribs}

(horizontal (vertical frame

Retain Fabri
frame element) element) to Halp in Fabric

Barrier (in some tests)

Flbric Bani67 mwmﬁi&:w

Pratrusions < fastan <-- Holes in Fabric
on Frame around and Insulation

FIGURE 1. EXPLODED VIEW OF FUSELAGE WALL SHOWING REGIONS OF
FRAGMENT IMPACT AND VARIOUS LOCATIONS OF FABRIC
BARRIERS FOR OCTOBER 1999 TESTS AT CHINA LAKE




Holes in
Fabricand —> Fit Onto -> Pratrusions on Frame Ribs
=1-in. wide Insulation

{a) Zylon fabric barrier glusd to insulation blanket {b) Boeing 727 fuselage vertical frame segment

FIGURE 2. PRETEST PHOTOS OF ZYLON BARRIER AND REGION IN FUSELAGE
WHERE IT WAS PLACED

In most tests, the fabric extended vertically from the bottom of the window to the third stringer
below the window, a distance of about 24 in. (62 cm). Although in a few tests, some of the fabric
plies extended vertically up to one stringer past the window frame, a distance of 49 in. (124 cm).
In one test, the last ply was glued to the interior wall panel, and in another test, the first ply was
unheld (merely taped lightly in place).

After it had been determined that the flexible plastic clips, which are used to hold the insulation
blanket in place on the frame protrusions, had failed to prevent the fabric barrier from slipping off
the frame protrusions in some of the higher-energy tests. Thin, wide metal washers (called
“fender” washers) were then screwed onto the frame protrusions (see figure 3) to assist in
retention of the fabric. These washers were used only on the frame protrusions that were not in
the same horizontal band as the impact region. For tests that extended over three vertical fuselage
frame segments, the washers were used only on the outermost frame protrusions.




Thin Steel Sheet Metal
Washer Screw

Zyton
Fabric

FIGURE 3. DETAIL OF FABRIC BARRIER INSTALLATION SHOWING ORIGINAL
PLASTIC CLIPS AND ADDED METAL WASHERS AND SCREWS

TEST RESULTS. Table 1 shows the quantitative test results, in terms of impactor orientations
(determined from the last video camera image prior to impact), impact and residual velocities,
kinetic energy losses, and specific energy absorbed (SEA), which is the kinetic energy absorbed
by the barrier divided by its areal density. It should be noted that to determine the energy
absorbed by the fabric barrier, the energy absorbed by the fuselage structure (calculated by
NAWC-China Lake using their impact test data and the FAA Joint Technical Coordinating Group
for Munitions Effectiveness (JTCG/ME) model* must be subtracted from the total kinetic energy
lost by the fragment (determined from impact and residual velocities). Table 2 shows the
qualitative test results and comments on barrier damage and corner retention. Figure 4 shows a
graph of the energy absorbed by the fabric barrier versus barrier areal density for all of the tests.

* The calculations for energy absorbed by the fuselage structure were provided by Steve Lundin of NAWC-China
Lake. These values have some uncertainties, particularly when structural elements other than the aircraft skin
(e.g., stringers) are impacted, because the model does not take into account the geometry of these elements.
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TABLE 2. FUSELAGE IMPACT TESTS—QUALITATIVE RESULTS AND COMMENTS

Test Fragment Number
No. | Penetrated Into of Plies
CL- | Fuselage Interior | Perforated Comments

18 Yes 3of3 —

19 No 0of3 Only a few yarns cut on each ply.

20 No O0of3 Nearly perforated all three plies.

21 No 0of3 Roughly half of the yarns necessary for perforation were cut
on all three plies.

22 Yes 60f6 Barrier stretched over three vertical frame segments

29 Yes — — — | Baseline test without barrier, for large fragment test
conditions.

30 Yes 1 of 8 Zylon barrier slipped off frame protrusions allowing
fragment encased in fabric to enter fuselage. IWP broke
away from the frame.

31 Yes 30f3 —

32 Yes 0of6 Barrier slipped off (or broke) frame protrusions allowing
fragment encased in fabric to enter fuselage. TWP broke
away from the frame.

33 Yes 6 of6 Barrier stretched over three vertical frame segments, with
washers on outermost frame rib protrusions only.

34 Yes 0of 6 Three of four corners with washers failed to retain fabric,
and part of IWP broke away from frame, allowing fragment
to enter fuselage.

36 No 10of10 Barrier stretched over three vertical frame segments, with
washers on outermost frame rib protrusions only.

The results of the tests showed that for large-real-turbine airfoil fragments, control of the impact
orientation was difficult. The airfoils would rotate as they moved from the sabot to the fuselage
structure. There was a noticeable decrease in accuracy when the larger 12-inch gas gun was used
to fire larger fragments from the earlier full-scale testing with the 6-inch gun [4 and 5]. The
motion and impact orientation are, however, well documented in the high-speed film providing
valuable test data. The resulting database will be useful for evaluation of the final material and
failure models. At the current program stage, the test point scatter makes relative comparison of
the materials from this data difficult.

Standard Fragments. For the two tests involving the standard fragments impacting three-
ply Zylon barriers, the SEA ranged from 52 to >66 kJ/g/em® (19 to >24 kft-Ib/Ib/ft?) when
fragment penetration occurred. For the three tests in which the standard fragment was stopped by
a three-ply barrier, the SEA ranged from >68 kJ/g/cm® (224 kft-1b/Ib/ft?) for Zylon, to 291
kJ/g/em? (233 kft-1b/1b/ft?) for Kevlar, to 2122 kJ/g/em? (244 kft-Ib/b/ft?) for Spectra. Although
these test results may appear to rank Spectra, Kevlar, and Zylon in decreasing order of ballistic
efficiency as fragment barriers, examination of the recovered barriers (see comments in table 2)
clearly show that Zylon was the least damaged of the three, with only a few yarns cut, followed
by Spectra, with roughly half of the impacted yarns cut, and then Kevlar, with nearly all impacted




yarns cut. So, for example, Zylon’s potential SEA was much greater than the lower bound value
shown, while the potential SEA for Kevlar was only negligibly greater than the lower bound
value. The Zylon barrier could have taken significantly more additional kinetic energy before it
was penetrated than could the Kevlar barrier. Also, the impact orientations for these three tests
were different. The different impact areas and number of yarns that needed to be cut for
penetration complicates a direct comparison of the tests. A direct comparison of Zylon, Kevlar,
and Spectra was described in an earlier report [4].
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Large Fragments. For the five tests involving the large fragments impacting six- to ten-ply
Zylon barriers, the results were as follows:

. In test 33, with the barrier extending across three vertical frame segments, the fragment
penetrated the fuselage interior by perforating all the barrier plies. SEA was 115 kJ/g/cm’
(41 kf-Ib/b/RD).

° In tests 30, 32, and 34, with the barrier only one vertical frame segment wide, even though
the fragment perforated, at most, the first ply of the barrier, the fragment penetrated into
the fuselage interior because the barrier (along with all or part of the interior wall panel
(IWP)) slipped off the frame due to retention failure at the frame protrusions (despite
presence of washers in test 34). SEA was 81 kJ/g/cm’ (29 kft-Ib/Ib/ft%) for test 30, but
was not determinable for tests 32 and 34 because the residual velocity of the fragment
could not be measured.




. In test 36 where penetration was prevented, the barrier, which extended over three
vertical fuselage frame segments, remained attached to the outermost frame ribs (the
washers may have helped here) and perforated only the first of its ten plies. SEA was
>67 kl/g/em® (224 kft-Ib/Ib/ft). 1t is very likely that fewer than ten plies would have
prevented the penetration in this case.

CONCLUSIONS. These tests reconfirm that Zylon fabric is an exceptionally efficient fragment
barrier. The SEAs in these tests are similar to those in the earlier series of fuselage impact tests.
For fragments weighing around 175 g (0.4 Ib), traveling at the maximum velocities expected for
uncontained fragments around 265 m/s (780 {/s), three to four plies of Zylon, with areal densities
around 0.05 g/cm?® (0.1 1b/ft?) extending across a single vertical frame element, will likely be
sufficient to prevent penetration. Since these impact energy levels are generally below what is
required to tear the IWP off the frame, thereby releasing the barrier corner restraints, the exact
barrier attachment method does not appear to affect the ballistic results significantly. SEAs from
these tests, where the corners of the fabric barriers were fastened around the frame protrusions
while the barrier was glued near its periphery to the insulation blanket, were in the same range as
those from the previous fuselage impact tests, where the barriers were glued but not fastened to
the frame.

For large fragments weighing between 400 and 600 g (0.9 to 1.3 lb) and traveling at maximal
expected uncontained fragment velocities, eight to ten plies of Zylon, with areal densities of
around 0.15 g/em® (0.3 Ib/ft?), appear to be sufficient to prevent penetration. This will be
sufficient only if adequate measures are taken to prevent the corners of the barrier from slipping
off their connection to the fuselage frame. The precise number of plies needed will be affected
by the horizontal and vertical extent of the barrier. A barrier that is longer in the vertical
direction, or extends over more than one vertical frame element, will require fewer plies. The
impact energies involved in these tests are more than sufficient to

. tear the IWP from the frame
o rip the fabric from around the frame protrusions
. and in some cases, bend or fracture the attachment hardware

It is therefore important to design and test corner retention schemes that (1) avoid fabric corner
failure, (2) retain the fabric on the frame, and (3) do not cause unacceptable levels of frame
deformation or failure around the attachment hardware.

LARGE-SCALE IMPACT TESTS AT SRI’'S REMOTE TEST SITE.

SRI recently completed the first series of 15 large-scale fragment impact tests using the 6-in.-
bore gas gun located at Corral Hollow Experiment Site (CHES), SRI’s remote test site near
Tracy, California. This test facility enables large-scale fragments to be accelerated into full-scale
fabric barriers at velocities in the range expected for uncontainment scenarios, and with
negligible impactor rotation, thus allowing for the systematic variation of individual parameters
that is necessary for optimizing the ballistic response of the barrier and for calibrating and
verifying the computational models. The parameters to be varied during these tests included




barrier geometry (attachment method, lateral fabric size, degree of slack), number of plies, and
the presence or absence of auxiliary structures (e.g., insulation and IWP).

As discussed the Computational Modeling of Fabric Barriers section, simulations with the
detailed model indicated that holding the fabric at the four corners yielded higher energy
absorption than gripping on two or four sides. Therefore, corner pegging was selected as the
baseline barrier attachment method for these tests. In addition, implementation of the shell
element design model allowed for the simulation of the complete fabric barriers for the large-
scale tests.

TEST CONFIGURATION AND PROCEDURES. The 6-in.-bore gas gun test facility is shown
in figure 5, and a matrix of test parameters is given in table 3. For this first series of tests, the
intended impact obliquity was 0° (the target barrier was perpendicular to the axis of impact), and
the intended roll, yaw, and pitch angles were 45° (from vertical-—the fabric was positioned so
that the yarns were vertical and horizontal), 0°, and 0°, respectively.

Sections of a commercial transport aircraft fuselage—the same type of plane used in the China
Lake fuselage impact tests—were obtained for use in some of.these tests, along with the

insulation blankets and IWPs.* A rigid fixture (made of Unistrut™ beams reinforced by box

beams) was constructed near the muzzle of the gun for mounting the fuselage section (see figures
5(c) and 6).

The fabric barrier was typically glued to the outboard side of the insulation blanket and holes
were cut in the fabric at the same locations as the holes in the insulation (as shown in figure 2 for
the China Lake tests). The fabric was then pegged to the frame by slipping the holes at the four
corners only around the frame protrusions (see figure 7), using thin bolts and washers to secure
the IWP to the frame through these protrusions. With the fabric and insulation positioned on the
frame ribs, there is a horizontal slack in the fabric of ~5.5 in. at the upper two holes, a horizontal
slack of ~10 in. at the lower two holes, and negligible vertical slack. This is referred to as the
“standard™ barrier geometry.

In tests 102 and 104, the fabric was glued only and not pegged. In tests 106 through 109, the
fabric was pegged only and no insulation blanket or IWP was used. The fuselage skin was
removed in the region of impact to avoid having to replace it for each test, and because the

energy absorbed by the skin was well characterized by tests performed by NAWC at China Lake,
it would not vary for the same fragment orientation.

* Although the insulation blankets obtained were identical to those in the China Lake tests, the IWPs were not. They
were the old-style, ~0.025-in.-thick aluminum panels, stretching over one vertical frame segment, instead of the
more modern, ~0.25-in.-thick, plastic honeycomb/fiber-reinforced resin composites, stretching over two frame
segments. They proved not to be as effective an auxiliary component of a fragment barrier, because upon
perforation. the aluminum peeled back, opening up a large hole, which did not offer nearly as much drag to the
unperforated fabric barrier as did the small perforation holes created in the composite I[WPs.

** Manufactured by Unistrut Corporation, division of Tyco International Ltd., Itasca, Illinois.
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FIGURE 5. LARGE-SCALE FRAGMENT IMPACT TEST SETUP AT SRI'S
REMOTE TEST SITE
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TABLE 3. TEST MATRIX FOR FIRST SERIES OF LARGE-SCALE IMPACT TESTS AT SRI’S REMOTE TEST SITE

Test Impactor® Fabric Barrler Resuits SEA’
No. |[Mass | Velo- | Kinetic |Materlal, Areal Dimensiona |Auxillary | Attachment Melhod(s)c Fragment Stopped? Residual KE. (__kd
city | Energy Mesh, Density |Horlz. {Vert. |Struc- if so, max. axial Velocity | Absorbed g/cm’)
(@) |(ms) (kJ) Number (g/cmz) (cm) | (cm) tures Corner Hola Pattern (centar-to-center, fabric deflection (m/8) (kJ) (_kft-lb
(b) | (is) ] (kAib) of Plies | b/ Gn) |} Gn) vert x horiz) and Slack Geametry” Gomec Failue?’ {(ffs)y | (xitib) b/
101 1 172 231 4.59 |Zylon {35 j3| 0.047 | 83.8 | 62.2 ]| Fuselage | Glued and Pegged No 202 1.08 23.0
0.39 758 3.38 0.096 33.0 | 24.5 | tnsNAWP Standard None 663 0.80 8.3
102 [175 231 467 |2ylon {35 j3| 0.047 | 83.8 } 62.2 | Fuselage | Glued No 188 1.58 335
0.40 758 3.44 0.096 33.0 | 245 | Ins/WP Standard Slack —— 617 1.16 12.1
103 175 231 467 |[Zylon {35 |6] 0094 | 83.8 | 62.2 | Fuselage | Glued and Pegged No 163 2.34 249
0.40 758 344 0.193 | 330 | 245 { Ins./IWP Standard 1 535 1.73 9.0
104 175 228 455 |Zylon | 35 |6] 0.094 | 83.8 | 62.2 | Fuselage | Glued No 138 2.88 30.6
0.40 748 3.36 0.193 33.0 | 245 | Ins/IWP Standard Slack e 453 2.12 11.0
105 17§ 191 319 |Zylon |35 |6] 0.094 } 83.8 | 62.2 | Fuselage | Glued and Pegged Yes, <43cm  (<17in.) 0 >3.19 >34.0
0.40 626 2.35 0.193 33.0 | 245 | InsJIWP Standard None 0 > 2.35 >12.2
106 |175 191 3.19 {Zylon {35 [4| 0.063 | 83.8 | 62.2 | Fuselage | Pegged No® < 60 >2.88 > 457
0.40 626 2.35 0.129 33.0 | 245 Standard All | <197 >2.12 > 16.4
107 175 208 3.79 {Zylon |35 |4] 0.063 | 83.8 | 62.2 | Fuselage | Pegged No 132 2.26 359
0.40 682 2.79 0.129 | 33.0 | 245 Standard except top holes lowered 2 in. 1 433 1.67 12.9
108 175 124 1.35 |Zylon {35 |2] 0.031 83.8 | 62.2 | Fuselage | Pegged Yes,-56cm  (-22in) 0 >1.35 >434
0.40 407 0.99 0.063 | 33.0 | 245 Standard except top holes lowered 2 in. 2or3 0 > 0.99 > 15.6
109 |175 144 1.81 |2Zylon |35 {2] 0.031 | 83.8 ] 62.2 | Fuselage | Pegged No 46 1.63 52.7
0.40 472 1.34 0.063 33.0 } 245 Standard except top holes lowered 2 in. 2o0r3 150 1.20 19.0
110 175 146 1.87 [Zylon |35 {2| 0.031 | 86.4 | 62.2 _ Pegged Yes, -51cm  (-20in.) 0 >1.87 > 60.2
0.40 479 1.38 0.063 | 34.0 | 245 20 in. sq. hole pattern, std. slack 2or3 0 > 1.38 >21.7
111|175 149 194 |Zylon | 35 j2| 0.031 | 86.4 | 62.2 —_— Pegged, wholes doubled” No 72 1.50 48.2
0.40 489 1.43 0.063 34.0 ] 245 20 in. sq. hole pattemn, no slack None' 235 1.10 17.4
112|175 136 1.62 |2ylon |35 J2| 0031 | 86.4 | 62.2 _— Pegged, wholes quadrupled" No 46 143 46.3
0.40 446 1.19 0.063 340 | 245 14.5 x 20 in. hole pattern, 5 in. honz. slack None' 150 1.06 16.7
113 {175 135 1.59 |Zylon |35 [2] 0.031 | 86.4 | 62.2 _— Pegged, w/holes quadrupled" No? < 22 >1.55 > 50.1
0.40 443 1.18 0.063 340 { 245 14.5 x 20 in. hole pattern, 5 in. horiz. slack All | < 72 >1.15 > 18.0
114 177 137 1.66 |Zylon |35 |2} 0.031 71.1 1126 e Pegged No 83 1.05 34.0
0.41 449 1.23 0063 | 280 | 495 41.5 x 20 in, hole pattemn, no slack None 272 078 122
115 {177 121 1.29 |Zylon {35 J2| 0031 | 71.1 [126 — Pegged Yes, -51cm  (-20in.) 0 >1.29 >415
0.41 395 0.95 0.063 28.0 {49.5 41.5 x 20 in. hole pattemn, no slack 1 0 > 0.95 > 14.9

3 All tests had 0° + 1° impact obliquity, 0° £ 1° pitch, 0* + 10* yaw, and 45° £ 15* (usually + 4°) roll.
b Specific Energy Absorbed (SEA) — K.E. absorbed divided by areal denslty; for tests where residual velocity was zero, the SEA is a lower bound.

¢ Glued — as in Figure 2; Pegged — at 4 comers through 1-in.-diam. holes; w/holes doubled — vertical seams on 2 sides; w/holes quadrupled — seams on 4 sides.
d standard geometry (see Figure 2, but pegged at 4 corners only), includes varying horizontal slack (5.5 in, at top —10Q in. at bottom) and negligible vertical slack.

® Fabric comer detaching from frame, by fabric tearing from hole to edge, by hole in fabric growing and slipping over retention hardware, or by hardware failure.

t Fiber optic velocity sensors did not work, so impact velocity was obtained from high-speed camera record.
2 Fragment did not perforate the fabric but remained enshrouded in it. Residual velocity shown is last clearly visible data point, but deceleration likely continued.
h Test 111 had 4 in. of fabric between doubled holes; Test 112 had 1.5 in. betwesn quadrupled holes; Test 113 had 0.75 in. between quadrupled holes.

i No corners failed, but the fabric ligaments between the multipie holes failed (Test 111) or had significant damage (Test 112).
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FIGURE 7. BARRIER MOUNTING SCHEME FOR TESTS USING FUSELAGE SECTION
WITH FABRIC PEGGED AT FOUR CORNERS

During some of the tests using the fuselage section, the thin bolts securing the corners of the
fabric to the frame failed, allowing the corner to come free. When larger bolts were substituted,
the region of the frame where the bolt was attached deformed or failed, with a similar result.
Also, the thin aluminum IWP sometimes deformed and became loose at one or more of its
cormers. Tests 110 through 115 were performed without a fuselage frame to reduce the
likelihood of attachment failure (an undesired variation in the barrier boundary conditions) and to
make the boundary conditions simpler and easier to model. Instead, the fabric was fastened at its
four corners to the Unistrut mounting frame (as shown in figure 8) using stronger hardware,
which was later redesigned to decrease the likelihood of the fabric slipping off the hardware, even
after significant deformation of the fabric corner. The new hardware reduced the incidence of
comer failure by slip-off or hardware failure, but there were still occasional incidences of corner
failure by fabric tearing if the hole was too close to the fabric edge.

The titanium alloy fragment impactors used in these tests (see figure 6) are similar to the standard
fragments described above for the China Lake tests. They are 4.0 in. (10.2 cm) long by 3.0 in.
(7.6 cm) wide, with a thickness of 0.25 in. (0.62 cm) that tapers from the mid-point down to
0.05 in. (0.13 cm) at the impact end, where the edges are slightly rounded. The impactors weigh
roughly 0.4 1b (175 g), and they are mounted at the front of a sabot, which is accelerated down
the barrel of the gas gun. Two fiber-optic light sensors located near the end of the barrel record
the passage of alternate light and dark circumferential strips on the outside of the sabot, allowing
the velocity of the sabot to be determined. The sabot is stopped by the stripper plates, while the
fragment travels a short distance on its own before impacting the target.
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A high-speed camera (at approximately 20,000 frames per second) records the motion of the
fragment before impact, the deformation of the fabric barrier around the fragment, and the motion
of the fragment during and after perforation of the barrier, in the case of penetration. A highly
reflective backdrop enables observation of sithouettes of the fragment and of the proximal edge of
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the deforming fabric barrier. Highly reflective tape pieces placed on the faces and sides of the
fragment allow for easier determination of the orientation during and after penetration. After
penetration, the fragment impacts a plywood witness plate, where it bounces off, becomes
lodged, or penetrates through to the sand-filled soft recovery chamber.

TEST RESULTS—FRAGMENT AND BARRIER MOTION. The results for the first series of
large-scale impact tests are shown in table 3, including both qualitative results (whether the
fragment was stopped, whether it perforated the fabric, and whether the corners of the fabric
came loose from the mounting frame) and quantitative results (the residual velocity of the
fragment, the kinetic energy absorbed by the fabric barrier, and the SEA).

Examination of the films from the high-speed camera showed negligible deviation of the
fragment from the intended pitch and yaw angles to within the limits of the angular resolution*
(£1° for pitch, £10° for yaw). The deviation of the roll angle was generally less than £4°, never
greater than £15°, and most likely due to rotation of the sabot within the barrel.

Relevant frames from the film were digitized to obtain the velocity and orientation history of the
fragment and the deformation history of the fabric barrier. This data is put into graphical form
and made available for comparison with the computational simulations. Test 114, which resulted
in fragment penetration, and test 115, in which the fragment was stopped, have been selected as

examples. The graphs plotted from the digitized film data from these tests are presented and
discussed in the next few paragraphs.

Figure 9 shows outlines of the fragment and the edge of the fabric at various times before impact,
during, and after penetration in test 114. Every frame before impact is shown and approximately
every fifth frame after impact. The fragment edges have dashed lines when the fragment shape is
discernible, but the fragment is cloaked by the fabric. The fragment edges have solid lines when
the fragment is not cloaked, both before impact and when the fragment emerges after perforation
of the barrier. The highly reflective tape at the fragment corners allows for a clear distinction
between cloaked and uncloaked fragments. In test 114, the front corners of the fragment
perforated the fabric relatively early in the fabric deformation (by frame 14 for the lower corner
and by frame 22 for the upper comer). However, the front edge of the fragment did not
completely break free until after frame 37, and the lower fragment edge (hence the entire
fragment) did not break free until just before frame 52. The rotation of the fragment during and
after penetration is clearly visible.

Figures 10 and 11 show the axial position and the axial velocity histories of the fragment corners
for test 114, respectively. Although the position histories are very smooth, the velocity histories
are somewhat noisy. The digitized films can be read only to the nearest pixel, and a one-pixel
change in the reading produces a 13-m/s change in the velocity. Nevertheless, the residual
velocity can be obtained by averaging the values of the axial velocity for the four corners once

* One pixel on the digitized film was equivalent to 0.05 in. (0.13 c¢m) at the fragment location. The angular
resolution was based upon =1 pixel and the appropriate trigonometric function (angular resolution of the roll at 45°
was +1.59).

16




fragment is free of all interaction with the fabric (due to rotation, the values for the four corners
differ from each other and vary over time).
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Figures 12 through 14 are the same three graphs for test 115. For this test, only the lower front
comner of the fragment perforated the fabric (by frame 28). The fragment continued to deform the
fabric, while it decelerated and rotated. The location of the lower back fragment corner is
apparent in frame 68, but after that no clear outline of the fragment is visible. The fragment did
not yet reach zero axial velocity at that time. Since the fragment did not completely perforate the
fabric, and since there was no mark on the witness plate to denote any impact, the residual
fragment velocity was deemed to be zero (three of the four fabric corners remained fastened to
the frame).
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TEST RESULTS—ENERGY ABSORPTION. The energy absorption and areal density values
shown in table 3 are plotted in figure 15. The SEAs range from 23 to >60 kJ/g/cm’ (8 to >20 kft-
Ib/Ib/ft%), which are somewhat less than the 52 to >66 kJ/g/cm’® (19 to >24 kfi-lb/Ib/ft’) range of
SEAs for the same type of fragment impacting the same Zylon fabric in the second series of
fuselage impact tests at China Lake. This is reasonable, since the impact areas (and hence the
number of yarns that need to be cut to allow penetration) in these tests were significantly less
(because of the nearly 0° yaw attained) than in the China Lake tests (where the yaws were large).
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FIGURE 15. RESULTS OF LARGE-SCALE FRAGMENT BARRIER IMPACT
TESTS WITH ZYLON FABRIC

The following paragraphs discuss the conclusions that can be drawn thus far concerning the effect
of the fabric barrier design parameters that have been varied in these tests.

Auxiliary Materials. The presence of the insulation and IWP did not improve the
effectiveness of pegged barriers: SEAs for tests with insulation and IWP (tests 101, 103, and
105) were less than for those without insulation and IWP (tests 106 through 115). For unpegged
(glued only) barriers (tests 102 and 104), the SEAs were significantly lower than in an earlier test
series (March 1999) at China Lake. This likely relates to the ineffectiveness of the aluminum
IWPs to produce any drag resistance, as compared to the composite honeycomb IWPs used in the
earlier tests.
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Number of Plies. The energy absorbed is nearly proportional to the number of plies (at
least for tests with three and six plies, resulting in penetration). SEAs for tests 101 and 103, with
three plies of Zylon, are nearly the same as those for tests 102 and 104, with six Zylon plies (all
other parameters for each pair of tests are the same). Since only a few tests were conducted with
more than four plies, a more definitive relationship between energy absorbed and number of plies
cannot be made until further tests are performed later this year.

Slack. The presence or absence of slack did not affect the barrier efficiency significantly.
Tests 111 and 112 were fairly similar, except that test 111 had no slack and test 112 had 5 in. of
horizontal slack, the resulting SEAs were very close. It is likely that the only effect slack has is
to allow for more deflection of the fabric before the fabric becomes taut (during which time
fragment deceleration is relatively low, due only to the inertia of the fabric), at which time the
fabric applies a larger decelerating force to the fragment. It may be necessary to reduce fabric
barrier slack in cases where the allowable fabric deflection distance is limited.

Lateral Fabric Dimensions. Previous testing at China Lake indicated that fabric barriers
with larger lateral dimensions would absorb more energy. However, increasing the length of the
fabric in one direction while keeping the other direction constant, as was done in tests 114 and
115, did not have that expected result. However, the results were not conclusive since similar
tests with the baseline fabric dimensions that were needed for direct comparisons did not sustain
the same fabric corner hole failure results. Additional tests in the next program year will further
examine the effect of length increases in one and two directions.

Corner Failure. Corner failure (the detaching of the corner from the fuselage or other
mounting frame) played an important role in the energy absorption of pegged barriers. In a
couple of the tests, corner failure occurred by failure of the retention bolts or the fuselage region
to which these bolts were attached. Usually, corner failure occurred when the fabric around the
holes deformed sufficiently to allow the hole to slip over the retention hardware (bolts and
washers) or when the fabric tore between the hole and an edge.

The SEAs were greatest for tests

. in which all the corners failed (tests 106 and 113) or most of the corners failed (tests 108
through 110)

° where the holes were doubled or quadrupled

) where there was failure of the fabric around one of the holes (test 111) or significant
damage between the holes in each corner (test 112)

The energy-absorbing mechanisms include fabric distortion, yarn stretching, yarn tensile
failure, and yarn pullout (as shown in figure 16, for cases of significant fabric damage around
holes but where the corners did not fail).
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FIGURE 16. FABRIC DEFORMATION AND FAILURE AROUND PEGGED HOLES
NEAR FABRIC BARRIER CORNERS THAT DID NOT COMPLETELY FAIL
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DISCUSSION OF CONCLUSIONS. The fact that corner failure was shown to contribute
heavily to fabric barrier energy absorption does not mean that barriers should be designed so that
the corners fail. Obviously, if all of the corners fail, the fragment cannot be stopped, unless the
drag through a small hole in an IWP or other auxiliary structure is sufficient to stop the fragment-
encasing fiber barrier (as was the case in the earlier China Lake series with unpegged barriers). If
some (or even one) of the corners fail, the maximum axial deflection of the barrier, before the
fragment is stopped, increases (compare, in table 3, results for test 105 with those of tests 108
and 110) and may exceed the safety limits for the particular application. Corner failure reduces
the total energy absorption possible; once the corner fails, further absorption of energy due to
fabric deformation and failure in that region cannot occur.

What this means is that fabric barriers should be designed to take advantage of the energy
absorption potential of material failure around corner holes, while at the same time preventing
total corner failure. By weakening the fabric (through the cutting of holes, for example) and
encouraging material failure away from the impacted regions, the fabric is less likely to fail in the
impacted regions and, therefore, more able to resist fragment penetration. In addition, the
maximum force on the retention hardware is reduced by weakening the material near the corner.
This reduces the likelihood of hardware or frame failure.

The SRI fabric computational models must be able to simulate accurately the behavior of fabric
around holes. It is important, therefore, to understand the deformation and failure mechanisms of
the fabric around a hole and between holes and edges or corners. How does the fabric tear
between two neighboring holes? How far does a hole have to be from an edge to prevent tear-
through? How does the size and shape of the hole or the retention peg in the hole affect the
deformation and failure of fabric in the vicinity? Computational simulations need to be run to
examine these problems, and experiments need to be performed to provide the data necessary for
model refinement and verification.

A laboratory test, called the fabric corner failure test, was designed to examine fabric behavior in
the vicinity of a held corner. Figure 17 shows the design for a fabric that is pegged through a
hole near the corner. Using many of the same fixtures from the previously reported [4] quasi-
static penetration (pull) and yarn pullout tests, this test will produce detailed video images and
acoustic records of fabric deformation and failure around a pegged hole, while recording the
deflection of the peg and the load on the fabric. The size and shape of the hole and the peg and
the proximity to the fabric edge can be varied. Other potentially energy-absorbing variations can
be tested, such as multiple-pegged holes or additional unpegged holes in the vicinity of the
pegged holes. Holding the fabric corner by means other than pegging through a hole (such as
winding the fabric around a flattened rod) should also be tested. A test series, with the
parameters to be determined in conjunction with computational simulations, is planned for the
next program year.
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COMPUTATIONAL MODELING OF FABRIC BARRIERS

DETAILED SIMULATION OF IMPACT OF FABRIC GRIPPED ON CORNERS.

An LS-DYNA3D simulation was performed using the detailed model to further investigate the
effects of gripping on the ballistic response of Zylon fabric. The DYNA3D software code was
developed by the Lawrence Livermore National Laboratory as a tool for simulating dynamic
nonlinear events such as impact. LS-DYNA is a commercial product available from Livermore
Software Technology Corporation. In previous simulations it was found that a fabric barrier
gripped on two edges absorbs more kinetic energy than a barrier gripped on four edges. Gripping
on four edges results in a large initial resisting force, but because the gripped yamns break, the
resisting force does not remain as long. Gripping on two edges results in a longer duration of
resistance, because the load taken by yarns that break is shed to adjacent unbroken yarns.

The current simulation involved gripping the fabric on corners only. As in previous simulations,
the fabric modeled was a square patch of 25 x 25 yarns. At the corners, five yarns were held in
each direction. As shown in figure 18(a), the fabric was impacted with a 120-m/s fragment
aligned over a 2 x 2 yarn square in the center of the fabric. Thus, none of the yarns that were
directly hit with the fragment were gripped. It was expected that this method of gripping would
result in fewer broken yarns and a longer duration-resisting load.

In this simulation, the fragment was stopped and thrown back. Results of the simulation are
shown in figure 18. The figure shows the calculated response of the impacted fabric at three
different times during the calculation. Figure 18(a) shows the initial configuration with the
fragment just impacting the fabric. Figure 18(b) shows the response of the fabric at 40 ps.
Because only the corners are held, the deformation under the fragment is considerable and the
yarns along the edges begin to become detached. Figure 18(c) shows the simulation at 90 s, the
time at which the maximum deformation occurs. '

Figure 19 shows the calculated velocity histories of the fragment for the corner-held simulation
and for the simulation gripped on two edges. Initially, the fabric gripped on the comers slows the
fragment more gradually than the fabric gripped on two edges; but by 50 ps, the comer-held
fabric slows the fragment more quickly. By 50 us, the held yarns that were impacted for the two-
edge-gripped case have broken. As seen in figure 19, gripping the fabric on the corners stops the
fragment at about 90 ps, compared to 120 ps when the fabric is gripped on two edges.

Figure 20 shows the calculated displacements of the fragment for the two cases. At the time
when the fragment is just stopped, the peak displacement of the fabric is slightly higher (0.72 cm
vs. 0.66 cm) for the fabric gripped on the corners. These simulations confirm that fabric gripping
is a key parameter for optimizing barrier design and suggest that it is advantageous to grip the
fabric in such a way that the impacted yarns are not broken.
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(c) Time =90 ps

FIGURE 18. CALCULATED RESPONSE OF FABRIC HELD AT CORNERS
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DESIGN MODEL CALCULATIONS OF LARGE-SCALE TESTS.

As described in previous reports, a simplified model is being developed that can be used 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 5 minutes for a 1000-
element simulation of a gas-gun test on a four-processor SGI Origin 200) and easily, allowing
evaluation of the changes in fabric size, number of layers, or yarn pitch. The design model uses
shell elements with an orthotropic continuum formulation to model the fabric.

Simulations were performed on the large-scale tests described above. These tests were
performed, as shown in figure 6, using the 6-in.-bore gas-gun facility at CHES to investigate
fundamental design variations for barriers including different strategies for attachment of fabric to
the frame, different number of fabric plies, and different fabric size and configuration.

The titanium alloy fragment used in these tests was 4.0 in. (10.2 cm) long by 3.0 in. (7.6 cm)
wide, with a thickness of 0.25 in. (0.62 cm) that tapers from the mid-point down to 0.05 in.
(0.13 cm) at the impact end, where the edges are slightly rounded. The fragment weighed
roughly 0.4 1b (175 g). The fragment impacts the fabric head-on with 0° obliquity and a 45° roll.

SIMULATION OF TEST 101. Figures 21 and 22 show the model configuration for a simulation
of large-scale test 101. This test had three layers of Zylon and an impact velocity for the fragment
of 230 m/s. The attachments were modeled explicitly by including a hole in the fabric and a 1-in.-
diameter bolt with a 2-in.-diameter flat head top and bottom. In this view, the fragment starts
below the fabric and travels upward. The fabric has been made translucent in this figure to show
the motion of the fragment. The sag in the fabric, required to fit the barrier around the insulation
package within the fuselage section, is approximately S in. (12.7 cm) deep on one end and 7 in.
(17.8 cm) deep on the other. The fragment is rotated with a 45° roll angle. The color fringes of
the fragment correspond to the magnitude of the velocity in the z direction.
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FIGURE 21. SIMULATION MODEL FOR TEST 101
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FIGURE 22. SIMULATION OF TEST 101 AT 1.8 ms
(Fragment impacting from bottom to top)

Figure 22 shows the simulation at a time of 1.8 ms. By this time, the fragment has completely
penetrated the fabric. As seen by the deformation of the fabric, the fragment penetration occurs
before the fabric has completely stretched out. The calculated residual velocity of the fragment
was 180 m/s and the measured value was 202 m/s, thus the model is too strong in this case. An
animation of this simulation can be viewed on the project web site at http://www.sti.com/poulter/

air_safety/design model html.

SIMULATION OF TEST 114. Simulation results for large-scale test 114 are shown in figure 23.
Compared to test 101, test 114 was a larger target and had no sag in the fabric. In this figure, the
fragment is traveling left to right, and the fabric was made transparent so the fragment could be
seen. At 1 ms, the fragment velocity was 100 m/s; at 2 ms, the velocity was 55 m/s; and at 3 ms,
the fragment had penetrated the fabric with a residual velocity of 20 m/s. The residual velocity
measured in the experiment was 83 m/s. Similar to the simulation of test 101, the model is too
strong. In terms of energy, the model overpredicts the energy absorbed by 0.58 kJ. Preliminary
investigation of the deformation of the fabric shows that the model is too stiff (i.e., the simulation
shows less deformation of the fabric than seen in the experiment).

29




1'%’

I

(@)t=1ms (b)t=2ms (c)t=3ms
FIGURE 23. SIMULATION OF TEST 114

DISCUSSION OF LARGE-SCALE SIMULATION RESULTS.  Simulations were also
performed for tests 106 through 110 in addition to tests 101 and 114. In all of these tests, the
fabric target broke at one or more of the attachments. In these simulations, the fragment did not
penetrate the fabric for any of the test configurations. In the experiments, the fragment penetrated
for tests 106, 107, and 109. Figure 24 shows the model’s results from test 107. In this
simulation, the fabric effectively resists penetration because it tumbles the fragment. Because the

failure criterion for the model requires yarns in two directions to fail, the corners in the simulation
did not fail.

FIGURE 24. SIMULATION OF TEST 107
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In all the simulations performed for the large-scale tests, the model was too strong and too stiff.
The constants used for the model were those determined from the small-scale gas-gun tests
performed at SRI International. For those tests, measurements were not taken of the fabric
deformations during fragment impact, therefore, the design model could not be verified for
stiffness. There were only a few tests with multiple plies of fabric. For the large-scale tests,
however, good records exist for the deformation, and all the tests had at least two plies of Zylon.
The large-scale test data will be used to improve the Zylon model response for both stiffness and
deformation (see Future Plans section).

DEVELOPMENT OF LINUX CLUSTER.

Until now, all the simulations for both the detailed and design model have been run on a four-
processor SGI Origin-200. This computer is limited in its capacity to run large simulations.
Calculation of the detailed model for a 25 x 25 yarn patch of fabric takes about 8 hours on this
computer. To increase the size of the fabric patch that can be simulated using the detailed model,
a PC cluster that runs a shared memory parallel version of LS-DYNA simulations is being
developed. The cluster, supplied by SGI, is six PC boxes, each with two 733-MHz Pentium I
processors (12 processors total) linked by T10/100 Internet connections.

Although it is generally agreed that these cluster platforms are the best option for future technical
computing, experience has shown that it still takes considerable development to achieve a
working system because of the different hardware and software systems that need to work
together. The hardware required includes several PCs with Internet connections and a hardware
switch. The software must include a Linux operating system, message passing interface (MPI)
software for running parallel jobs, C and Fortran compilers, and an MPP/Linux version of LS-
DYNA. Because Linux and MPI are not standard, different versions of the software exist and
incompatibilities between the software versions invariably arise. For example, LS-DYNA
requires the LAM version of MPI libraries, but that was not the version shipped by SGIL.
Furthermore, differences in naming protocols between FORTRAN (e.g., two underscores
following subroutine names rather than a single underscore) caused additional complications. A
working version of LS-DYNA is now running on the SGI PC cluster, and trial simulations are
under way to assess the computational capacity of the new system.

FUTURE PLANS
EXPERIMENTAL PHASE.
The following work is planned:
. A series of fabric corner failure tests are planned, as described at the end of the section on

impact testing. The series will focus on the deformation and failure behavior of the fabric
around pegged hole comers and will provide data needed for model refinement and
verification. The results of these tests and the computational simulations will help
determine corner holding designs to be used in further impact testing that allow for fabric
deformation and failure in the corner regions, but do not allow complete corner failure
(detachment from the frame).
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Another series of large-scale impact tests at SRI’s remote test site is planned. Using the
Unistrut mounting frame, these tests will focus on fabric barrier design variables needing
further examination for model verification, fabric material (Kevlar as well as Zylon),
number of plies, lateral fabric dimensions, and location of impact point (off-center on the
barrier, as well as centered).

Analysis of the cut resistance tests will be completed.

COMPUTATIONAL PHASE.

The deformations of the fabric for the large-scale tests will be analyzed, and the results
will be used to improve the stiffness and strength response for the Zylon model.

Methods to model attachment failure will be investigated. In particular, the use of large
strains in a single direction as a failure mode will be examined.

A new PC cluster, configured to run LS-DYNA3D in an efficient manner, will be
purchased by SRI and set up to perform the fabric model simulations.
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APPENDIX A—EVALUATION OF CUT RESISTANCE IN HIGH-STRENGTH FABRICS

ABSTRACT.

To assist development of the computational fabric model, an experimental study of the cut
resistance of fabric barrier materials was performed. Transverse cut tests at various angles of
cutter blade inclination were performed on Zylon, Kevlar, and Spectra yarns to measure their
response and to investigate the failure mechanism involved in the cutting process. In tests with a
utility blade (=2 pum radius of curvature), Zylon required 4 times as much energy per linear
density than other two materials, for cut-through at 0° angle of inclination. This fracture energy
decreased sharply with increased inclination angle, as did the initiation strain for fiber failure.
The effects of blade angle inclination, blade sharpness, and axial pre-tension in the yarn are
presented.

INTRODUCTION AND BACKGROUND.

Previous work at SRI to characterize the fragment impact energy absorption capability of high-
strength fabrics [A-1 and A-2] indicated that absorbed energy dropped significantly with the
sharpness of the fragment’s impact edge. It was also observed during sample preparation that the
fabric’s cutting resistance declined sharply with blade inclination angle. Therefore, an
understanding of the failure behavior in the fabric under sharp edge loading over a range of blade
inclination angles was considered important for calibrating the fabric computational models and
improving the current capability for designing engine fragment barriers.

A literature search on measurement of the cut resistance of fabrics revealed some work on
various protective clothing such as gloves, which had been done for the purpose of reducing
industrial accidents [A-3 through A-6]. Some standard test methods had been established, but
these tests provided only a relative comparison of the fabric’s ability to resist cut-through in a
particular geometry (against a rigid mandrel, for example) and do not provide a material property
or governing mechanism that would be useful in more general applications, such as penetration
barrier design. In one study [A-5], for example, no distinct correlation was found between a
fabric’s penetration resistance and its resistance to being cut by a reciprocating circular blade.

Generally, a fabric can be cut in the following three modes: (1) by transverse loading by a sharp
blade (with or without a slicing component) against a rigid substrate, (2) by transverse loading by
a sharp blade (with or without a slicing component) with no substrate, and (3) by simple
shearing, as with a scissors.

High-strength fabrics make effective ballistic barriers because they can absorb a lot of energy
through transverse fabric deflection and resultant yarn stretching, thereby spreading the
concentrated load at the fragment impact region outward along the axial direction of the warp
and fill yarns to encompass a larger area of the fabric. Only the second of the above three cutting
modes loads the fabric in such a way as to cause significant transverse deflection prior to cutting.
The transverse loading with no substrate mode was therefore selected for this study, as it was
most relevant to ballistic barriers.
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No standard test procedure exists for the transverse cutting of fabrics, and little work has been
reported on transverse cut resistance. Since the cut resistance of fabrics depends on the
interaction of yarns in the fabric [A-7], the first step is to investigate the cut resistance of
individual yamns. Later work could then consider the cut resistance of woven fabrics. A limited
study involving transverse cut resistance in Zylon and Kevlar yarns was performed previously in
this Federal Aviation Administration (FAA) program [A-2], but those few tests involved only a
single blade sharpness (=20 pm radius of curvature), only 0° angle of blade inclination (therefore
no slicing component), and no axial pre-tensions in the yam.

The objectives of this work are to characterize the failure resistance of Zylon, Kevlar, and
Spectra yamns subjected to transverse loading by a sharp blade and to determine the dominant
failure mechanisms during the cutting process. Below in this appendix, the experimental
technique is discussed in detail, followed by the experimental results obtained thus far. The
influence of angle of blade inclination, blade sharpness, and axial pre-tensions on the yam’s cut

resistance is presented. Finally, plans for completing the analysis during the next program year
are outlined.

TRANSVERSE CUT TESTS—SETUP AND PROCEDURE.

FABRIC SPECIMENS. Three types of high strength fabrics—Zylon, Kevlar, and Spectra—
were used in the cut resistance tests. Table A-1 shows the relevant properties of these fabrics.

TABLE A-1. PROPERTIES OF HIGH-STRENGTH FABRIC MATERIALS

. Volume Tensile | Failure Area of
Fabric Den51t3y Mesh Modulus Strain | Cross Section
Name® Material (g/em’) | (yamns/in) | (GPa) (%) (in.%)
Zylon-AS PBO 1.5 30 x 30 171 34 5.6575E-05
Kevlar-29 P-Aramid 1.4 32 x 32 104 3.3 4.8205E-05
Spectra-1000 UHMW 0.97 32x32 103 3.1 6.479E-05
Polyethylene

‘ Zylon is a Toyobo registered trademark; Kevlar is a DuPont registered trademark; Spectra is an
AlliedSignal registered trademark.

The fabric specimens were 5 in. wide and 12 in. long in the direction of fill yarns. As shown in
figure A-1, they were tightly gripped at two edges in the fabric-holding fixture previously used
for the yarn pullout tests [A-2]. The fabric length between grips (i.e., the yarn gauge length) was
~6.5 in. To isolate individual fill yams for testing (to avoid any contact between the blade and
adjacent yarns), the fill yarns between the isolated fills to be tested were removed, along with all
of the warp yarns, in the region between the grips. Each fabric sample had approximately six
isolated fill yarns with a space of 0.5 in. between them. At both edges of the sample, 15 fill
yarns remained to keep the sample aligned during mounting and testing.
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FIGURE A-1. ZYLON FABRIC SPECIMEN WITH ISOLATED FILL YARNS
PREPARED FOR TRANSVERSE CUT TESTS

The sample holding fixture has one movable grip and one fixed grip, so it was possible to apply a
pre-tension to the yarns by tightening the nut attached to the movable grip. A load transducer
placed between the nut and the frame measured the total axial pre-load on the fabric specimen,
divided by the number of uncut fill yarns to determine the axial pre-load on the specimen yarn.

CUTTER BLADES. The sharpness of the cutter blade is a critical variable for cut resistance
testing. It is important that the blade be sharpened to a consistent level before each test. To
achieve this, a commercially available, hardened steel utility blade™ with a 30° included angle
and an edge radius of curvature of =2 um was selected as the baseline cutting edge. This blade
was referred to as the “utility blade.” Figure A-2 shows Scanning Electron Microscope (SEM)
views of a virgin utility blade and one that had been used in a transverse cut test with a Zylon
yarn. The virgin blade does show some slight irregularities in its cutting edge, but they are less
than the ~12-um diameter of the Zylon fibers. The used blade shows evidence of significant
edge deformation and blunting. A new blade was therefore used for each cut test.

A hardened steel panel machined to a 45° included angle and an edge radius of curvature of ~20
pm (used in the previously reported transverse load tests [A-2]), was selected as the contrasting
edge for blade sharpness comparison studies. This blade was referred to as the “machined edge.”

* 11921 beavy duty utility blade, manufactured by Stanley Tools, New Britain, CT 06050.
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TEST PROCEDURE. Figure A-3 shows the experimental setup for the yarn transverse cut tests.
The fabric sample with the isolated fill yams was mounted horizontally in a frame, which was
affixed atop the ram of the MTS servo-hydraulic mechanical testing machine. The cutter blade
was held above the fabric and attached to the crosshead of the MTS machine through a load cell,
which measured the load on the cutter (or the transverse load on the mid-point of the yarn). The
blade was attached at different angles of inclination (0°, 7.5°, 15°, 30°, or 45°) with respect to the
plane of the fabric. The upward movement of the ram (at a constant ram rate of 0.01 in./s)
pushed the yarn up against the cutter blade. The ram stroke (which equals the deflection of the
yarn mid-point only for a 0° blade inclination angle, for which there is no slip of the yamn along

the blade edge) and the transverse load on the yarn mid-point were recorded continuously
throughout the test.

(8] Vingin blade edge

(b) Bade edge afer trensverse cuttest (at 0% inclinafon ange) on Zylon yam

FIGURE A-2. DEFORMATION IN THE CUTTING EDGE OF A UTILITY
BLADE FROM USE IN A TRANSVERSE CUT TEST
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A Charge Coupled Device (CCD) video camera was used to determine the instants of blade-yarn
contact and initial fiber breakage and to observe the failure behavior. It also recorded the
slippage of the yarn along the edge of the blade for tests with non-zero inclined angles, providing
data needed for determining the stress and strain in the yam for those tests. The camera was
oriented at an angle of 30° with respect to the fabric plane, and a scale bar was attached to the
cutter at right angles to the direction of the camera to assist in determining the yarn slippage.

The geometry for the stress-strain analysis for the transverse cut tests is shown in figure A-4.
The strain in the yarn was calculated from the transverse deflection of the yarn. The stress was
calculated from the axial load on the yarn, which is derived from the measured transverse load
and the angle of yarn deflection.

For the case of 0° blade inclination (figure A-4(a)), for which no yarn slippage along the blade

can occur, the yarn elongation, L, the induced strain, &, and the angle of yarn deflection, &, were
determined simply by

L=2[(L/2*+d* 1", (A-1)
e=(L-Lo)/ Lo, (A-2)
@=arctan (d/ L,), (A-3)

where L, is the initial gauge length between grips, and d is the ram deflection (which equals the

actual deflection of the yarn’s mid-point). The axial force along the yarn (F)) is determined from
the measured transverse load (F) by

F, =F/(2sin®), (A-4)
and the stress, o, is given by
o=F,/A, | (A-5)
where 4 is the yam’s cross-sectional area.

For the more general case of a blade angle of inclination ¢, the slippage of the yarn along the
blade must be taken into consideration (see figures A-4b and A-4c). The video camera record
shows the distance of slippage, Sp, as projected onto the scale. The actual slip along the blade, S,

can be determined from

S§=3Sp/(cos B), (A-6)

where B = 60 - . The actual yarn deflection, d,4, can be then be derived, using the cosine
theorem, from

dy=[d*+S§-2dScos (90° - &)]'". (A-7)

Then, the yarn strains and stresses can be derived by substituting d,; for d in equations A-1 and
A-3, and then solving equations A-2, A-4, and A-5.
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TEST RESULTS.

LOAD STROKE CURVES. A typical transverse load-stroke curve, obtained from a transverse
cut test of a Zylon yam with the utility blade at a 30° inclination and no pre-load, is shown in
figure A-5. Also shown are four images from the video camera record, which depict: (a) the
instant of blade contact with the yam, (b) the initial fiber breakage, (c) the peak transverse load,
and (d) a late stage of the test, along with their location on the load-stroke curve. Also, by noting
the locations of the mid-point of the yarn, with respect to the scale on the four images, and
comparing with the location of the arrow representing the initial contact location, one can
determine the amount of slip during the test (roughly 0.1 in., which is not insignificant when
compared with the total stroke of 0.6 in.).

-4— Indica®es Pointon Scale where
Blade Scale Yarn Frst Contacts Blade

oo

[c) At peak ransverse load (d) Atlate stagein est

05

L
30" Inclination Angle
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02 (YR

0z | ;f \L‘n

00 02 04 08 08
STROKE (in)

TRANSVYERSE LOAD (Ib)

(2) Transverse load ~ sroh 2 curve

FIGURE A-5. VIDEO IMAGES AT FOUR STAGES IN A ZYLON TRANSVERSE CUT
TEST AND CORRESPONDING LOCATIONS ON THE LOAD STROKE CURVE
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The transverse load-stroke curves obtained for the three fabric materials at the various angles of
inclination are shown in figure A-6. For Zylon* and Spectra yarns, the load continued to
increase along a reduced slope after initial fiber breakage, and there was a gradual decrease in
load after the peak. For Kevlar, however, the load increased steadily until a sudden burst of
multiple fiber breakage caused a precipitous drop to nearly zero. For all three materials, the
load-stroke curves for tests with inclined angles initially coincided with the curves for the 0°
inclination tests, but deviated from those curves after the initiation of fiber breaking, which
occurred at lower strokes for higher inclination angles.
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FIGURE A-6. LOAD-STROKE CURVES FROM TRANSVERSE CUT TESTS WITH
THE UTILITY BLADE

* Sometimes for Zylon, a discontinuity on the load-stroke curve was observed after the initial (or other early)
instance of fiber failure. It is thought that this may be due to a sudden change in the configuration of the fibers in
contact with the blade.
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FRACTURE ENERGY. The area under the transverse load-stroke curve equals the fracture
energy; 1.e., the energy required to deform and then break the yarn. For Zylon and Spectra yarns,
a large fraction of the fracture energy was absorbed after the initial fiber breakage, but for Kevlar
yarns, nearly all of the fracture energy was absorbed before the initial fiber breakage. Figure
A-7(a) shows the average fracture energies obtained for the transverse cut tests at the different
blade inclination angles. Fracture energies at 0° inclination angle were 0.93, 0.16, and 0.21 in-lb
for Zylon, Kevlar, and Spectra yarns, respectively. The fracture energy decreased drastically as
the angle of inclination increased, because of earlier fiber breakage, a reduction in peak load, and
complete yarn failure at a smaller stroke.

Fracture energy per linear density is a useful parameter for comparing the cut resistance for yarns
with different densities and cross-sectional areas. Figure A-7(b) shows the fracture energies per
linear density obtained for the three different yarns at the five different angles of inclination. At
0°, the value for Zylon is nearly four times higher than that of the other two materials. The value
for Zylon decreases rapidly as a function of the inclined angle (~75% drop at 7.5°), more rapidly
than the values for Kevlar and Spectra, but still exceeds the other two materials slightly at the
highest angles. This dependency of fracture energy per linear density on the angle of inclination
can be seen more clearly in figure A-8, which plots the energies per linear density for all of the
yarns normalized to their values at 0°.

TENSILE STRESS-STRAIN RELATIONS. Stress-strain relations during the transverse cut
tests were derived from the transverse load-stroke data in the manner described above. For the
cases of inclined angles, the slippage of the yarn along the blade edge needed to be taken into
consideration. Results for a series of tests using the utility blade were shown in figure A-9. The
points corresponding to the initiation of fiber breakage, as determined by the video camera
records, are indicated by the arrow on each curve. For each material, the stress-strain curves for
all angles nearly coincide until fiber breakage initiates, and the strain at which this occurs
decreases as the inclination angle increases.

A series of transverse cut tests with the machined edge showed results similar to those with the
cutter blade (figure A-10), except that the increased radius of curvature of the blade (e.g.,
decreased cutter sharpness) delayed the initiation of fiber breakage, leading to higher peak
stresses and increased fracture energy. Figure A-11 compares the fracture energy for the two
different blade sharpnesses. For each material, the fracture energy was significantly lower for
the sharper blade. The effect was largest for Zylon and Spectra, where the difference between
the two blades was nearly a factor of two or higher for all angles of inclination. Kevlar showed
less difference (=30% to 40%), at least for the two lowest inclination angles.
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In a fragment impact scenario, some plies in a fabric barrier (particularly plies toward the back of
a multi-ply barrier) might be stretched and under significant tensile loads before the edge of a
sharp fragment makes first contact. Therefore, it is important to understand how the cut
resistance of a fabric might be affected by a tensile pre-load. Figures A-12 through A-14 show
the effect of axial pre-tension on the yarn behavior during transverse cut tests. For each of the
three materials, results of a test with the utility blade at a 0° inclination angle and no pre-load are
compared with two similar tests with pre-loads that vary from 1 to 5 1b. As expected, pre-tension
produced a shift in the transverse load-stroke toward lower stroke and load and an earlier fiber
breakage initiation. Figure A-15 shows the decrease in the fracture energy for these tests as the
pre-load increases.
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PLANS.

During the next program year, the analysis of the transverse cut resistance tests will be
completed. Scanning Electron Microscope pictures of the ends of cut fibers will be examined to
determine the failure phenomenology and to better understand the fracture energy results
presented above. Fiber tensile failure, indentation failure, and shear failure have been observed.
These failure mechanisms will be related to the materials and test conditions, and to the
measured fracture energies. This analysis will be detailed in the next annual report, as well as in
a journal paper. '
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