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projectilus si.oh as military weapons and debris from engine disintegration  Recognising the -
need for the collection and dissemination of information on this topic, th: AGARD Structures N
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Turkey i September 1975 and the conference proceedings have been published s
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Two further papers were presented to a private session of the Working Group in April 1976.
The paper by Messrs. Bristow. Davidson and Gerstle reviews some recent research into the

_ application of fragment impact studies to an understanding of engine burst fragmend impacts

i and the nitial development of an engine bmst containment system. The paper by Dr Huang
described a method of analysis of a battle-domaged structure using the NASTRAN structural
~nalysts program supplement °d by prepro.essors designed to automatically generate input Jata:
a “patching technique” is then used in the development of a finite element model truly

| represeniing a battle-damaged structure.
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PREFACE

Aircraft must be designed to s.sstzin damaee arising from the imnact of a variety of
types of prujestiles such as military weapons and debris from engine disintegrion. Re-
cogmsing the need for the collecz.on and disseminwtion of information on tins topie, the
AGARD Structures a:d Materials Panel has set up 3 Working Group on the Impact Damage
Tolerance of Stiucturss charged with the task of pioducing a Design Manual. To stimulate
the collection of datz a specialist meeting was held in Ankara, Tuiley i Septeniber 1975
and the conference proceedings have been publisteed as AGARD-CP-186.

Two further papers, which became available too hite to be presented at this meeting,
were presented to a private session of the Worzing Groun in April 1976. These were well
received by the audience at thes session: it was considere | that they would be of immediate
valae to those concerned with the problem of impact damage toles ace and therefore this
AGARD Report has been published to give them wider circulation.

The paper by Messres. R.J.Bristow, C.D.Davidson and J.H.Gerstle on *advances in
Engine Burst Containment™ reviews sonie tecent research into the application of fragment
umpact stindies to an understanding of engine burst frugment impacts and the initial develop-
ment of an engine burst containment system. The paper by Dr. Pao. € Huang on “Finite
Elzment Applications to Battle-Damagey Structure™ describes a method of analysis of a
battle-dapaged structure using the NASTRAXN structural analysis program sunplemented
by preprocessors designed to automatically generate input data; a “patchiag technique™ is
ren used in the development of a finite clement model truly repiesenting « battle-damaged
structure,

N.F.HARPUR,
Chairman, Working Group on
Impact Damage folerance of Struciires
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ADVANCES

Iy CAGINE BURST CONTAINMENT
by
R. J. Bristow, C. D. Davidson and J. H. Gerstle
Serior Enginvers
?.0. BJox 3%99
Srattle, Waghisngton 98124
USA

SUMMARY

This paper prosents a partiai review of recent ressarch by The Boeing Company into the applica.ion
of fragrent impact studfes to an understanding of engine durst fragment impacts and the iritial develop-
ment of an engine burst containm:nt system using duPont Xeviar aaterial. All te~t work to date has in-
volved translatfonal acceletators but spin pit testing is planned for the near Jture. The prograz has
pot yet vesulted in a savicfactery containment system. However, it {s bv ped that the basic data accumulated
=ill provide the bufildicg blocks in the development of design criteria f.r such a system.

In adcition to 3 summary »f progras accomplishments, this paper delves into several arcas where un-
expected results occurred avd where information was ~tafned that may fnfluence future frageent containment
efforts. One of these sreas Anvolves spinning fragme. ts. None «f the predicted adverse effects on Kevl.z
fabric vere found. Another area concerns thermal effects. It wag found taat the efficiency of the barrier
{n stopping fragments was influenced by the teaperature of the Kevlar.

INTRODUCTION

Stnce the early 1950'u, a group at Boeing has been involved fn the study of fupact phepvsenology and
means to control the resul.ing daxage. These studies have ranged from meteorofd protection s:ith test
velocities of up tv 32,000 fps down to free-falling rocks with zest velocities as low as 1( ps. Durisg
this neriod, many shivlding concepts were developed. The usual method was to perform a number of pirametric
tasts, Jescribe the disag: (or other parameter of intcresc: {n terms of a maythematical model involv.ng pro-
Jectile, target, interieyt and environmenta' characteristics., The resulting mcdel was then used to optiuizs
the shield design oz to Zevelop desig.. criu ria.

Lightweight shields sere found to requirs two properties: shear cexistance locally aroun, the ispact
point and tensile strength to bring the fragment to a sgtop after the Inftial ispact. It was also notad that
hotn teasii« and shear ntrenyith requirements ;.ould be rediced by using a shield zaterial with good elasticity.
Keecping thes: requirement! 'n xindg, blast container weigets were reduced by substituting fiberglrgs fabric
for che normal stee! shield wmaterial. (Elasticity was fucreased by decigning the overall .onzainer to “jive”
locally.) While the fiberglars vos found to be very efficient for containing blast waves and residual gases,
its poor bending and cut resistaace. 3ade it unsuitable for containing fragments. Nylon was found to -ave
good smill fragment atcpping abyifty, but lacked the tonsile strenith required to contain blast waves or
larg: fragmente.

"
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Currenily, a new fauric is = 3 fvvestigate.. This uew fazbric, called "Kevlar” by its manufacturer,
duPont, is receiving wide public.., .d appears destin:d to find a nuzber of ailitary and commercial appli-
cations. The purpose of this paper tu susmarize the results of Boeing’s study of the abi.sty of Kevlar
to stop frayments. Potertial vaes «: -~zulting shields wonld bhe to protect explosive storage tanks, to
contein fragxents trom buist clectrical poser generaticg turbines in ' atfonery nuclear pover tlants, and
for .82 as shields against the blast and fragments of HE warneads. { partf alar Interest io AGARD would *e
tt.e use of [evliar shields around et 2npgines to contain fragoents in the case of an sngire burst due to
battls damage. The sizer und shapes of fragments are quite variable iepeading on tl: type of 2ngine and
the faflure mode. Types of disc faiiurc =modes are stown In Flgure ;. Figure 2 {s a photo of sone of the
resulting fragments.

e an

3 BACKGROUND

In 1966, Boeing carried out ballistic containment ts2zi{s on titanium to provide localized shielding on
the Boeing 737. In 1971, tests were initiated to fing 3 wr ren roving {ikerglass configuration to protect a
3 helicopter fuselage from engine blade faflures. The woven roving shields vece retained uniil the engine
4 manufacturer rectificd the blade weakneas. In 1972, the acept of a ligntweisght flexible encrgy ahsorbing
: barrier utilizing a fabric wus concr-ived. The concept was “or the barrfcr to pecforn in a manner similar
- & to a net, giving on impact and then absorbing the cnerpy in tensilc loading of the fibers. A series of
4 : ballistic impact tests was carried out on "S” glass fabric shi..dsx und while the resuits were encouriging,
: they were inconsistent. This inconsistcacy was due to the fuscer.fbility of the aonofi{lazent glass to
handling damage and the poor cut vesistant propcrties of the filaments.
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As a reeult of a =aterfal search, zhe duPont =aterial Kevier wvas proposed since it shoved good mechani-
cal properties (Table 1). The majority of Boelng activity since hrs been based on Xevlar material, and this
paper primarily deals with work done in the comainscent field w'.n this arinid fiber.
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Many balliscic bartiers hzive been develcped in the past. MNowvever, these developmente have generally
involved sclid barrier mateoriais. By using fiexible fabric materials, a uumber of additional variables
were introduced; type of weave, fabric stretck, layrr interactions, restraint of individual fibers around
t* durrier periphery. To investigate all of tiiese variabler in s spin pit would be ecoromically pro-
hiditive. Yor this reasor, it was planned that the majority 2f the development work would be conducted
in a ballistic impact laboratory and that development would proceed slong lines estabiished for solid
harriera. In addition to economics, the ballistic lab approach had the advantages of gr«ater control
over fragment sizes, velocities and impact angles.

In the impact laborstory, the many containeent shicld configurations could be reduced to the best
two or three which could then be spin pit tested. The spit pit would only be used to validute and con-
firm the laboratory results and to impart to the fragment a realistic roiziional velocity.

The eatrly shield designs were corrugated with variation i{n the depth and spaccing of the corrugations.
A face plate of .028 CRES sheet wss provided and the corrugitions were held in pokition by wirs, flat
shields were also designed of Kevliar and impact tested. Tho containment performarce of this flat shield
vhen based on a weight per unit area vas found to be equally effective to the corrugated type shield.
Since the flat shicld was less costly to manufacture and, alsc  had {nstallational advantages, th re-
mainder of the recent shield Jdevelopment proxram was based on the flat design configuration. The other
variables that vere investigated included varying the shield weigh‘. the material weave, the effects of
weviar talliscic felt and the effect of locating acoustic lining bciind the shield. In addition, barriers
were tested vith matria around the Kevlar such that the barrier couid replace some of the existing struc-
ture. Altogether, theies were over 20 different ohield design confipurations.

Test Equipment

The laysut of che ispact test facility which {s shown schezatical“v tn Figure 3 and by photo in
Figure & was used for the shield testing; it consisted of a 2.5 or 6 In. dizmeter bore launaching barrel,
60 in. loag, with a threaded-on breach. The projectile to be launched (Figure 5) was placed in a sabot
azsemdly and losded into the barrel. The impact velocity was varfed by the weight and type of powder
ctarge. The launcher muzzle exterded into z plenum where the bunied gases were vented and a trap was
incerporated to restrain the sibot halves. As the projectile traveled downrange, it passed through two
printed electrical .{rccit sheets, spaced two fret apart, triggering the circuit of the electronic velo-
city analyzer. The impact chamber had a movable steel cover with an acrylic window to provide access for
mounting of the shields and viewing ports for photography. The projectile travel from suzzle ro shield
was approximately 10.0 fc.

The texidual velocity of the piojectile was measured by the number of witness sheets penctrated,
(Figure 6 shows witness sheets and a "flat” shicld mourted on its support bracket).

a metal block was used to simulate the fragment and was varfed from a 3/4 in. to 3 in. cube with
varfations such as changing the aspect ratfo (1 x 1 x 3) and znanging fts density by using different
materfals. The reasons fot using a cube were that it has a cutting edge which would aore represert engine
fragments than a sphere, is easy to manufacture, and is inexpensive. It's s{ze can be varied easily to
repsveent different size frageents. Alsd, the compact shape of the cube resulted {n reasonably consistent
test Gata. It was the intent to fmpact the shield at energy leveis and velscitics which would be expected
from an engine, e.g., no blade velocities in excess of 1200 fps and no blade root velncity greater thac
900 fps.

Test Results

Figure 7 shows the contafnwent performance of Kevlar shiclds for two projectilc sizes, plotting shieid
welights (unfnstallcd) against contair.{ energy. Also shown are the contaiament energy levels for other
sateriasls fros tests done previously by other agencizs and Boefng. These results reflect the flar shield
configuration. It was sstablisled that the corrugated type shicld and the varyfisg types of material veave
shoved no advantage. A ballictic felt-faced shicld showed about 5% {=provement which is within the data
scatter. The placing of acoustic lining materfal {efther polvizmide or aluzinu=) bekind the shield showved
no significant change {n containaent performance.

Empirical 'ode!

I'mpiri.al and semf-empirical aodels have been developed fn the past for many types ¢f impact phenomena;
armo’ plate, structural damage, = teorofd fmpact, and hail to aentfon omly a few. These models have beun
fournd to be extremely useful fn designing and optimizing hardware associated with the phenomena. For this
reasop, an empirical model was devaloped to represent the laboratory containzent barrier data.

The basic barrier test data was first plotted as a function of a barrier layer and witness sheéet pene-
tratfon as shown in Figure 8. (The vwitness sheets were a sct of 1/15 inch alumlnum plates glaced behind the
test barrier. Enough plates werc used to assure that the cube projectile would stop somewhare {n the set.)
The point where the typical "S” shaped curve crosses the boundary bstween barrier and witness sheet pencira-
tion is the ballistic limit (incipient penectratien complctely through the barrier).
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An empirical model was then developed to express the ballistic limit as a function of several of the
most important variables; fragment size, velocity, impact angle and number of layers of Kevlar. The¢ re-
sulting model was:

we a? 0% (a1n0)6 -p

vhere ¥ = areal density of Kevlar - lblftz k =4

= 0.067 X, X = number of Kzvlar layers
v.6 ozlydz fabric)

V = {mpact velocity at ballistic limiz - fps
D e cube wize - inches

8 = {mpact angle measurrd from cube flizht path to
barrfer surface

A & B -~ Constants

Sl v ey

In order to make the model more usable, the nomogram of Figure 9 was drveloped. Knowing the fragment
size, velocirty and impacting angle, the Figure 9 nomograe makes it very easy to determine the number of
Kevlar layers required to stop the fragment.
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Oace a model such as the one above has been developed, it s useful to examine the varfables in detail.
: 3 The barrier we.ght {2 scen te depend on the square of the velocity of the {ragaent. This appears reasmn-
able since the fragment kinetic cnergy depends on the square of the velocity. However, the model shows
that the dependeniy e fragnent size 13 valy the 3/4 power of the cube dimension. This would f{ndicate a
dependence on mass of anly mass to the 1/4 power. In other words, the barrier wecght {s not strongly
depenuant on fragoent mass. An inctease in fragment mass by a factor of 16 would require a bsrrier weight
increase of only twe.
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Spinniop Fragments

®hen an engine bursts the resulting fragments have both linear and rotational cnergy components. The
rario of these types of energy sariecs from ali rotational for a coaplete disc to virtually all linear for
a =x=a11 ria fragsent. It har lony been felt by some {nvestigators that the fragment spin responsible for
the rotaticnal encrgy would szvarely limit the usefuiness of fabric barriers. They theorfzed thar the
rapidly spinning fragsent would a:t like a "buzz saw™ to cut through the fibers.
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In order tov determine i{f s:fn would indeed cause the fragment to saw through the barrier, a test
serics was set up in vhich the projectile was made to spin before hitting the barrier. This wvas . comp-
.ished by placing a 3" wooden taap in front of the darrier. Upon hitting the ramp, the cdpes of the iube
projecs 1le dug into the wood znd caused the projectile to roll up the rasp. The resulting spin rate was
deduced fren high-speed motion pictures (uormaliy 10,000 frames per second). Figure 10 shows the results
of sooe of the testing. Considerable scatter is shown. However, with spir cates varying from 9000 to
24,000 RPM, o degradation in barrier efficiency was found.

" mmm m:muw

i

In a cozplete.y different type of test, sose of the effects of spinning projectiles were also noted.
In this test series, the effects of projectile geomeiry vere being studted. The cube projectiles were
replaced by rods one by one by two (r three inches long, fired end-way. in:. the targe: as shown in
Figure 11. This rotation vas, in cffect, a high snced »pin by the time the rod stopznd, as shown in
Figure il.

The conclusiop to oe drawn fron the se tests, and to be later verified in a spin pit, s that spin has
1ittle, {f anv, detricenral effect on the ability of a fabric barrier to e'ap fragments.

o O S AR AP Yot o s e b, e i
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Temperature Effects
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in an actual {astailation, the engine «ontaindent barrier will experience a range of temperatures.
The effect of these vaslations usnder stati. .ondirions =as known {ro= worx dunc by duPent (Figure 12).
This work fndicated thai Reviar properties were wonstant antil & certain tesperutute is reachee and thern 1
fall off gradual.+ at higher feomprratutrs. It wvas decided fo ooaduct a gest to =ake sure that the barriet é

would funstion pruperis at tie highest temperature anticipzted, 3I20°F.  The resslis were serprising.  In-
stead of getting . s.ightly reduced balliatic limit as expected, the V. vlar saterial appearsd to have
betfer properties at higher teSperatures. Ite high temperature te..s wvere expasded and tncluded some at
wold tespuzratures, The resulls wrre as showp in Figure 13, Abuve ~oom tegperature, tae dal.istic linlt
steadil, improved up to about 220V:. Above this teaperature, the eftictency of the barricr rapldly fell
={f.

A

e

ft was suraised that the jncreasing ballistic l:mit with temperature was due to strain rate effects;
that strain tate cffeuts increased faster with temperature than the stati. strength decreased. In order
Lo test this theery, a variabie -pond tenstle test sachine was used to deteraine the properties of Reviar
at different temperatures. The minine wvas capable of sgtrain rates from 0.05 to 8.5 in/in/min. The
results are shown in Figure 14, Straln rate effects do indeed apoear to be iadicated.
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Considerable more study {s required, but {t uppears that the variation {n ballistic lim‘t with temp-
erature may be used to advantage f{n the design of barriers. However, it appeara that temperature cycling
reduces the Kevlar properties {n somc as yet unknovm manner. Figure 15 shows tests wherein test specinens
vere cycled various numbera of times prior to test. In all cases the capability of the barrict was reduced.
As shown in the figure, few cycling data points arc available, hence therce is much uncertainty as to the
ovarall effects of teamperature cycling.

FUTURE P} ANS

The end objective of our work a. Boeing i3 to understand design criteria for a lightweight engine burse
containment shield. Present effort focuses on three anras; Inreased energy containoent, attachsent desi,n,
and spin pit verification of laboratory impact testing.

The manner i{n which the barrier {s attached to the atrcraft (or to itself) s closely related to tr-
stailatfon design problems. However, {t is also importast for the develoupaent of the barrfer itself. It
has been found that as the size of the fragmsent goes up, the greater is the dependency of the balltsti. li=it
on the method of attachment.

All testing to date has been with translational accelerators ouly. This year the plan s to verify
these results in a spin pit. A disc with blades will be made to scparate into three ¢r four sepoents.
These segments will then {apact a3 barrier which i{s designed on the bastis of translatfonal tests.

CONCLUSIONS

Progress has been made {n the developoent of technology for engine burst c(ontainsent. However, a nuzber
of azjor problems must be rolved before a barrfer of this weight (an be placed in an atrcraft. Thesc prodb-
lems include practical attach=ent (oficepts, tesperature «voling degradation, and the extrapolation of current
containacnt designs to the higher cnergy levels.

HUS OR SECTOR

Fgure 1 Disc Faslure Modes - Figure 2. Engne Burst Fragments

Table 1. Engne Burst Contanment Material Propertes
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FINITE ELEMENT APPLICATIONS TO BATTLE DAMAGED STRUCTUREC

by
Dr. Pao C. Huang, Consultant
Naval Surface Weapons Center
wWhite Oak Laboratory
Silver Spring, Maryland 20910
United States of America

Summary

This paper introduces a “Patching Technigue®
for the development of a finite element
model truly representing a battle~damaged
aircraft. The applications of preprocessors
PING and BING to the automatic generation of
input data for NASTRAN analyses are also
briefly shown. Finally, the importance of
modeling technique is addressed.

(1) INTRODUCTION

The utilization of the finite element method in the design and analysis of a complex
missile structure 1S an important step toward an optimized system. The great speed and
precision of these technigques permit a missile to be thoroughly and repeatedly analvzed
and modified, providing a more efficient weapon system. These same techniques are
perfectly applicable to the structural vulnerability analysis of a hattle-Gamaged
vehicle which, in gerneral, has a complicated configuration and reguires detailed stress
and deformation data, However, the success of this computer approach depends largely on
the modeling technigue used to develop a [inite element model which accurately simulates
the real structure.

In addition, the generation of such a model and its associated data output must be
quick, economical, and routinized.

(2) FINITE ELEMENT PROCRAM - NASTRAN

NASTRAN, a general purpose finite element program for struccural analysis developed
by NASA, can be used as an example of a program for which data generation can be an
overwhelming task. HNASTRAN 1s versatile and applies to a large class of static and
dvnamic problems as follows:

a. tatic response to concentrated and distributed loads, thermal expans.ion, ané
enforced deformation

b. Dynamic response to trans.ent loads and random excitation

c. termination of real and complex eigenvalues for use 1in vibration analysis and
stability analysis.

However, preparaing MASTRAN input for a complicated probhlem is a large effort in
itself, It includes the layout of a grid mesh; calculatioas of griéd point locations:;
gener- zaon of element properties and their connections to grid points; preparation of
input sheets; and, finally, punching of input cards. All this work 1s extremelv time
consuming and reguires the effort of a team o: specialists. Furthermore, poss:ible
occurrences of human errors tocether with unavoidable redesign cycles would make the
analysis formidable.

To remedy these difficulties, special input generation programs have Leen developed
by the Naval Surface Vieapons Center, White Oak Latoratory to automatically generate
finite element models and their associated MASTRAN inpu* for missile structures.

(3) PPEPROCESSORS FOR NASTPAN

A Planform input Generator (PING, [refcrence 1] which zan rapidly develoo a finite
element model for an arbitrary wing planform of a missile, and a Body input Generator
(BING) [reference 2] which performs the same function for any type ¢ missile shell body
are currently operational at NSWC/WOL. tttilizing these .2 preprocessors, a complete
missile sucl: as shown in Figure 1 can be easily and guiclly generated for rigorous
structural analyses. These two preprocessors contain mrny useful features wvhich can ke
utilized to facilitate the development of a model to truly simulate a real missile.

The efficiency of PING 1s demonstrated in Figur: 2 where a finite element model of a
double wedge, solid, sweptbarr wing 1s shown as an example. This finite element model
has 277 grad points, 260 plate elements, and 1400 degrees of freedom. PING was emploved
1n the development of this model. It only took five manhours and a few seconds of
computer time to produce 1137 input cards for NASTRAN analysais.

Without PING 1t would take at least 360 manhours to produce the same number of cards
manually. The capability ¢f developing a finite element mnadel rapidly and economically
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is an essential requirement for such complicated work as the vulaerability study of
battle damaged structures.

Figures 3 to B show some of the sample finite element models developed by PING and
BING. Figure 3 demonstrates the useful feature of a mixed mesh which can be used to
reduce the degrees of freedom in ls:sy important areas. Figure 4 shows a model of a
curved delta wing. Figure 5 illusntrates how patches with a circular or elliptical hole
can be used with a finer me:h around the hole for more detailed stress distribution.
Figure & shows & wing with an elliptical hole which can be developed in two stages.
First, a wing model wathout hole 1s developed and the elements around the hole are
removed; then & patch with the hole can be developed to fit in the ovening. Figure 7
shows a complicated but realistic missile body generated by BING. It has a nose cone
and a cylindrical shell waith an engine housing. Figurz 8 shows a finite element model
of a BQHM 34A wing. This built-up w.ng has three spars connecting two curved parels.
hgain, a mixed mesh 15 used :n the wing panels to reduce . he degrees of freedom without
sacrificing the accuracy in the important wing root area.

lising tne preprocessors and NASTRAN, reliable analytical results can now be obtained
easily and :rapidly. Figure 9 shows the good correlation of the theoretical and
experimental data. The latter were provided by the Naval Research Laboratcry from a
compicte vibration test of the actual missile. The thecretical resvlts were obtained by
NASTHAN on a finite element model developed by PING and BING. It oaly took 40 manhours
to complete the vibration model and 1200 seconds of CDC 6500 computer time to obtain the
first six vibration modes. With these powerful analytical tools, elaborate structural
analysis certainly becomes practical an the developmeant 5f a complicated missile system.

14) PATCHING TECHNIQUE

On a demanding task such as the vulnerability study of battle damayed structures,
precise stress data around the damaged area will be reguired to determine the
possibility of crack propagation whaich may lead to catastrophic faxlure. Finite elenment
analysis technigues will) be of great value in furnishaing detailed information for such a
study. Therefore, an elaborate finite element model must be developed to accurately
represent the damaged structure. Using PING, this task can be easily achieved. Figure
10 shows tne procedure for the development of a damaged wing structure. First, a finite
element model of the undamaged wing must be generated and the plate elements around the
damage removed. Then patcnes of damaged components having smaller plate elements can be
generated to fit the cutout. Finally, these patches are inserted into the proper
locations to complete the finite element model for the damaged wing. This modeling
procedure is designated as the “Patching Technigue”". The commoa gridpoints on the
cutour prundaries are not joined by compatibility conditions but by using a common
gradpoint number, therefore, no constraint eguatiocns are requared. Thas feature not
only eliminates many input data cards, but also yields a much better finite element
model.

(5) ANALYSES OF BATTLE DAMAGED STRUCTURES

A demaged BQ 534A wing was analyzed by NASTRAN under lg loading. The finite 2lemcnt
model of the undamaged wing had 846 zrad points, B49 plate elements, and 4602 degrees of
freegom. Tais model nct only too. 1nto account the curvatures of the skin panels, but
also the varying skin thackness. Five PING runs and approximately 64 manhours were
taken to complete this job. The damaged wing had a slot 1.5 inches wide in the uppe:
skain panel and extended five inches diagonally inward from the front spar to a point
whe.e the middle spar cap was complete.y cut. In addition, all three spars were damaged
to different degrees. {Using the patching technigue, the £finite =lement model for thas
damaged version was Jguickly generated by removinc elements and adding patches. The
final model is shown in Fagure 1ll. The NASTRAN analyses showed significantly higher
stresses in the root area cf the damaged wing than those in the corresponding region of
the w-damaged wing. However, the most critical point was found at the slot t:p with 5
peak stress of 10,000 ps:i as indicated in the plot of i1so-stress-lines. The actual
damaged wing was tested to destruction, which occurred at a 3g loading. A crack was
first formed at the tip of the slot then propagated toward the wing root at the rears
spar. Thas was adequatel, predicted in the stress contour plot whereby a peak stress of
30000 ps1 was obtazned at 3g level; a value wnich was thought to be the strength of the
material at that state.

Tne structural response o a damaged semimonocogue fuselaye was analyzed from a
model by the same patching technigue. A vertical slot between the seconZg and third
franes near tae ta:l end was cut in the fuselage skain. The cut extended from the crown
down to a point at 108 degrees on each side. The patch had a wadth coverinag the last
three Lays of the fuselage and a circumferential length longer than that of tne slot.
as can be seen in Figure 12, much smalle- elements are used 1in the patch especially
around the tip region where high stress concentration i1s anticipated. This finzte
element model was subsequently analyzad by NASTRAN for an lg load condition. Propers
resultant forces were placed on the zour cut boundaries tc transmit aiy pressures fromw
tne nose, wings, and tail assembly which were omitted i1n this truncated fuselage.
>tress concentrations were found around the slot tip area with sufficient intensity sucn
tnat a crack would farm at this point. Catastrophic failure seems certain to occur
pccause tacre 1S no crack arresting structuaral member in the propagation path between
frames, and the peak stress of 26000 ps: shown in Figure 13 would increase rapidly as
the crack ealarges.
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To demonstrate the importance vf the patching technigue which provides stress
concentrat .on data, another analysis was made on a model obtained simply by rem.ving the
Plate elements between the two frames to simulate the damage inflicted on the fuselage.
This simple model, Figure 14, had a cutout wider than the slot but was bouaded on four
sides by smooth edges. NASTRAN analysis revealed much higher stresses than those of the
wdamaged model, however, no danger could be detected for any catastrophic failure in
this analysis, This contradictory conclusion, of course, was not totally unexpected,
especially when the simple model had a structurally sound configuration. However, it
did point out the danger of under-moudeling and the impGrtance of a true simulation.

The study of structural vulnercbility of battle-damaged aircraft by projectile hits
can be conveniently treated in two prase. In the inpact fracture phase damage criteria
of instantaneous failure, i.e. the ujper bound of vulnerabilitry, are of interest. Then
the 2ssessment of local damages to the structure must be determined fur subsegquent
survival a- alyses. The prediction methods in these areas are inadeguate at the present
time, however, some guidelines are available for a quick estimate. 1In the continued
flight phase where residual strength, loss of control, dynamic and aerodynamic
instabilities are a concern, the finite element technigues become extremely valuable.
To attack these problems two distinct finite element rodels should be employed. &
“Static Model® with sufficient damage details can be developed for residual strength
analysis while a "Xinematic Model", being mwch simpler than the former, can be used in
the analyses of structural response. The kinematic model is definitely the cheaper one
tr run, yet would y:eld sufficiently accurate results in stiffness or dynamic analysis,
For completeness, many different analyses mus”. be perforrmed on a large structure, these
models must be carefully designed for optimization in terms of accuracy and economy.

(6) CONCLUSION

Using the preprocessors PING and BING together with NASTRAN, finite element
technigques can now be applied easily and rapidly to the study of structural
vulnerability. Precise response data can be generated, analyzed for the residual
strength and performance of the damaged vehizie.

Patching technigue has been applied to the develoonent of a finite element model for
a damaged vehicle. The procecdure is found convenient and efficient., Good stress
concentration data have been obtained.

Modeling to truly represent a damaged vehicle is an impertant task. 1t should not
be over- or under-designed for economical or accuracy reason.
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