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PREFACE

Aircraft must maintain structural int~grity relative to many sources of damage such
as, for example, fatigue cracking or corrosion. Military aircraft must also withstand, as far
as is practicable, damage inflicted by hostile military weapons. The resistance of the
structure to the impact of projectiles is an important parameter in considerations of
vulnerability. It is necessary to determine the impact failure characteristics of the structure
under load, and its residual strength after damage. The detail design features of the
structure are important in determining the spread of the damage. Where neighbouring
systems or fuel tanks are vulnerable, the degree of penetration of the projectile into the
structure is important. Blast and fragmentation effects must be considered.

This Design Manual has therefore been produced by the Structures and Materials
Panel to aid the designer in making assessments of the tolerance of the structure to various
threats and the probability of the aircraft surviving the impact, completing the mission and
returning safely to base, It describes methods which exist to determine both the damage)
resulting from the impact of various types of projectiles and the resulting capabilities of
the damaged structure. It also embraces an analogous problem, arising mainly on transport
aircraft, of the resistance of the structure to impact of debris from engine disintegration.

The Manual is divided into three Sections, Section I dealing with the projectile threats,
Section 11 with analysis methods and Section III with design guidelines.

The Structures and Materials Panel was very fortunate from the outset in securing the
services, as Coordinator, Compiler and Editor of the Manual, of Mr John G.Avery of the
Boeing Company, Seattle, who is world renowned as an -expert in the field of impact damage
tolerance of structures. An essential feature of AGARD activities is the pooling of relevant
knowledge with the NATO community aided by the bringing together of specialists for
ir4formed discussions. This occurred both within the Working Group on Impact Damage
Tolerance of Structures and also at the Specialists' Meeting held in Ankara in September
1975 (see AGARD Conference Proceedings CP-l 86). The Panel is therefore deeply indebted
not only to Mr Avery, for his outstanding efforts, targely single-handed, in compiliuig this
Manual, but also to all those others who have provided valuable information and
contributions, especially those listed by name in the preliminary pages.

N.F.H. RPUR

Chairm~an, Working Group
on Impact Damage Tolerance
of Structures

NT!S c".
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AUtHK)OR'S NOTE

This Design Manual was prepared as the primary task of the impact Damage Tolerance Working Group formulated by

the Structures and Materials Panel, with N. F. Harpur of British Aerospace serving as the originator and guiding light

of the effort. The objective of the Manual is to describe a methodology for incorporating projectile Impact damage
tolerance into structural design, with the aim of improving inherent survivability. The scope of the work Includes

military projectiles and engine debris.

As Its title implies, the Design Manual is Intended for structural designers and technologists having little prior

knowledge of projectile impact phenomena and weapon effects. An early goal was to avoid the necessity of security

classification, as it was felt that this would restrict its accessibility to designers. As a result, the data presented is

limited in scope. Within this context, the user should regard the Manual as a guide In defining methods and
identifying the type of data required for impact damage tolerant design, rather than as a source of data pertaining to

the nature and effects of specific threats.

The Manual was prepared in three sections using information available to the author, most of it developed under the

sponsorship of the U.S. Department of Defense. Each section was separately submitted for public release approval

and distributed to Working Group members for technical review. This process began in 1977, and has only recently

been concluded following fairly major revisions undertaken in 1980 to satisfy release requirements.
Mr. Keith I. Collier, Deputy Director of the Flight Dynamics Laboratory, AFWAL, coordinated the final release

activity and deserves special thanks for his interest and effort.

The author would like to thank all those who read the mantescripts and submitted review comments. Mr. 0. W. Voyls
of AFWAL spent many hours reviewing the entire Manual and the implementation of his suggestions has made a
significant contribution in content and releasability. Mr. K. T. Shaw of the RAE provided detailed commentary which

resulted in substantial improvements to Section i. Special thanks is also extended to Messrs. 3. Olsen, C. Wallace,

and L. Kelly of AFWAL, and W. Kirkby and R. Anstee from the Structures Department of the RAE. Because of the

urgencies of the printing schedules, some excellent recommendations for improvement could not be implemented,

including the reduction of duplication between Sections I and !I.

With regard to preparing the Manual, I would like to acknowledge the contributions of Mr. T. R. Porter of the Boeing

Military Airplane Company. Much of the format, content, and philosophy of the Manual remains from his prior
efforts. The same comments apply to Mr. R. 3. Bristow, also of Boelng, whose early wo.,k established the approach

used for later developments in ballistic damage prediction and residual strength assessment. Ms. S. 3. Bradley, again
of Boeing, has been instrumental in preparing the Manual from all standpoints, including technical contributions,

editing, formatting and reviewing. The notable work of Messrs. M. 3. Jacobson and M. M. Ratwark, and their

coworkers at Northop Corporation, 3. R. Yamane and 3. Brass, provided valuabie source material for portions of the
Manual, as did the work of E. A. Lundstrom of Naval Wea,'ons Center, D. McCarthy of Rolls-Royce, and P. C. Huang

of NSWC. Several researchers were particularly supportive of the activity, including 3. Massmann of IABG,
D. F. Haskell of BRL, and R. W. Lauzze and D. 0. Fearnow of AFWAL. The technical -ommunications contributed by

Mr. Massmann were of great value to the effort. Considerable information presented in the Manual was developed

under contractual programs managed by A. 3. Holten formerly of AFWAL, and Drs. A. Somoroff and D. Mulville of

Naval Air Systems Command. Special appreciation is extended to the Boeing Military Airplane Company, particularly

Mr. D. E. Strand, for supportive interest in the activity.

3oh G. Aveýýal2

Mahat , St v abi lit y/V uihnera ;y

Ree=chi a i~neering (
',~~~ Uoll Mltly Airplane Coml y

Seattle, W Ington 98124
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INTRODUCTION

Aircraft must maintain structural integri ty relative to many types of damaging mechanisms including for example,

fatigue, non-detectable initial defects and in-flight damage such as that inflicted by military weapons or by debris

from disintegration of an englne. While the design methodology for some of these is well established within the

structural design disciplines, that for in-flight damage has not been widely distributed to designers.

The resistance of the structure to the impact of projectiles is an important parameter in consideration of the

vulnerability of military aircraft. Information on this subject Is contained in AGARD Advisory Report AR-47

"Physical Vulnerability of Aircraft". However there is a need for considerable augmentation of this information,

extending the scope to include design methodology. The Structures and Materials Panel of AGARD, recognizing this

need, corn missioned the preparation of this Design Manual.

The overall objective of the Manual is to inform designers of thi general character of projectile threats and available

analysis methods for predicting damage and strength degradation, and io outline a methodology for incorpo×rating

p. jectile damage tolerance into the structural design of aircraft. Toward this end, the Manual contains three major

sections;

Section I Description of Projectile Threats

Section u Analysis Methods for Predicting Structural Response to Projectile
Impact

Section NI Design Guidelines for Impact Damage Tolerance

Section I describes projectile types, important encounter parameters, and typical terminal effects, written primarily

for the aircraft designer rather than the vulnerability or weapons effects specialist. The intent is to provide a very

general overview useful to an individual having little familiarity with projectiles aad their effects. Vulnerability and

weapons effects specialists have more specific and often classified dota, and should be consulted as required in design

applications.

Section II presents analysis methods and data available for predicting the response of metal and fiber composite

structure to projoctile impact. The analysis methods discussed are applicable to impacts by small arms projectiles,

missile warhead fragments, and the fragmentation and blast effects of high-explosive projectiles. The responses

addressed Include penetration capability, damage size and type, strength and stiffness degradation of damaged

structure, and internal load redistribution.

Section III summarizes a design methodology for Implementing projectile damage tolerance within structural design

disciplines, developing methods and requirements within a format that is compatible with existing damage tolerance

procedures.

amUIN i -Aa uw-NOt nILu
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DESCRIPTION OF PROJECTILE THREATS



SECTION I

1.0 DESCRIPT'ON OF PRO3ECTr.. THREATS

Evaluating the degradation of aircraft structure resulting from projectile impact requires a knowledge of the
threat and encounter conditions. This is necessary in understanding the failure mechanisms and structural response
modes induced by the various types of threats. The objective of this Section is to acquaint the aircraft structural
designer with projectile types, important encoun.er parameters, and typical terminal effects. The section provides basic
information that will be helpful in understanding the analysis of structural response to impact and the design guidelines
for impact damage tolerance presented in Sections II and Ill.

Following the overall objective of the Manual, this Section is written for the aircraft designer rather than the
vulnerability or weapons effects specialist. The intent is to provide a very general overview useful to an individual
having little familiarity with projectiles and their effects. Vulnerability and weapons effects specialists have more
specific and often classified data, and should be consulted as required in design applications.

The subsequent discussion is organized as shown below, reflecting the two categories of projectiles addressed in the
Manual: military projectiles and engine debris. Military projectiles of concern in aircraft design can be loosely
cataloged into two generic types:

(a) Non-exploding projectiles;
(b) Exploding projectiles.

The non-exploding projectile is typically a penetrator that strikes the aircraft exterior intact and produces no
accompanying blast effects. Examples of military non-exploding projectiles include small-arms projectiles, certain AAA
(Anti-aircraft Artillery) projectiles, and missile warhead fragments. An exploding projectile contains an explosive )
charge and a fuzing mechanism, and both fragment penetrators and blast overpressures are generated. Exploding
projectiles are fired from AAA weapons.

Engine debris projectiles are formed from the structural failure of rotating engine components, with subsequent
escape from the engine case. These projectiles can resemble fragments generated from military threats, but have unique
characteristics which require separate Lonsideration.

This section is organized as follows:

1.1 Military Projectiles
1.1.1 Non-exploding Projectiles

1.1.1. 1 Types
1.1.1.2 Encounter Parameters
1.1.1.3 Typical Terminal Effects

1.1.2 Exploding Projectiles
1.1.2.1 Types
1.1.2.2 Enco.'nter Parameters
1.1.2.3 Typical Terminal Effects

1.2 Engine Debris Projectiles
1.2.1 Description of Engine Debris Projectiles
1.2.2 Encounter Parameters
1.2.3 Typical Terminal Effects

1.1 MILITARY PROJECTILES

1.1.1 Non-Exploding Projectiles

1.1.1.1 Types

An important category of non-exploding projectiles are the "small-arms" projectiles, primarily the 7.62-mm, the
12.7-mm, and the 14.5-mm. These projectiles consist of a solid metal core (often called the "penetrator") usually
surrounded by a thin metal jacket. Non-exploding projectiles of caliber greater than 14.5-mm are generally classified as
AAA (Anti-aircraft Artillery) or cannon projectiles. The most notable of these is the 23-mm.

There are several types of non-exploding projectiles including: ball (B), armor piercing (AP), incendiary (I), and
tracer (T). Ball projectiles, typically available in 7.62-mm only, have a relatively soft core designed to deform at
impact, and are intended for use against personnel. In forward area combat situations, however, they may be fired
against aircraft. Armor piercing projectiles have a hardened steel core designed for penetrating hard targets, including
aircraft. Incendiary projectiles contain a theimally active filler that functions at impact and can ignite on-board

flammables such as fuel or hydraulic fluid. Tracers contain material that burns brightly along the flightpath for
assistance in aiming and sighting. Many projectiles combine some of the above capabilities. For example, the 7.62-mm
APi is armor piercing-incendiary, and the 23-mm API-T is armor piercing-incendiary-tracer.

Photographs of typical small-arms projectiles are contained in Figures 1-1, 1-2, and 1-3. These figures show
sectioned projectiles, illustrating the relationship between jacket, core, and incendiary. In eddition, Table 1-I shows
typical weight and size characteristics of representative small-arms and AAA non-exploding projectiles. In most
instances, small-arms fire emanates from ground based weapons. 7.62-mm projectiles (both ball and armor piercing) are
typically fired by infantry using assault rifles or bipod mounted machine guns. The machine guns, in particular, can have
a high rate of fire and are a threat to slow and low flying aircraft within range. The 12.7-mm threat typically consists
of a carriage mounted heavy machine gun with quad barrels providing a fairly high rate of fire. Another anti-aircraft
defense weapon, the 14.5-mm heavy anti-aircraft machine gun, has been known to be effective against aircraft flying at
moderate subsonic speeds. The larger caliber projectiles are most frequently fired from ground-based weapons (AAA),
but may also be fired from airborne cannon. The 23-mm armor-piercing incendiary, fired from radar controlled AAA
guns having a very high rate of fire, is a significant threat.

The final type of non-exploding military projectile-missile warhead fragments-emanate from surface-to-air
missiles (SAM) or air-to-air missiles (AAM). Missile fragmentation warheads often consist of an explosive charge
surrounded by a wall of preformed metal fragments, or a prescored or solid metal casing. Figure 1-4 shows some
warhead assemblies using preformed fragments.
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The warheads generally have a proximity fuze. At detonation, the fragments are propelled outward at high
velocities (10,000 feet per second in static detonation is not uncommon). The shape and weight of individual fragments
depend on the warhead type. Figure 1-5 shows some preformed fragment shapes. Cubical or diamond-shaped fragments,
ranging in weight from approximately 50 to 200 grains, represent typical warhead fragment threats.

Although missile warhead fragments are treated here as non-exploding penetrators, they may be accompanied by
blast overpressure from the detonation. The intensity of the overpressure depends on the warhead miss-distance. In
additior, it should be clear that warhead encounters invariably result in multiple fragment impacts, providing the
potential for interacting effects between impacts, and for damaging several structural members.

1.1.1.2 Encounter Parameters

Striking velocity, projectile attitude (yaw), and angle of obliquity are the encounter parameters that must be
specified in order to assess penetration and damage capability. These parameters are illustrated in Figure 1-6 and
defined below. Missile warhead fragments, representing multiple impact encounters, are additionally characterized by
fragment impact density; i.e., the number of fragments impacting per unit area.

INITIAL IMPACT SUBSEQUENT IMPACT

OBLIGUITY ANGLE, 0 #

Figure 1-4 Definition of Encounter Paraneters

Striking Velocity

The striking velocity is the relative velocity between projectile and aircraft at the instant of impact. Figure 1-7
shows a typical "range-velocity" chart for several small-arms projectiles. These curves are developed from ballistic
trajectories obtained from solutions to the equations of motion, given an angle of trajectory, an initial (muzzle) velocity,and a ballistic coefficient. Once the striking velocity has been specified, the kinetic energy of the impacting bullet can
be found conveniently using the impact energy nomograph shown in Figure 1-9.
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Projectile Attitude (Yaw)

The projectile attitude or yaw is the angle between the projectile longitudinal axis and the projectile flight path,
and varies from "aligned" (0-degree) to "fully tumbled" 190-degrees).

Angle of Obliquity

Angle of obliquity refers to the angle between a normal to the target surface and the projectile flight path. For
example, an angle of obliquity approaching 90-degrees represents a "grazing" impact. The terms "angle of obliquity" and
"impact angle" have often been used interchangeably.

A frequent application of encounter parameters in design is to specify them as part of the design criteria, often
reflex-ting anticipated typical or worst case conditions. For example, a typical encounter condition criteria for a low-
flying aircraft might read:

Striking velocity: 2,000 feet per second,
Angle of obliquity: Normal impact,
Projectile attitude: Aligned or fully tumbled.

An alternate approach is to determine encounter conditions from operational analyses wherein the aircraft is flown
through a postulated mix of weapon threats. These "end game" analysis results can be used to provide the most probable
conditions for use as design criteria.

Since both aircraft and projectile are moving at the time of impact, encounter parameters must he assessed
"relative to" the aircraft. For example, the relative velocity between aircraft and projectile introduces a yaw with
respect to the relative flightpath, even though the projectile may be unyawed with respect to its own flightpath.
Figure 1-9 shows a useful geometry for defining encounter conditions, specifying the projectile flightpath by azimuth and
elevation angles. In Fi6ure 1-10, equations derived from the flight path/trajectory geometry are used to solve for the
encounter parameters in a sample problem. The resulting values for striking velocity, obliquity angle and yaw can be
used for component penetration and damage assessment, since they are expressed in a reference system within the
aircraft.

PLAN VIEW -

PROJECTION /

OF PROJECTILE
F LIGIrPATH RELATIVE PROJECTILE

FLIGHTFATH

Figure 1-9. Geometry for Estabishing Encounter Conditlons

FIND:
PROJECTILE STRIKING VELOCITY, ANGLE OF OBLIQUITY. AND

•'a ATTITUDE (YAW), RELATIVE TO THE AIRCRAFT COMPONENT
IMPACTED.
VPV-VAc0 0+ 4V 2- V2 (1_cm2o•f 2

2) (1)

(Va) SUBSTITUTING INTO EOUAI ION (1) YIELDS THE STRIKING VELOCITY:

V- 1.912 ft/s

THE ANGLE OF OBLIQUITY, 9 , IS CALCULATED FROM: (2)
Va - AIRCRAFT VELOCITY ton 0 - VG/Vp 587/2,00 - 0.29

- PROJEc-rILE VELOCITYP 80 - 16 d.g

V. - VELOCITY OF PROJECTILE RELATIVE TO AIRCRAFT ASSUMIN(i THE PROJECTILE IS NOT YAWED WITH RESPECT TO

GIVEN: ITS OWN TRAJECTORY, THE APPARENT YAW ANGLE CAN BE

AIRCRAFT VELOCITY - 400 nmldh; HORIZONTAL FLIGHTPATH V2 
+ V 2

(587 It h) - 17 d og (3)

PROJECTILE VELOCITY " 2,000 ft/,; VERTICAL TRAJECTORY + !P2 "V

Figure 1-Ya Swnple Problrn Solving for Encounter Peiwnetm RelOetive to Alrcraft
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The encounter parameters described above (striking velocity, yaw, and angle of obliquity) are applicable to all
projectile impact encounters. An additional parameter, fragment *density, is significant for missile warhead encounters.
Figure 1 -11 is a schematic representation of a fragment spray pattprn resulting from a warhead detonation. The angular
extent of the fragment pattern is determined by the characteristics of the warhead and the terminal velocity of the
missile. The corresponding area enclosing fragments increases with distance from detonation. Thus, the number
fragments impacting per unit area of aircraft surface is primarily dependent upon miss-distance; 'i.e., the distance
between missile and aircraft at detonation.

FIgure 1. 11. Schemutkc Repnuumn~taon of Mmii.l Ww~nead Detonation

1.1.1.3 Typical Terminal Elffects

Military projectiles have considerable capability to penetrate typical aircraft structure, and they will at least
partially penetrate even the heaviest component. This penetration capability is illustrated in Figure 1-12 for a .50O
caliber armor-piercing projectile impacting steel or aluminum sheet. The ordinate of this curve is the V-S0 ballistic limit,
meaning the impact velocity at which 5s0-percent of the impacts result in complete penetration. The curve indicates
that one-half inch aluminum plate can be penetrated at velocities as low as 1100 feet per second.

Projectile penetration damage consists of cracking and material removal including front and rear surface
spallation. A special case arises when the projectile enters a cell containing liquid, since the impact shock and the
dissipation of kinetic energy as the projectile slows down within the liquid leads to "hydrodynamic ram' pressures acting

- against the cell walls. These pressures often result in additional structural damage.

Penetration damage has diverse characteristics depending on the projectile, the configuration of the structure, and
the encounter conditions. Damage can range from dents, cracks, and holes, to large petalled areas accompanied by
extensive out-of-plane deformation. Tlhe diverse character of projectile damage raises questions: How can it be
quantified? What should be measured?

Although there are several meaningful measures of penetration damage, lateral damage is the measurement that
has been found most useful for vulnerability analysis. Lateral damage, as shown in Figure 1-13, is defined as the
diameter of an imaginary circle that just encloses the limits of cracking, perforation or spal!ation in the plane parallel to
the original surface of the sheet. The terms "lateral damage"," "damage size", and sometimes simply "damage" are used
synonomously.

A second significant measurement when stressed panels are impacted is the component of lateral damage
transverse to the applied load. This index is referred to as transverse lateral damage, often abbreviated as TLD.

Certain characteristics of projectile impact damage are described in the following pages, organized into three.

major topic areas:

(a) Non-Exploding Penetrators Impacting Metallic Structure;

(b) Non-Exploding Penetrators Impacting Advanced Fiber Composite Structure;

(c) Projectile Penetration into Fluid-Filled Containers.
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1.1.1.3.1 Non-Exploding Penetrators Impacting Metaliic Structure

The impact damage response of metals depends upon many interrelated parameters. Because of this, there is
appreciable scatter in the test data, and it is often difficult to isolate and quantify the effect of individual parameters.
An extensive investigation of impact damage induced in metals by small arms projectiles and fragments is reported in
Reference 1-2. This reference discusses types of damage and the parameters that influence damage. Some results from
that study are surrmarized in the follcwing paragraphs.

Da)mage Type

Impact damage in metal sheet and plate can be cracks, spallation, petals, holes, dents or gouges. For a given

target material, the damage type depends on the sheet thickness, and the projectile velocity and angle of obliquity. This
is illustrated in Figure 1-14.

7.0
SMA'XI mum

ji t• .ATERAL

60- i DAMAGE
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I4..-

REARSURFACE 13. :
a 4C

• I UI*• '
.:. GOUGE :•2.0.

"PETLSmO DAMAGE I .ONSET OF HIGH-VE',.OCITY

_Jo LAEA *6 * AEA *AMAI
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VELOCITY *A
Figure 1-14. Damag Type Regime Diagram, .30 AP, 7075-& T6

01,00 2,000 3.000

IMPACT VELOCITY (ft/i)

Figure 1-I& Typical Variation of Damge Size
With Proi'eMl Velocity

ZEfect of Projectile Velocity

For a given target sheet and projectile obliquity, the variation of projectile striking velocity can result in the
response 3hown in Figure 1-15, which also illustrates the concepts of incipient damage, maximum damage and high-
velocity damage. This response is characterized by a maximum lateral damage size that occurs just aoove the ballistic
limit. Fur..er increases in projectile velocity result in lesser damage, until a plateau is reached called the high-velocity
lateral damage. Velocity increases beyond this limit do not produce any signif*cant change in damage size, 'nless
velocities can be reached that result in appreciable projectile break-up. The size differential between the maximum
damage and the high velocity damage depends primarily on sheet thickness.
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Figure 1-16 is a photograph showing the effects of projectile velocity for .30-caliber AP impacting 0.090-inch
7075-T6 sheet. The increase in damage with reduced velocity is evident.

8Z7

0° 00(s 2550

Figure I- IS Effect of Proctile Velocity on DtabSke(ago0 7076-7"6 impacted by.30 AM)

Effect of Projectile Obliquity

The angle of obliquity (or impact angle) has a pronounced effect on damage size. The following are generally trueregarding obliquity effects:

1. When impact angles are increased and other conditions held constant, the maximum lateral damage will also
increase as long as penetration occurs.

2. The velocities required for incipient lateral damage, maximum lateral damage and the onset of high-velocity
lateral damage increase directly with obliquity increase.

Figure 1-17 illustrates this response schematically, and Figure 1-18 is a photograph showing 0.090-inch 7075-T6
impacted at several obliquities with velocity held constant. There is a dramatic reduction in damage size caused '-y
projectile ricochet as the impact angle increases from 60 to 70-degrees.

Effect of Projectile Type

When projectiles are similar in shape and construction but differ in size, it is generally found that larger projectiles
produce greater damage. When this similarity is not present, however, it is not possible to make lateral damage
predictions based only on projectiles size. Projectile type must also be considered. A distinction must be made between
ogive bullets and compact fragments, for example. Spin-stabilized ogive project!1es can exert significant in-plane
wedging forces that contribute to panel cracking during projectile penetration. Compact fragments tend to punch
through the panel, even at relatively low impact velocities, causing a different mode and size of damage as illustrated in
Figure 1-19.

"Effect of Sheet Thickness

Damage size is highly dependent on sheet thickness. A convenient thickness parameter is the ratio of thickness to
projectile presented length (t/Lp). Typically, as t/L ratios are increased beyond 0.1, the maximum lateral damage size
increases from a projectile-sized hole to a relativefy large damage area. The maximum damage occurs at t/Lp values
between 0.3 and 0.4 for aluminum and titanium alloys. Increasing t/Lp ratios beyond 0.4 reduces the lateral damage to a
projectile-sized hole that may be accompanied by significant amounts oL spallation.

I - -t
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Figure 1-19. Exple of Efct of Projectile Type on cQirecter of Dam,"e

The typical response is shown graphically in Figure 1-20(a). it should be kept in mind that since lateral damage
also depends on projectile velocity, this figure shows the largest damage (i.e., the maximum lateral damage) that occurs
for each given t/Lp ratio. The remaining illuttrations in Figure 1-20 demonstrate tht parametric effects discussed
previously, namely: the effect of projectile velocity, obliquity, and projectile type.

Effect of Sheet Material

The choice of material will have a marked effect on the resulting size and type of damage, since materials differ in
their resistance to impact damage. A cor )arison of damages produced under identical impact conditions, changing only
"target material, will show large differences in damage size. It was shown in Reference 1-2 that the damage sizes for
2024-T3, 2024-T81 and 7075-T6 aluminums have the rutios 1, 2.2 and 5.1, respectively. On the same basis, the ratio for
6AI-4V titanium was found to be 1.8 with regard to damage resistance, these materials rank in the order shown below,
with the first having the highest damage resistance:

I. 2024-T3;
2. 6AI-4V;
3. 2024-T81,
4. 7075-T6.
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Figure 1-20. Effect of Several Pararnaters on Gunfire Damage of Metal Structure

Since damage tolerance also depends on material properties, material selection is an important means of redtwing
structural degradation due to battle damage.

Effect of Applied Stress

If the tensile stress level is sufficiently high, unstable crack propagation may occur at impact, resulting in an

extension of damage beyond that obtained from lower stressed paneis. Often, the stress level causing impact fracture
(called "impact fracture strength" or "threshold stress") is lower than the stress required to fracture the panel containing
equivalent damage inflicted without applied stress. Applied stress levels below this value may have a small influence on
damage size and orientation; however, the extent of these effects has not yet been established.

1.1.1.3.2 Non-Exploding Penetrators Impacting Fiber Composite Structure

There have been a number of programs investigating the response of advanced fiber composite structure (primarily
graphite/epoxy) to projectile impact (Ref. 1-3 for example). These studies have shown that the unique characteristics of
composite materials can have a significant influence on damage response. Some of the properties that influence
projectile damage are (I) the orthotropic strengths and stiffness of the plies, (2) the low ductility of the fibers, (3) and
low interlaminar strength. Characteristic damage responses observed in fiber composite structural configurations are
discussed in the following paragraphs.

Damage Type

The results of examining graphite/epoxy laminates damaged by small arms projectiles and fragments are reported

in Reference !-3. The damage modes illustrated in Figure 1-21 were noted from this examination including perforation,
delamination, peeling, fiber fracture and gouging.

07N] AMNAT INP

SE VERED: WITH OR
WITI4OIJT MATERIAL

REMA) A A OFTEN

A-A A-A
PARTIAL THROUGH

FIBER DUCKLIN

A

EENTRY
RAIDREGION • SURFACE

A -A

XI

Figure 1-21. Typical Bllistic Damae In Fiber Composlt "4
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Projectile damage In fiber composites tends to conform to the contour of the projectile more closely than
experienced in most metals, which often exhibit considerable cracking emanating from the primary perforation. In
composites, damaye Is more likely to be confined to a region of perforation surrounded by delamination. There is often
peeling of the surface layers, but this may not be structurally significant relative to the penetration damage.

Effect of Projectile Velocity

Considerable testing with small arms projectile- and fragments fired into fiber composite laminates has shown that
visual damage size is relatively insensitive to projectile velocity. Figure 1-22(a) is representatike of the results obtained
in thin laminates. These data were obtained for impact conditions well above the ballistic limits of thc• laminates.

Results of recently conducted tests with thick graphite/epoxy (Ref. 1-3), shown in Figure 1-22(b), indicate that
while the damage size increases rapidly for velocities up to V/VBL = 1.3 (Velocity/Ballistic Limit Velocity), it remains
relatively constant for higher V/VBL ratios. This is in contrast to metals, where the maximum damage occurs at
velocities near the ballistic limit ano diminishes before leveling at high velocities (Ref. 1-2).
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3PLY/FACE 0/445/90 GRAPHITE/EPOXY
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1. 0

L NU

0 -_ u L; mt I I I I

0 1 2 32 0 1 2 3 4 S a

PROJECTILE VELOCITY (1,000 ft/s) PROJECTILE VELOCITY/EALLISTIC LIMIT (VNBL)

(a) THIN LAMINATES (b) THICK LAMINATES

Figure 1-22 Effect of Projetile Velocity on Damage Size in Advweced Fiber Compoatuc

Effect of Projectile Obliquity

As with metals, damage size in fiber composites varies with the obliquity angle at impact. This effect is shown in
Figure 1-23(a) for thin laminates and 1-23(b) for thick laminates.

.30 CALIBER AP 1/4-In MILD STEEL CUBE.
fORONtEpOXY ' /0/441/90 GRAPHITE/EPOXY
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Figure 1-21 Effect of Ob/lqulty Angle on Damage Size In Advanced Fiber Compoeiet
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Effect of Sheet Thickness

Laminate thickness has a significant effect on damage caused by penetrators. Da-nage size in thin composite
laminates tends to conform to the projected size of the projectile in the plane of the impacted laminate. This behavior
does not extend to zhicker laminates, because the exit face damage can be extensively increased by dclamination,
sometimes appearing as rear surface spallation. This is shown in Figure 1-24. As with metals, the ratio of ".hickness to
projectile presented length appears to be a useful parameter in describing thickness effects, as shown in Figure 1-25 for
a typical graphite/epoxy.

.s 0--0 OBLIQUITY 01t45/9O GRAPHITEXEPOXY

S0.5164In LAMINATE
4 8 0.258-In LAMINATE

0 -

N

0

1` 0.2 0.4 0.6 0.8 1.0 1.2 1.4

LAMINATE THICKNESS/PROJECTILE LENGTH

Figure 1-24. Ballistic Penetration Dange in o.50in Thick Figure 1.25 Effect of Laminate Thicknes and Projectile Size

Graphite/Epoxy, Exit Surface on Damage in Graphite/Epoxy

1.1.1.3.3 Projectile Peretration Into Fluid Filled Containers

In many airLraft, the structure serves the additional function of fuel containment, so that a penetrating projectile
enters a fluid medium after passage through an adjacent element of structure. The term "hydrodynamic ram" refers to
the dynamic pressures cenerated within the fl'iid as a result of energy imparted by a penetrati, g projectile. These
pressures are transmitted to the wahs of the "uel tank, and they can cause severe structural damage-.

The initial impact and penetration o. the en cy wail gerc rates a spherical shock wave in the fluid. The shock
pressures dissipate with distance ,rom the entry wall, but signi.icant damage may be inflicted by this "shock" phase of
the ram phenomena, particularly to the en, y -,% all.

Figutes 1-26 and 1-27 show the -econd phase of the hydrodynamic ram effect, referred to as the "drag" phase. Ini ~Figure 1-26 the projectile is rapidly lo, ipg velocity as It travels ip the fluid, and this rate of loss is augmented by

tumbling. Figure 1-27 illustrates th,: correponding pressure pulse acting on the tank walls, r.sulting from the
Sconversion f projectile k!.)etic energy to fluid kinetic and potential energy.

- ____.. . .. _ 1II FLUID
ENTRY I

FLI

1011O0JCTILE IFLUID ENERGYVELOCITY TRANSMITTED TO
TANK WALLS CAUSES" • lSTRUCTURAL DAMAGE

DISTANCE TIME 4ns)

Figure 1-26. Projectile Slowing and Tumbling Within Fluid Figure 1-17. Pruaure Pulse Acting on Tank Walls
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Hydrodynamic ram must be considered as a damage mechanism for any structural element that-is wetted by fluid,
or any element that is separated from fluid by a pressure transmitting component such as a flexible bladder. The
structural damage caused by ram consists of bulging and tearing, and fastener failure is common. Damage is especially
severe at entrance and exit walls because the internal pressures extend the damage caused by penetration.
Hydrodynamic ram damage due to fragments and snall-arms projectiles can be extensive and potentially catastrophic as
suggested by Figure 1-28.

I

Figure 1.2a Hydrodynarnic Rom DaOwe in Fuel Tank
Cewusod by Small Arms Projectile

1.1.2 Exploding Projectiles

High-explosive (HE) projectiles contain an explosive charge that is activated by impact. The detonation can occur
almost immediately (superquick fuze), or it may be delayed (delay fuze). The superquick fuzed projectile initiates
detonation at the external side of the entry skin, whereas detonation is usually initiated inside the dircidft with the delay
fuzed round.

1.1.2.1 Types

Common high-explosive threats for aircraft are the 23-mm HEIT, 30-rnm HEI, 37-mm HEIT, and 57-mm HE.
Larger projectiles are still in use (though limited), but are generally not considered in structural analysis. The most
frequent weapon deployment consists of vehicle-mounted AAA guns in the forward area or in defense of missile sites, In
addition, the smaller calibers (20 to 30-mm) may be fired from airborne cannons.

DETONATING INITIATING PRIMER

TRACER EXPLOSIVE ELEMENT FIRING PIN

BASE MAIN SPRAY FUZE
ATTACHMENT

Floutre 1.2 Crou Sectional View of Typical NEI Projectile

Figure 1-29 shows a cross section of a typical HEI-T AAA projectile and identifies several oi the components. The
projectile consists of a time varying fuze mechanism, explosive charge, tracer element, and the outer casin3 surrounding
the explosive charge. The tracer acts as a pyrotechnic indicator of the projectile trajectory. Che fuze functions when
the projef.tile impacts a surface. Momentum drives the striker which impels the firing pin into the initiating primer.
Gases escaping from the initiating primer may be channeled through a delay element before permeating the throttle and
igniting the detonating primer, thus creating a time delay.

...........................
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1.1.2.2 Encounter Parameters

The appropriate enco nter parameters for high-explosive projectiles are identical to those for non-exploding
projectiles, namely: striking velocity, obliquity, and attitude.

1.1.2.3 Typical Terminal Effects

The damage from high-explosive projectiles results from the combined effects of fragment impacts and blast
pressures. These effects are discussed in the following paragraphs.

1.1.2.3.1 Fragment Effects

Detonation of the explosive charge causes rupture of the outer casing at extremely high pressure and temperature,
creating fragments of various sizes and accelerating them to high velocities. Due to the configuration of the projectile,
the fragments can be categorized into major groups. For example, fragments from the fuze section and the projectile
base are generally expelled axially forward and aft (relative to the projectile), respectively, while the fuzc attach
section and main spray are ejected primarily radially. The spray of fragments emanates from the point of detonation,
forming a cone of fragments. The angle of divergence relative to the projectile flightpath depends on the velocity of the
projectile and the fragment ejection velocity. This latter velocity is characteristic of the projectile and can be obtained
from stationary detonations. The influence of projectile velocity on fragment cone formation is shown in Figure 1-30.
"The cone is formed by superimposing the fragment ejection velocity (static detonation) and the projectile velocity at
detonation. Fragment distributions have been recorded for statically detonated rounds and typical results are shown in
Table 1-3.

Figure 1-31 shows a typical condition at impact for a wing. The HE projectile shown is'of the .uperquick type and
has detonated immediately upon contact with the wing lower surface. A hole is formed in the lower surface due to
fragments and blast.

The size of the resulting damage zone (figure 1-32) depends on-the extent of the fragment cone in the plane of the
structure, and is a function of:

(a) The distance between the structure and the detonation point (stand-off distance)
(b) The fuzing delay,
(c) The angle of the fragment cone, 0,
(d) Orientation of the structure relative to the flight path.

Table 1-al Sloki Fr?.rnentition Data for Typical NEI Projectile

PROJECTILE STATIC MEAN NUMBER AVERAGE TOTAL
SECTION VELOCITY STATIC OF FRAGMENT FRAGMENT

($11) DIRECTION FRAGMENTS WEIGHT WEIGHT
ides (dug) _(()

FUZE 1.300 0 2/3 1tg~0 21

FUZE

(Al STATIONARY Ib) PROJECTILE WITH ATTACHMENT 2,200 30 10

PROJECTILE FORWARD MAIN SPRAY Z810 93 804 1.96 I'm
VELOCITY. VpASE

Figure ?-30 Fragrmett Cone Formnation

FRAGMLNTS ,

OVERPRESSURE
*CONFINED3GASOVERPRESSURE \

Foigre I-31. Typika/ Encounter with HE rochu*6
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Figure 1-32. D&mqed Zone Due to HE Pro jct-Me Frqament Cone

Estimating th? damage caused by HE projectiles requires consideration of the effects of each of the damage
components illustrated in Figure 1-33, including:

I. The typical damage size from thie fragments in the cone;
2. The upper-bound on damage from an individual fragment;
3. The size and fragment density (fragments per square foot) of the fragment cone;

4. The effects of the blast.

An estimate is also required of the degree of interaction between the damage components. For small fragment
cones (with high fragment densities), the individual fragment damages will overlap, producing an effective damage size
equal to the fragment cone diameter. With large cones, however, the fragment density will be low and the individual
damages will have little interaction. The effective total damage size will not be much larger than the largest individual
damage size. There will be intermediate fragment densities (i.e., intermediate fragment cone sizes) where the individual
fragment damages are at the maximum separation for which interaction can occur. This condition will produce the
maximum total effective damage size. The resultant effective damage sizt curve reflecting this behavior is shown
schematically in Figure 1-33.

Qualitative illustration of the effects discussed is given in Figure 1-34, showing damage done to honey comb skins
by a superquick-fuzed HE projectile, with the exit panel located 10-inches downstream of the detonation. The entry
panel was stressed in tension and the exit panel was in compression at the time of impact. In Figure 1-34(a), the front
face of the entry panel shows damage induced by a narrow fragment cone. The rear face of the entry panel (Figure
1-34(b)) shows considerable damage from internal blast and fragments. In Figure 1-34(c) the size and density of the
fragment coile are clearly defined, with only moderate interaction between outer fragment damages. In Figure 1-34(d),
the rear face of the exit panel has severe central damage and increased interaction between outer fragment damages.
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(a) FRONT FACE, ENTRY PANEL (c) FRONT FACE, EXIT PANEL

'J. A .,

*• •

(b) PEAR FACE. ENTRY PANEL (d) REAR FACE, EXIT PANEL

Figure 1.34. Fragment Cone Damnq in Honeycomb Panels, Inflicted by Typical ¶
HE Projectile, Exit Panel 10-in Downaetarn of Detonation

1.1.2.3.2 Blast Effects

In addition to fragment effects, blast is a significant damage mechanism when structure is exposed to high
explosive projectiles. Regardless of whether the blast is internal or external, the structure will initially experience a
transient overpressure due to the shock wave. This overpressure can cause extensive structural damage in lightweight
aircraft structure. For internal blast only, the interior structure will experience a residual pressure after the shock wave
has dissipated, caused by the confinement of explosive gdses. This confined gas pressure can also be a significant failure
mechanism.

Overpressure Due to Shock Wave

The detonation of an explosive causes a shock wave that travels radially outward from the center of detonation.
The shock wave travelF + the local speed of sound, characterized by its Mach number. When the shock front arrives at a
location, the pressur, mediately jumps from ambient to a higher value. The overpressure is called "side-on
overpressure", and its rnhpgnitude depends on the type and quantity of explosive and the distance from the detonation.
Figure I-35 shows estimated peak overpressure as a function of distance, for a representative HE projectile. However,
this is not a stable condition, and the overpressure immediately begins to decay, resulting in the classic pressure-time
response at a point shown in Figure 1-36. This "blastwave" response is characterized by a peak positive overpressure, a
time duration, a decay shape and a total impulse. All of these parameters change with distance from the detonation.

1.000

* EVALUATION FOR TYPICAL HE PROJECTILE
0 ASSUMING 50% LOSS FOR FRtGMENTATION
* ASSUMED AMBIENT 14.7 Ib/InS100

10

0 1.0 2.0 3.0

ISTANCE FOM BLAST CENTER 0)
Figure 1-3& Pae Owrrwamure Resulting From Dotonation of Typial HE Projectile
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In order to simplify loading analysis, it is common practice to transform the actual pressure pulse, which has an
exponential decay, into an equivalent triangular-shaped pulse having the same total impulse as the actual pulse. This can
be done in two ways: 1) maintaining the peak overpressure of the actual pulse, or 2) maintaining the same time duration
as the actual pulse.

EQUPoAL PAK PRESSRE EI, ,.L TME DURATION

iiiw EQUIVALENT PEAK

PSITIVEvEQUAL IMPULSEIEQ

PHASE EQUIVALENT
DURATION I TIME

DURATION"

TIME OF I
AR IVAL-\I TIME TIME

T 4TTIMEFigure 1-37. Two, Methods of DaWloping Equivalent
MTriangular Pulse

Figure 1-3. Typical Pressure-Time Reeponse at Some
Location Avmy From Detonation

Figure 1-37 shows these two ways of forming an equivalent triangular pulse. A rule of thumb often used for
deciding which form is the best for a specific application is to select the triangular pulse that most nearly approximates
the actual pulse pressure at time T/16, where T is the natural period of the structure (Ref. 1-5).

From the standpoint of loading analysis, however, the side-on overpressure characterized above acts only on
surfaces parallel to the direction of travel of the shock. In general, the pressure loading felt by structural surfaces will
be either the'reflected overpressure or the Mach stem overpressure, as determined by the angle of incidence betweon the
shock front and the surface.

Figure 1-38 shows the case of reflected ovepressure at an unyielding structural surface. As the incident shock
front intersects the surface the air particles stop. As a result, these particles now have a velocity relative to.par~ticles
further from the surface which are still moving. In other words, particles at point 0 have a velocity relative to particles
in region Y, referring to Figure 1-38. This relative velocity is directed toward Region Y, giving the effect of a new
shock front moving into Region Y. This is the reflected shock. The initial conditions for the reflected shock wave are
those resulting from the passage of the incident shock. Thus, the conditions in Region R, which are those felt by the
structural surface, are the result of a double shock.
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STRUCTURAL g
* REGION X-AMBIENT CONDITIONS SURFAICE
a REGION Y-CONDITIONS CREATED BY INCIDENT SHOCK
e REGION R-CONDITIONS CREATED BY THE REFLECTED ,77.7,777 " 77.SHOCK ENTERING REGION Y

Figure 1-39 Maed Stear Formation Resulting From Oblique
Figure 1-38& Incident and Reflected Shock Fronts at a Surface Impingement

However, as the angle of incidence, f , of the initial shock front is increased, a value is reached such that the
incident wave does not reflect, but instead travels along the surface, forming a "Mach stem". The pressurp loading
"behind the Mach stem is the Mach-stem overpressure, and acts directly on the structure.

Figure 1-39 shows a Mach stem situation. The critical angles of incidence for Mach stem formation depend on the
Mach number of the incident shock, and are available in the literature (Reference 1-5, and others). These critical angles
range from 90-degrees for acoustic shocks (M=i) to approximately 40-degrees for shocks of Mach number greater than
1.5. When P is greater than the critical value, Mach stem overpressures rather than reflected overpressures should be
used in the structural analysis.

A1



18

Residual Pressure Due to Confined Gas

When internal blast occurs, the expansion of the product gases is resisted by the structure. The gases may beconfined within the structure unless releasfd by the venting that results from penetration or structural failure. Theresult of this confinement is a quasistatic internal pressure acting on the structure. The penetration holes and vents actas orifices, resulting in exponential pressure decay. In addition, rib or bulkhead failure can result in rapid expansion ofgas into an adjacent bay. The amplitude of the residual pressure depends on the enclosing volume. Figure 1-40 shows
estimated residual pressures resulting from confining the blast of a typical HE round within the volumes indicated, with
no venting. The damage potential of the confined gas residual pressures is enhanced by their relatively ling di tion.

: EVALUATED FOR TYPICAL HE ROUND
SASSUMING 60% LOSS FOR

5Co FRAGMENTATION

UA

20-

O.5 1 2 5 10 20

VOLUME OF ENCLOSURE (ft3 )

Figure 1-40. Hydrostatic Pressure From Explosions In Closd Cells

1.2 ENGINE DEBRIS PROJECTILES (Following Discussion is From Refs. 1-6 and 1-7)

Non-contained engine failures, resulting in the escape of an engine fragment from the engine case, do not occurvery often, the average rate in commercial service has been less than' one per million engine hours worldwide in recent
years, (Ref. l'6). Further, the probability of this once-per-million-hour event causing an aircraft accident, defined as apenetration of fuselage or damage to wings or vital components, has proved to be about one chance in 8.&5. Figure 1-41indicates the proportion of aircraft accident sources between 1954 and 1974, indicating that 97.2% of all aircraft
accidents have been the result of events other than non-contained engine failures.

PERCENTAGE CAUSE OF INCIDENT PERCENTAGE
OF ACCIDENTS/_ 1 BIRD STRIKE ON AIRCRAFT OF FATALITIES

0.62 AIRCRAFT STALL TESTING 0.35
0.62 PILOT HOMICIDE BOMB OR ENEMY AC 0.35.71 : --- AIRCRAFT FIRE (NON-ENGINE) 3.28"2.01 ENGINE OR AUXILIARY FAILURE 4.01
2.49 11.3 ENGINE NONCONTAINMENT NIL
@2.79 COLLISION IN AIR OR ON GROUND 19.75 *0.11 .63 NOT KNOWN 4.4U5N!1 46

22B ADVERSE FLYING CONDITIONS- 12.35

AIRCRAFT STRUCTURE OR 7,7
EQUIPMENT FAULT

40 47.5

PILOT OR INSTRUMENT ERROR

Figure 14 1. Analysis of Aircraft Accident'and Fatalities- 1954 to 1974

Nevertheless, these incidents do occur and must be addressed. The effects of an uncontained projectile emanating
from an engine and subsequently striking an adjacent portion of the airframe, can be assessed in the same manner as for
nonexploding military projectiles. There is an important distinction, however, in that the engine debris projectile istypically an irregular fragment (as opposed to a bullet), behaving more like a warhead fragment or the fragments
generated from e. high-explosive projectile.
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1.2.1 Description of Engine Debris Projectiles

Rolls-Royce (Ref. 1-6) has made available the results of a study on non-containment incidents associated with their
commercial engines, in which they recorded the weightc of fragments, the direction of release, energy and size,
wherever such information could be obtained. These results are summarized in the following paragraphs.

Weight of Fragment

Figure 1-42 shows the weight of the largest fragment released in each incident as a percentage of the bladed disc
weight. The fragments vary from part of a blade to a complete disc. The incidents categorized as aircraft accidents are
indicated, showing that complete discs are less likely to cause a problem than disc fragments, but fragments of any size
are capable of causing unacceptable damage if they hit certain parts of the aircraft.

I TURBIINE rINC!DENT RESIULTING
oCOMPRSSRS 'IN AIRCRAFT ACOCDENM
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Figure 1-42 Noncontaned Failure-1954 to 1974 IncluWwe

Compressor and turbine non-containment are indicated on the plot and it shows that only turbine discs have been
released complete, probably because a turbine disc has easier access to freedom than a compressor disc.

Figure 1-43 gives the percentage of incidents in which the weight of the largest fragment released was a given
percentage of the bladed disc weight or less. It is a way of showing the reduction in the number of non-contained
failures that would be achieved by providing an ability to contain an increasing weight of fragment. For example, the
ability to contain a fragment weight 5% of the bladed disc weight would have prevented 56% of all non-containments. If
the former figure were 10% we would have prevented 72% of the non-containments. Thereafter the gains are less
spectacular.
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Figure 1-4a Number of Incidents Vereu Fmqr9nnt Weip•t

When a fragment strikes the inside of an engine casing and it is not contained, it is sometimes deflected on its way
through the casing. Figure 1-44 illustrates the effect of such deflection upon the subsequent path of a fragment.

Since the point of penetration of the casing is at a-random circumferential position, the probability of an aircraft
item in line ,vith a disc being struck by a fragment is unaffecied by deflection of the fragment by the casing. But the
axial deflection of the fragment is important in that it affects the axial length of the possible impact area on the
aircraft.

A study of the axial deflection of debris in actual incidents produced the result shown in Figure 1-45 where axial
deflection is plotted against weight of fragment. It shows that' only the lighter fragments were appreciably deflected,
the maximum deflection being _33-degrees whereas the heavy fragments were not deflected more than +5-degrees.

Thus, the situation may be as shown on Figure 1-46 where a pack of discs creates over-lapping fields of possible
debris distribution so that any protection or special measures taken by the aircraft designer will require sensibly uniform
application over a length slightly greater than the length of the rotor pack, tailing off to zero beyond each end of the
rotor.
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Figuie 1-46. Direction and Energy of Emerging Debris Figure 1-47. Definition of Fragrnent With Maximum Energy

Energy of Fragment

A fragment has two kinds of energy when it leaves an engine, see Figure 1-47. It has kinetic energy along its flight
path which is tangential to the radius described by its cente.r of gravity whea it was part of the disc. It also Las
rotational energy about its own center of gravity. Experience shows that for practical purposes it is the former, i.e., its
translational energy, that causes the real damage on impact and this is because the translational energy is in the
direction of the impact and, for realistic fragments, it is invariably much greater than the rotational energy.

Figure 1-47 also shows a plot of disc sector size against its translational energy. The fragmeni with maximum
translational energy is a disc segment subtending an angle of 133.6-degrees. An unbroken disc has no translational
energy unless it pický some up as a result of friction developed in rubbing against static parts which may throw it
sideways out of an engine with a relatively low velocity.

The energy with which a fragment leaves an engine is less than its initial energy because it expends some energy in
penetryting the engine casing. In calculating the energy of an emerging fragment a proportion of the amount of energy
the engine casing is capable of containing should be subtracted from the initial energy of the fragment.

To determine the blade containment ability of a casing, Rolls-Royce plotted blade energy against a function of
blade dimensions and casing properties for all known cases of blade release, including experimental tests and service
experience. The result is shown in Figure 1-43 where contained and non-contained failures are identified.
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Figure 1-4a Blade Containment Criterion
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Unfortunately the behavior of a casing is not quite as straightforward as to absorb an equal amount of energy
regardless of the initial energy of the fragment. In containment tests a fragment with an energy level just beyond the
containment capabilities of a casing lost 90% of its energy in passing through the casing. But when a portion of a rotor,
comprising four blades and a piece of disc, was released from a rotor rotating inside a casing designed to contain a single
released blade, the fragment passed through the casing with a near-zero loss of energy.

That some energy was lost was shown by damage and distortion to the casing and to the blades in the fragment but
the loss was too small to be measured in terms of fragment velocity before ond after penetration. Evidently, the casing
did not develop its full containment potential when subjected to loadings far bevo,,,d its capabilities.

Further containment tests are in progress to build up more data on this problem and to establish a formula for the
amount of energy destroyed in a range of fragments when they pass through a casing of known blade containment ability.
Meanwhile, until ore data becomes available it seems reasonable to assume that the loss of energy varies from 100%
for a single blade, to zero for the 4-blade fragment tested, or any larger fragment. The 4-blade fragment weighed 6.5%
of the weight of the bladed disc.

There is an additional loss of energy in fragments that are deflected on passing through the casIng. The amount of
this loss depends upon the degree of deflection, and from theoretical conbiderations and practical observations the
relationship between deflection and residual energy is as shown in Figure 1-49. This relationship can be used in
calculating the possible energy of deflected fragments in the forward and rearward fields covered by the possible axial
spread of debris.
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FIgure 1-4. Energy After Deflecdon Varriue Angie of Figure 1.512 Freerent Size Effect on Proheblilty of
Deflecion Strike

Size of Fragment

The maximum dimensions of a fragment thrown by an engine is important in terms of the probability of striking a
given vulnerable item of the aircraft. Figure 1-50 shows that for a given aircraft layout the larger, the fragment the
more likely it is to strike a given object. The chances of the small fragment striking the object are 01 in 360-degrees,
but for the large fragment they are 02 in 360-degrees and clearly the larger the fragment the greater the probability of a
strike.

Figure 1-51 shows actual non-contained failures in te:ms of the arc of disc released against percentage of
incidents. These results can be used for calculating the probability of impact of fragments of various sizes upon aircraft
vulnerable items for various aircraft/engine arrangements. The results for turbines and compressors are shown
separately to illustrate that compressors have tended to release larger arcs of disc rim than turbines. This is due to
factors such as disc proportions.

la

TUBIE 100AT 30,oso

2 W too 140 II) 220 2I 30

SIZE OF LARGEST FRAGMENT-ARC OF DISC RIM Ideq)
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1.2.2 Encounter Parameters

The important encounter parameters that must be defined for penetration and damage assessment are identical to
those needed for the projectiles previously discussed: striking velocity, angle of obliquity and attitude. Particular
emphasis must be placed upon attitude, however, as this can be a significant factor in the damage potential of fragments
having a high ratio of length to diameter, i.e., long, flat fragments such as a portion of a turbine blade. An additional
consideration is the rotational energy of .the impacting fragment, as this can be a significant factor in penetration and
damage potential. Encounter conditions for engine debris analysis can be predicted with greater certainty than for
encounter with military projectiles because of the fixed location and known operating characteristics of the engine.

1.2.3 Typical Terminal Effects

As with all fragment impacts, engine debris fragments can penetrate the airframe causing damage to skin and
substructure, and may penetrate and degrade system components. The potential exists for ignition of fuel or injury to
passengers or crew.

Figure 1-52 from Reference 1-7 gives an indication of the penetrating capability of engine debris tragments, based
on calculations using the empirical formula shown on the figure. Fragment energy is plotted against the weight of target
material required to contain the fragment.

To emphasize the damage potential of the fragments, typical weights of heavy wing and fuselage surfaces are
indicated on the diagram giving some idea of their respective energy absorbing capabilities. The resulting energies are
only approximate as both the curves and the test results are only concerned with flat plates. The stiffeners of the wing
and fuselage (included in the weight shown) may offer appreciably increased energy absorption due to their depth.

However, this does not alter the general inference of Figure 1-52 which is that, even two or three layers of such
structure is not capable of stopping the smallest of the three debris forms.
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SECTION II

ANALYSIS METHODS FOR PREDICTING STRUCTURAL RESPONSE
TO PROJECTILE IMPACTS
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2.0 ANALYSIS METHODS FOR PREDICTING STRUCTURAL
RESPONSE TO PRO3ECTILE IMPACT

The purpose of this section of the Design Manual is to inform aircraft designers of the analysis methods and data
available for predicting the response of metal and fiber composite structure to projectile impact. The analysis
methods discussed are applicable to impacts from small arms projectiles, missile warhead fragments, and the
fragmentation and blast effects of high-explosive projectiles, as described in Section 1. The responses addressed
include penetration capability, damage size and type, strength and stiffness degradation of damaged structure, and
internal load redistribution. This section provides the tools needed to implement the impact damage tolerance design
guidelines presented in Section III.

2.0.1 General Approach to Impact Damage Tolerance Analysis

Figure 2-1 is the impact damage tolerance analysis methodology which is described in etail in Section III of this
Manual. The objectives of the analysis are to evaluate the structural c blity of th damaged airframe and to
compare this with the structural performance requirements dictated by the mission. Both the requirements and the
capabilities can be expressed as load factors.
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Structural requirements are detcrmined from analysis of the operational flight loads and the physical environment
associated with primary missions. Next the operating stress levels for critical structural elements are determined,
including levels corresponding to-

o Operating loads at the time of projectile encounter;

o Cyclic loads after projectile impact;

o Maximum loads after projectile impact.

These loads and the physical environment (temperature, for example) are used to establish strength requirements at
impact, and the cyclic loading and residual static strength requirements of the damaged structure following impact.

Determining structural capability, however, requires predicting the size and severity of the Induced damage and the
resulting structural degradation. The anal) sis methods subsequently described in this Section are used primarily to
establish the structural capability following damage, ie., to quantify the right-hand portion of Figure 2-1, by
assessing the factors discussed below.

2.0.1.1 Factors Determining the Structural Capability of Projectile Damaged Structure

The first step in projectile damage tolerance analysis is to determine the type and size of the inflicted damage.
Analysis methods for predicting damage from projectiles are presented in Section 2.1 (Penetration Effects) and 2.2
(Damage Size and Type). Structural damage from projectile impact is a function of the type of projectile and
engagement conditions, as well as geometry and material of the structural configuration. The damage imposed can
also be influenced by the physical environment, applied loads, and compounding effects such as hydrodynamic ram
pressui es generated by passage of the projectile through the liquid portions of a fuel cell.

Damaged structure that does not fail at the time of impact will be subjected to cyclic loading from gust and
maneuvers during continued flight. These cyclic loadings may induce fatigue that can alter the size and character of
the imposed damage, thereby changing the residual strength of the structure. Methods for analyzing the effect of
cyclic loads on projectile damaged airframes are presented in Section 2.3.

The stiffness of damaged structure is also altered due to reduction of net section. This stiffness degradation can
cause aerodynamic instabilities and extensive load redistribution within the structure. Section 2.4 discusses analysis
methods and considerations associated with the stiffness degradation of ballistic damaged structure.

The damaged airframe must have sufficient residual strength to sustain the flight loads subsequently encountered.
Section 2.5 presents analysis approaches for pr_,dicting the residual strength of projectile damaged structure,
including- fracture analysis methods and data for monolithic structure and stiffened (crack-arresting) structire; and a
review of recommended analysis methods for multiple-load-path structure including finite element techniquesapplied to damaged configurations.

The final res,".,i of the structural capability asse&;ment can be presented as a "strength- time history" (an example is
"shown in Figure 2-2). The initial structural capability is the design ultimate strength. When the projectile penetrates
the structure, however, there is an instantaneous loss of strength which is initially influenced by dynamic effects,
including dynamic load redistribution and forces associated with the contact between the projectile and the structure.
The dynamic effects are soon dissipated, and if failure has not occured at impact the resulting strength capability is
the static residual strength of the damaged structure. As flight continues, this strength may be altered by the
effects of cyclic loading and environmental factors as described above.

Once the structural capability assessment has been completed, the final task of the design analysis is to compare
capabilities with requirements. For example, Figure 2-3 shows, schematically, a comparison of stress-time
(requirements) and strength-time (capability) histories for a wing lower surface. The strength capability is reduced
by the impact, but does not fall below the strength requirement at the time of encounter. In this example, the
strength requirements exceed the strength capabilities in the I andi ng- approach segment of flight and structural

failure occurs.

2.0.1.2 ncorporation of Probabilistic Events

Both the structural requirements and the capabilities depend on probabilistic events, as illustrated in Figure 2-4. For
exemple, variability in damage size and severity arises from the potential range of projectile striking velocities,
obliqukties, and hit locations, as well as the considerable scatter noted in the measured efects of projectile impacts.
The residual strength of damaged structure is subject to uncertainties in material composition, failure modes, notch-
sensitivity, and constraint. The probabilistic aspects of flight loadings are well known.

Figure 2-5 repeats the survivable structures analysis methodology shown earlier as Figure 2-1, with the iddition of
the probabilistic parameters involved in establishing the structural requirements and the structural capabilities.
Flight loadings, for example can be conveniently expressed as probability of exceedance, as shown in Figure 2-6, and
this is routine!y done in fatigue and fail-safe design analyses. However, loading requirements for impact damage
tolerance analysis differ from fatigue and fail-safe requirements in two ways:

o Loading requirements for Impact damage tolerance can be based on probable exceedances per mission or
sortie, rather than lifetimes or inspection intervals.

o The segment of the sortie during which impact occurs must be identified, so that loading requirements at
impact and subsequent to impact can be established.

As discussed earlier, structural capability is influenced by the location, size, and character of the damage. Assuming

that all regions of the airframe have equal probability of being hit by the projectile, the probability of hitting a
critical structural element can be established from element projected area and projectile trajectory considerations.
This is a method commonly used in vulnerability assessment. However, if the projectile threat scenario and mission

L/
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profile are defined, more sophisticated methods such as threat encounter models can be used to determine the hnost

probable spatial distribution of hits on the aircraft, and the most probable engagement conditions. Figure 2-7 Pr'
2-8 are typical results of this type of assessment for a %actical fighter performing an air-to-ground attack missiori.

Damage size predictions can be made for the probable encounter conditions. Statistical distributiom for ballstic
damage response have not yet been adequately defined, but damage data obtained from ballistic testing Is definitely
amenable to statistical analysis. Figure 2-9 shows typical small arms projectile damage measurements In a
notch-sensitive high-strength aluminum alloy. The systematic variatiuii of damage size with projectile velocity is
evident as Indicated by the mean. The probabilistic representation shown in Figure 2-10 was developed assuming that
the variations in damage size at a given velocity were random and could be represented by a normal distribution.
Other distributions could be applied, of course.
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A similar piobidbllity approach can be taken in predicting the residual strength of projectile damaged structure. For
7075-T6 tension elements containing small arms projectile damage, Figure 2- Il shows a probabilistic representation
for the residual tensile strength using data from Ref. 2-2.

The final calculation of the structural capability of an element must include the combined -effect of variability in
both damage size and residual strength. Figure 2- 12 shows the completed residual strength prediction for 7075-T6
tension elements damaged by .30 caliber bullets in the 800- 1,000 feet per second velocity range.

When the approach described above is applied to the entire airframe, strength capability can be expressed,
probabilistically, in terms of operational load factor as shown inFigure 2-13. A parallel assessment can be done for
residual stiffness capability in terms of operational speed. Once a capability has been developed in the form shown in
Figure 2-13, it can be combined with requirements which are also expressed statistically, such as the operational
loading requirements shown before in Figure. 2-6. The result of this final combination is the overall probability of
survival for the structure operating in a specified loading en'ironment, accounting for variability in operating loads,
damage size, residual strength, and the probability of hitting critical structural elements.
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2.0.2 Overview of the State-of-the-Art in Impact Damage Tolerance Analysis Method-

A survey of the data and analysis methods available for Implementing the impact damage tolerance methodology
described above was conducted during the Initial stages of the Design Manual preparation. All the NATO member
nations were afforded the opportunity to contribute relevent work, and an AGARD Specislists Meeting on Impact
Damage Tolerance was held in 1976. The proceedings from this meeting are available.*

IABG of Germany has done significant work in deve.oping damage and residual strength prediction methods for
non-exploding and exploding projectiles impacting airaxaft structure. This work includes applications of finite
elemtr-t analysis techniques in establishing stress intensity factors for projectile impact damage, and full-scale
bal!istic and structural tests for verification. Much of the IABG work is summarized in References 2-1, 2-4, 2-5, and2-6.

rhe RAE of Great Britain has done ballistic testing to provide data defining the effects of applied loading on the
residual tensile strength of aluminum and fiber composite skin' panels. This work has involved primarily
high-explosive projectiles. Results of these studies were not available for inclusion in the Manual.

In the U.S., each of the military services has sponsored research programs developing design and assessment methods
for structural survivability to projectile weapon threats. This research includes ballistic testing for developing and
verifying damage models as well as constructing sophisticated analysis methods such as the BR-1 code for predicting

Ithe response of aircraft structure to high-explosive anti-aircraft artillery projectiles.
The Air Force Flight Dynamics Laboratory reviewed and documented the state-of-the-art of analysis methods and

data as of 1974 in AFFDL-TR-74-49 and -50 (Ref. 2-7). There were many gaps in the available data and analysis
methods, resulting in difficulties in integrating Impact damage tolerance into the structural design process. Some of
these gaps are being addressed in current programs, including damage models for composites, and analysis and
simulation of the ballistic impact response of full-scale structure. Figure 2-14 is a partial roadmap of U.S. Air Force
and Navy structural survivakbility design research conducted over the past 10-years. This AGARD Design Manual
contains the significant results of this research. Key developments associated with the programs are described
below.

As indicated in Figure 2-15, Ail Force contract F3361i-67-C-1660, performed by the Martin-Marietta Corporation,
established a methodology for quantitative assessment of structural vulnerability with respect to projectile impacts.
Residual strength results were obtained from finite element analysis of damaged structure and presented in
probabilistic form similar to the presentation in Figure 2-13. Testing was done to define damage from high. explosive
projectiles impact*ng stiffened panels under tension and compression loading.

See AGARD Conference Pruceedings No. 186, "Specialists Meeting on Impact Damage Tolerance of Structures,"
AGARD-CP-I86, Jan. 1976.

AFFD AGARO
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Figure 2- 1& Aircraft Structural Vulnerability to Figure 2.16 Aircraft Structural Combat Damage Model
Conventional Weapona (F33615.67.C 1660) (F33615-69-C.1581J

Air Force contract F336l--69-C-l58l "Aircraft Structural Combat Damage Model" (Ref. 2-2), developed the

ballistic damage and residual strength prediction models needed for implementing the methodology developed under
F33615-67-C-1660. This work, performed by Boeing, included substantial ballistic impact testing of alrcraf~t
structural materials against small arms projectiles and provided computerized prediction models of damage size and
residual strength as indicated in Figure 2-16.

Substantial ballistic damage and residual strength test data :for metals wi's developed under the Navy contract
"Aircraft Wing Structural Concepts with Improved Ballistic Damage Tolerance" (Ref[. 2-8), performed by General

Dynamics/Convair Division. The data is for small arms pro~ectiles impacting several type. of st.-ictural

Data on the ballistic damage response of advanced fiber composites began appearing in the early 197U's. AiJr Force •
contract F33%15-71-C-IIII (Ref. 2-9), performed by Grumman, provided residual strength data fur buron and
graphite/epoxy impacted by small arms projectiles. Other composite programs sponsored by the Air Force included
F33615-7 I-C-I 1414 "Advanced Development on Vulnerability/Survivability of Adv'anced Composite Structures" (Ref.
2-10), and F33615-70-C-1570 "Evaluation of Ballistic Damage Resistance and Failure Mechanisms of Composite
Structures" (Ref. 2-I ).

In 1974, Boeing incorporated the available analysis methods and data into a design handbook, AFFDL-TR-74-50,
"Survivable Combat Aircraft Structures Design Guidelines and Criteria" (Ref. 2-7). This work was done under
contract F33615-73-Q-3032 (see Figure 2-17). A design methodology was developed that incorporates structural
survivability into the aircraft design process, and this methodology provided the basic approach applied to this

Manual.

* Defined structurgi SNV design REQUIREMENTS
approach within structu"ral
integrits dai catlIed MISSION THRF2AT

S Summarized data and models s 1

Repaorts: AFFDL-TRs 74.49 Ie

AFLT-74-.5 STRUCTURAL|
AFFD.TR 50ASSESSMENT(Ref. 2-7)

STRUCTURAL SNV DESIGN APPROACH

"Fiuure 2.17 Surivable Combat Aircraft Structures Desiga Handbook
cF336 15-73-03eg32)



-*--_______________ -- -- 3

35

One of the most comprehensive aircraft structural survivability programs was Navy contract N00019-75-C-0178
"Battle Damage Tolerant Wing Structure Development Program" (Ref. 2-12), sponsored by Naval Air Systems
Command (NASC). This program, performed by Boeing, developed a graphite/epoxy wing-box structural de: ;n
meeting stringent battle damage and weight reduction criteria. Considerable test data was generated defining he
damage and residual strength response of graphite/epoxy impacted by high-explosive projectiles. Damage toler it

designs were developed using hybrid laminates combining graphite with fiberglass. A full-scale wing box ý,.
fabricated and tested under load against a high-explosive projectile impact.

A major advance in impact damage analytical capability was made under Air Force contract F33615-72-C-1045, and
-3060 "Effects of Internal Blast on Combat Aircraft Structure" (Refs 2-13, 2-14), done by Northrop for AFFDL. This
work, as shown in Figure 2-18, developed the BR-I computer codes for predicting structural response to high-
explosive projectiles. The BR-I codes use advanced finite element techniques, and represent a state-of-the-art
analysis method readily cepted by the structural design community. The capability of the codes was extended to
fiber composite materials by Boeing, under a modification to Navy contract N00019-75-C-0l78, in 1977 (Ref. 2-15).

Air Force contract F33615-76-R-3135, "Structural Flight Loads Simulation Capability" (Figure 2-19), currently being
worked by the University of Dayton, will provide the Air Force Flight Dynamics Laboratory with the capability of
loading full-scale structural components during ballistic testing.

An analysis method for residual strength prediction of metal skin panels impacted by high-explosive projectiles was
developed by Northrop for the Naval Air Development Center (NADC), under contract N62269-76-R-0272, using the
material crack growth resistance curve in terms of the 3-integral and the elastic-plastic analysis of the damaged
structure (Ref. 2-91). The analysis method was verified by ballistic test.

Under Air Force contract F33615-78-C-3403, "Survivable Composite Structure for Combat Aircraft" (Ref. 2-17),
available test data on the ballistic response of advanced fiber composite materials was evaluated and used to
construct damage and residual strength analysis models incorporating structural design and threat parameters.
Deficiencies in the available data were identified.

As an additional step toward achieving survivable structure, a draft military specification for survivable combat
aircraft structure is being prepared under Air Force contract AFFDL F33615-78-C-3423 "Proposed Military
Specification for Survivable Aircraft Structures (Nonnuclear)," (Ref. 2-l8).

Reports: AFFDL- TR- 73- 136

AFFDL- TR- 75- 73

(Ref. 2-13)
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2.1 ANALYSIS METHODS FOR BALUSTIC PENETRATION

The need to determine whether the projectile can penetrate a structural member arises in damage analysis whenever
the structural element being analyzed is shielded by adjacent structure. For example, in assessing damage done to a
spar web, it is important to recognize that the attacking projectile must first penetrate the skin and that its velocity
and configuration will be altered by the penetration. This alteration can influence the extent of damage inflicted to
the spar web. Thus, the penetration-related questions that arise in impact damage assessment are:

1. Did the projectile penetrate the shielding element?

2. What is the post-impact condition of the projectile after penetrating the shielding element?

If the projectile does not penetrate the shielding member, then its subsequent damage capability is zero. If
penetration does occur, the damage capability of the emergent projectile depends on 'its physical condition, residual
velocity, and attitude. Ballistic penetration criteria and post-impact projectile conditions are discussed in the
following subsection.

2.1.1 Ballistic Limit Assessment

There are several methods of defining projectile penetration and the cor tsponding threshold velocity at which
penetration occurs, usually called the ballistic limit velocity. Projectile velocities greater than the ballistic limit
velocity result in penetration. Some of these definitions are shown in Figure 2-20. The various definitions are not of
great concern in structural assessment. Whatever the definition selected, the projectile velocity resulting in
penetration 50-percent of the time, designated V50, is the estimate of ballistic limit velocity most frequently used.

For a given projectile, the ballistic limit velocity depends on the material and thickness of the impacted structure,
and the angle of obliquity between the structure and the projectile flight path. The probability is very high that
armor-piercing projectiles and warhead fragments will penetrate typical aircraft structure under most encounter
conditions.

TYPICAL BALLISTICLIMIT DEFINITIONS _____

ARMY BALLISTIC LIMIT PROTECTION BALLISTIC LIMIT NAVY BALLISTIC LIMIT

WITNESS PLATE

PARTIAL PPARTIAL PARTIAL
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q 
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PROTECTION (VW) BALLISTIC LIMIT

TARGET WITNSS PLATE

LINE OF FIRE [~IN
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V0  V50  vi
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Flguu, 20~ Ballistic Limit Definitions Commonly Used



2..1.1 .Ballistic Limit Aaessnk,let for Metallic Structure

Ballistic limit prediction models are given in Reference 2-2 for several aluminum alloys, titanium, and steels
impacted by small-arms projectiles, and in many other available references. Reference 2-19, for example, has
penetration equations for armor-plercing projectiles impacting aircraft structural materials and Reference 2-20 gives-
prediction techniques for fragment projectiles which are widely used in the aircraft vulnerability community.

Because of the considerable technical literature and analysis models available for predicting ballistic limits, only an
overview will be presented here. The reader should consult with vulnerability specialists for specific ballistic limit
data. Figure 2-21 from Reference 2-21, shows the penetration capability of i'ntumbled small-arms projectiles and
steel fragments as a function of target sheet thickness and projectile angle of obliquity for several aircraft materials.
The angle of obliquity is the angle between the projectile flight path and a normal to the impacted surface. These
penetration curves, plotted on log-log coordinate scales, may be used for approximating purpose-.

Figure 2-22 shows the penetration capability of certain missile warhead fragments impacting sheets of aluminum,
steel, and titanium. These curves were calculated using the Joint Technical Coordinating Group - Munitions
Effectiveness (JTCG/ME) penetration equations from Reference 2-22, with a fragment shape factor of 0.3687.
Because of the importance of the JTCG/ME penetration equations, a brief summary of the approach is given below.

The JTCG/ME penetration equations predict ballistic limit, projectile failure, projectile residual velocity and change
in obliquity following penetration. Projectile impact conditions are characterized by the three basic parameters V, G,
and 0, representing velocity, obliquity, and yaw angle, respectively. The parameters defining the configuration of the
projectile are the principal dimensions L and d (ength and diameter), a nose-shape parameter, the nose angle, or the
nose length divided by the projectile diameter.

The general form of the ballistic limit equat~on for penetrators impacting with zero obliquity (V50) is:

(V'¢0 )0  C ( ) + K5 W

"where
C = empirical constant;

SPC = density of the projectile core;

t = target thickness;

A = presented area of projectile;

W = weight of projectile;
b = empirical constant;

K = empirical constant.

The ballistic limit for oblique impacts is obtained by multiplying the above prediction by the secant of the obliquity
angle. An equation of similar form is used for fragments.
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Calculations for Vo50:

Wf = Pstl L = (0.283)(0.25)3,

= 0.004422-1bs;

A 32 3 2 _o .. 2A p = iL2 j(0.25)2 = 0.094-in2

V50 = 3925( oftA) " 'sec ,

392•5 (o.o6Xo.2-X-094)]I(I.0),L" 0.004422'

= 576 ft/s.

2.1.2 Projectile Degradation Due to PeneVrationu

The interaction between the projectile and the structure daring penetration causes physical changes in both. The
alteration of the projectile configuration is of importance in that it influences the potential for further damage
following the initial impact. For most armor-piercing small arms projectiles, there are two principal degrading
mechanisms:

1. Stripping the jacket from the projectile (this is a factor in incendiary functioning).

2. Breaking the penetrator. This failure mechanism has the most effect on subsequent damage and penetration
capability.

Several available methods for predicting the extent of degradation are described in the following paragraphs.

""aclet Strippinrg. Figure 2-24, from Reference 2-2, is a regime diagram showing the condition of U.S. .30 caliber
bullets after impacting aluminum panels. Regimes, in terms of projectile velocity and panel thickness, are shown for
a nearly intact projectile (i.e., little detectable physical damage after impact), and projectiles with partially and fully
stripped jackets. The regime diagram was developed by examining projectiles recovered alter penetration. It is
evident that increasing the angle of obliquity causes significant increases in the probability of jacket stripping.
Figure 2-25 shows a representative collection of damaged projectiles, indicating the effect of velocity and obliquity
on projectile degradation.
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pi~ F re 2 2; also from Reference 2-2, shows regime diagrams defining core breakage in .30 caliber

ýtm pa- .ng aluminum panel s. eferenc 2-22 g core br-ealkag results and presents analytic equations for

predicting core break-up (rnd Jacket stripping) as well as the mass loss in penetrating fragments. The user should

consrult t(b reference for detailed Information.
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2.2 ANALYSIS METHODS FOR BALLISTIC DAMAGE SIZE AND TYPE

The following paragraphs define the parameters which influence the size and character of projectile impact damage,
and describe techniques for analytical prediction. Predicting damage size is the first step is assessing the structural
capability of impacted structure, since damage size determines net section strength loss, stiffness loss, and the flaw
size for failure analys.!, The discussion is organized according to projectile type as follows:

2.2.1 Non-Exploding Projectiles;
2.2.2 High Explosivi- Projectiles;
2.2,3 Engine Debris Projectiles.

Within each projectile category the responses of both metallic and fiber composite structure are discussed. Section
2.2.4 discusses the effects of fluid pressure in causing damage, a phenomenon known as hydrodynamic ram.

2.2.1 Damage Caused by Non-Explodlng Projectiles

There has been considerable development of analysis methods for predicting damage resulting from non-exploding
projectile impacts, particularly for metal structure. Significant progress has also been made recently with regard to
predicting damage in advanced fiber composites such as graphite/epoxy.

2.2.1.1 Non-Exploding Projectiles Impacting Metals

An extensive characterization of damage from nonexploding projectiles impacting metals is reported in Reference
2-7, including definition of the types of damage and the parameters that influence damage size. Analysis models
were developed for predicting: (I) upper and lower limits of damage size; (2) the character of the resulting damage,
e.g., holes, cracks; and (3) the probable orientation of the damage relative to the applied loading, the material grain
direction, and the projectile trajectory. Some pertinent results from Reference 2-2 are surnmarized in Sections
2.2.1.1.1 and 2.2.1.1.2 below.

2.2.1.1.1 Non-Exploding Projectiles Impacting Metals - Discussion of Parameters
Influencing Damage

Figure 2-27 illustates some of the characteristic features of projectile impact damage in metal sheet. Three
components of damage can generally be identified: 1) a hole through which the projectile has passed, 2) cracks
emanating from the hole, 3) spallation, i.e., material removed by transverse delamination. The rtgion between two
cracks often forms a "petal," particularly in thinner gage materials. In many cases, the petal may detach, thus
increasing the size of the hole. Spallation is invariably most extensive on the exit surface of the sheet, although
small regions of spallatioi. are often present on the entry surface.
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The size and severity of the damage depends on the relative prominance of the three components, which, in turn,
depends on the material of the impacted structure, the type of projectile, and the velocity and obliquity of impact.
For example, materials and conditions which augment the extent of cracking result in increased damage size, and also
increase the significance of the damage as a flaw causing degradation of residual strength.

The encounter and structural parameters which are most significant in determining projectile damage size are-

1. Projectile type, 6. Applied stress,
2. Projectile velocity, 7. Target sheet rolling grain direction,
3. Projectile obliquity, S. Target structural configuration,
4. Target sheet thickness, 9. Temperature.
5. Target sheet material,

The following paragraphs describe the manner in which these parameters influence the damage resulting from• an
impact. The damage referred to in the discussion is the maximum visual damage as measured in the approximate
plane of the impacted sheet.

Effect of Proiectile Sime and Ty*e- With projectiles that are similar In construction but of different size, it is
generally found that larger projectiles produce larger damage. When similarity is not present, however, smaller
projectiles may indeed produce more damage. For example, the deformability of the projectile as it penetrates can
be a factor. Ball projectiles, which have a relatively soft core, often produce greater damage than armor-piercing
projectiles of identical size. Similarly, projectiles with jackets tend to cause more damage than jacketless projectiles
of the same size.

Evidence of the effect of projectile type (as opposed to size-) on damage is shown in Figure 2-28 which compares the
damage in 0.250-inch 7075-T6 aluminum sheet due to three types of 20-mm projectiles, fired under similar
conditions:

1. Finnish Lahte-type armor-piercing tracer (APT) - weight 2320 grains;

2. U.S. M-53 armor-piercing incendiary (API) - 1550 grains;

3. U.S. M-55-A2 training round - 1520 grains.

The maximum damage produced by these projectiles under similar impact conditions was 1.38, 5.0 and 2.6 inches,
respectively. The largest damage was produced by the M-53, which has a deformable nose cap. None of trie
projectiles had a complete jacket.

Impact damage from fragment penetration differs from that caused by bullets because of the difference in the
geometric shapes of the projectiles, and also because of frequent differences in striking velocity. Spin-stabilized
ogive projectiles can induce significant in-plane wedging forces thdt contribute to crack and petal formation.
Fragments from missile warheads and high-explosive projectiles come in diverse sizes and shapes, so that it i%
difficult to generalize. However, compact (chunky) fragments, particularly cubical fragments, tend to penetrate by a
shearing mechanism, thus 'punching" through a metal panel. Spallation will likely occur on the exit surface, even at
relatively low striking velocities. Representative damage patterns from compact fragments are shown in Figures
2-29 and 2-30, showing typical shear damage patterns, with little cracking adjacent to tae perforation.

US M-44-AZ TP US -43 AIR FINNISH LANTE-TYPK APT

Impact
Face

Face ...

Figure 2- 28. Damae in 0.25 7075-T6 Due to 20-mm Projectile Impacts (Similar Impact
Conditions)
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Effect of Projectile Velocty. For a given target material and projectile obliquity, the variation of projectile velocity
can result in the damage size variation shown in Figure 2-31 which also illustrates the concepts of incipient damage,maximum damage and high-velocity damage. The response is characterized by a maximum damage size that occurs
just above the penetration (ballistic) limit. Cracking is the predominant damage component at this velocity. Furtherincreases in projectile velocity result in lesser damage (due to less cracking), until a plateau is reached called thehigh-velocity damage. The high-velocity damage is a relatively smooth hole, only slightly larger than the projectile
diameter. The increase in damage with reduced velocity is evident. Further velocity increases do not produce any
significant change in damage size, unless velocities can be reached that result in appreciable projectile break-up.The difference between the maximum damage and the high-velocity damage depends primarily on sheet thickness.Figure 2-32 is a photograph showing these for .30-caliber AP bullets impacting 0.090-inch 7075-T6 sheet, withvelocities ranging from 800 to 2500 feet per second. The behavior described is most pronounced for spin-stabilized
small-arms projectiles impacting relatively notch-sensitive sheets such as 7075-T6. However, it is generally truethat maxirium cracking occurs when the striking velocity of the projectile is slightly above the ballistic limit
velocity. Reference 2-7 presents supporting data from fragment impacts.
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Effect of Projectile Obliquity. The angle of obliquity (or impact angle) has a pronounced effect on damage size. The
following are generally true regarding obliquity effects:

I. When impact angles are increasea and other conditions held constant, the maximum damage will also increase as
long as projectile velocities are sufficient to cause penetration.

2. The projectile velocities associated with incipient damage, maximum damage, and the onset of high-velocity
damage increase directly with obliquity angle increase.

Figure 2-33 illustrates these obliguity effects, and Figure 2-34 is a photograph showing 0.090-inch 7075-T6 impacted
at several obliquities with velocity held constant. There is a significant reduction in damage size as the obliquity
angle increases from 60- to 70-degrees because the projectile richochets off the sheet rather than penetrating.
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Effect of Sheet Thicknen. Damage size is highly dependent on the thickness of the Impacted sheet. A convenient
thickness parameter is the ratio of sheet thickness to projectile diameter (t/d) or other characteristic dimension. For
small arms projectiles, when t/d is less than about 0.1, the hole component of damage predominates, with little
cracking or spallation. As t/d is increased beyond 0.1, the damage size increases until a maximum is reached at t/d
ratios of approximately 0.4. The typical response is shown in Figure 2-35(a). It should be kept in mind that since
damage size also depends on projectile velocity, this figure shows the maximum damage that occurs for each given

The remaining illustrations in Figure 2-35 demonstrate the effects of all the parameters discussed, namely: the
effect of projectile velocity, obliquity angle and projectile type. Figure 2-35(b) illustrates the extent of scatter in
damage size test results near the ballistic limit.

Effect of Sheet Material. The choice of material will have a marked effect on the resulting size and type of damage,
sincc materials differ in their resistance to impact damage. A comparison of damages produced under identical
impact conditions, changing only target material, will show large differences in damage size, It was shown that the
damage sizes for 2024-T3, 2024-T81 and 7075-T6 aluminums have the ratios 1/2.2/5.1, respectively. On the same
basis, the ratio for 6AI-4V titanium was found to be 1.8. These materials rank in the following order of damage
resistance, with the first having the highest-

I. 2024-T3,

2. 6AI-4V,
3. 2024-T81,
4. 7075-T6.

Since damage tolerance is also dependent on material properties such as notch-sensitivity, material selection is a
means of reducing structural degradation due to battle damage.

Effect of Railing Grain Direction. Data for 7075-T6 showed that there is a higher than random probability that the
lateral damage (ie., the greatest damage dimension) will align with the grain direction ap-arent in rolled sheet
aluminum. The probability was higher yet (0.69) when the supports were also parallel to tht. grain direction. The
probability increased to 0.83 if a tensile stress field was applied normal to the rolling grain direction at the time of

Effect of Applied Stress. There is evidence that the level of externally applied load existing at the time of impact
can have a significant influence on the induced damage. However, this influence has not yet been quantified
sufficiently for incorporation into analysis methods. The available evidence consists of the results of firing
projectiles into tension panels under load. These tests have shown that there is generally a threshold stress level
causing the panel to fracture immediately upon impact (Ref. 2-23, for example). This threshold stress may be lower
than the static residual strength of similarly impacted unstressed panels. Section 2.5.1.4.3 discusses this effect in
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more Jetail, from the standpoint of residual strength analysit. From the standpoint of damage assessment, it is at

least certain that applied stresses equal to or greater than the threshold level will very likely cause an increase in the

induced damage size, depending on the potential for crack extension. There is currently no analysis method which

relates applied stress (either tension or compression) to damage size.

Effect of Structural Configzuation. Typical aircraft structure consists of skin with stiffening elements. Limited test

results tend to indicate that damage size in skin is influenced by the proximity of stiffeners. The damage size in the

skin is smaller for impacts near the stiffener; however, the damage can be larger if the stiffener is also impacted.

There is currently no verified analysis method which addresses the effect of adjacent stiffening on damage size and

type.

effect of Temerat e. Reference 2-7 reports damage-assessment testing of 2024-T3, 7075-T6, 6AI-4V and 4130
tlchilled to -65-F. The aluminum and the titanium alloys did not show increased damage size at the reduced

temperature. The steel, however, showed an appreciable increase. Further definition of this Effect Is not currently
available.

I

i
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2.2.1.1.2 Non-Exploding Projectiles Impacting Metals - Damage Size Prediction

The previous section described the parameters influencing the size and character of ballistic impact damage. The
following paragraphs present analysis models for predicting damage size which, in general, incorporate the
parameters of major importance. The methods presented are applicable to small arms projectiles and compact
fragments such as generated by some types of missile warheads and engine debris. Small arms projectiles are treated
first, reflecting the most advanced analytical development. This is followed by a fairly well-developed method for
predicting damage size from compact fragments. In both cases, the analysis methods predict a measur'- of damage
which is considered most influential in causing structural degradation.

this raises a fundamentai question in regard to ballistic damage assessment. Ballistic damage is complex, and
decisions must be made concerning what components of damage should be measured and incorporated into analytical
models. This question is probabiy never resolved to everyone's satisfaction. However, a purely engineering approach
has been of some value, in which the appropriate damage measure is defined as a dimension parallel to the original
surface of the impacted sheet that encompasses either: 1) the tip-to-tip length oi a crack, or 2) the diameter
defining the extent of spallaxion, or 3) the diameter defining the extent of combined cracking and spallation. The
largest such dimension is defined as the "damage" resulting from the impact being considered. The term "lateral
damage" has been used in the literature.

Small Arm' Projectiles Impacting Metals - Damage Size Prediction. A damage size model for bullets impacting
metals, LATDAM, is presented in Reference 2-2. This model has been applied in many aircraft vulnerability
assessments to predict the upper and lower bounds on the damage size caused by projectile impact. The predictions
given are the largest extent of the damage within the plane of the target.

The damage size, which is subject to large scatter ranges, is represented by two fourth-order polynomial equations )
that bound the expected damage size. Each equation is controlled by the damage and velocity coordinates of three
points. These three points, shown in Figure 2-36, are:

1. Tie point of incipient damage (for the upper bound damage prediction) or the point of guaranteed damage (for
ths lower bound damage prediction);

2. The point of maximum damage; and

3. The point of onset of high-velocity lateral damage (modest velocity increases beyond this point cause little
change in damage).
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The coordinates of these points, both velocity and damage, are functions of: (1) impact condition parameters such as
velocity and angle; (2) projectile parameters including size, type and shape, and (3) structural parameters including
thickness and material. All of these have been incorporated into the damage model through the use of suitable
constants and functions. The basic form'of the damage size equation is defined in Figure 2-36, where:

V impact velocity multiplied by (cos 9) 0.7

o = impact angle (obliquity),

MLD z maximum damage = NIMLD K0 ,

NIN4LD z maximum damage under normal impact; a function of t/d ratio, target material, and projectile
type,

Ca, 0, Y, 6 z constants that depend on the relation between the points of maximum damage and onset of high-
velocity damage,

K correction factor for oblique impact; a function of impact angle, t/d, target material and projectile
type.

The empirical constants needed in the damage prediction equation have been developed for U.S. .30 and .50 caliber
armor piercing and ball projectiles impacting sheets of 2024-T3, 2024-T81, 7075-T6 aluminums and 6;A I-4V titanium
at impact angles up to 70 degrees. The damage prediction equation has also been developed for a series of simulated
warhead fragments using the length to diameter radio of cylindrical fragments for projectile characterization.
Extension of this model to other materials will require additional ballistic testing. However, the range of damage
sizes represented by the 2024-T3 and 7075-T6 aluminum alloys should cover the sizes expected for many metals.
That is, few metals will show less ballistic damage than 2024-T3, and few will show greater damage than 7075-T6.

The following paragraphs give a more detailed description of the LATDAM damage size model, including a sample
damage size calculation.

Model Statement

Upper Limit:
0 (for V* < V)

LD KO NIMLD (C14v4 + 0 v3 +'Y 2 (Eqn. 2-2a)f LUL K( 4v 8 4v +Y 4v2

j (forV 1 .C V* < V3 )

HVLD (for V3 < V*)

Lower Limit: 0 (for V* < V1*)

LDLL NIMLD* (04 V4 + I4*v3 + Y4 v2 + 4V) (Eqn. 2-2b)

(for VI 4 V* -4 V3)

HVLD (for V3 < VC )

Input Parameters

V = impact velocity (ft/s),
i h, 0.7

V* = V (cosg)

0 = impact angle (degrees),

d = projectile diameter (in),

t = target thickness (in),

v = normalized impact velocity,

V (cos ) 07VMV3 V 2I

NIML) = C Id(G1 IW +~ 0 14 1 (%) + 61 (-4) + £)

HVLD = d(C 3 + 0.6(tld) 2),

HVLDJ = 3/4 (HVLD),

NIMLID = HVLD* + 1/4 (NIMLD-HVLD*),

VI = V I + 200fit/s.

Although constants are available only for U. S. projectiles, the models provide reasonably accurate damage
predictions for 7.62, 12.7, and 14.5 mm projectiles when the constants for the most closely related projectile are used
along with the actual projectile diameters. The validity of the model for projectiles larger than 14.5-mm has not
been definitely shown. The available information Indicates that only the H-LD portion Is needed to predict normal
impact lateral damage for solid, nonjacketed projectiles of any size.



54

There are several possible approaches that could be used to predict damage from oblique impacts by projectiles larger
than 14.5-mm. One approach would be to apply the KC correction directly to the HVLD prediction. Another would
be to modify the appropriate Kp constants based on projectile diameter and use the model as Is. Lastly, the
predictions provided by the .50 caliber projectiles could be used directly.

Damage predictions for the impact of yawed projectiles can be estimated by substituting a projection of the
projectile length for the diameter d. At normal impact angles, the full projection can be used. The projection length
should be reduced for oblique impact angles since the model already accounts for an increased projectile diameter
caused by tumbling during oblique impact. However, there is insufficient experim%.. al verification for confident
application to yawed projectiles.

The following Tables 2-i through 2-Il present the equations and constants required for applying the LATDAM model.
Those interested In implementing the damage model should consult Ref. 2-2.

Table 2-1. Lateral Dem•p Model-Upper Limit

A4- (tkiQ A3 K (I-K 3).K A4

* Equation numnber: 2-2s
3 )l K3 -3( $-

S WM•o•mv < V 4" +

LO- MLO (a4v
4l+ 4v3 +.28wv A3i LO 4%LD•4v4 + 703+~2 + 641) V I <v <* V3

(VLD 23 < 2iiK

0 CAW soon form: 34

[4.64 + v [1`4+v (04 +a4vi]j] (4+K3*'2K )]

* Input and consantms (in order of use): 2~3 3 1 2K+~.K\

NIMLO from equation 2-7 1'4 -/
KO fromequations 2.10or2-11

HVLD fromn equation 24 VK 83-1 ! K K )8

NVIV Vouto too equation 24S VIK3  1K) (2K3 [ K 3
, j¢4K" +°' -- 2Ks;:Ka

Table 2-2. Lateral Dmernee Model -Lowe Llr'Jt Table 2.3. Limits on K1I and K3

* Equ toionnumber: 2 42b Eqation n4sblt: K1, 2-3; K3 2-4, 2-

* Sulefori: * Uadc form:

HL D iL" '[ Mo. ( 4 v4 + 0 _3+74 v
2 +64/l v) 4< V# < V Lower tmlt--boluton fjs4*".I4K3•i+ 6K2*"4K + 1"O}

LHVD > v3  u,,,rlm,,t'-,oui,,•onof*K'(K-2)-K+t.'o)
V Calmucation form: f Calculation for32:

Iteat e-Imprcn itK] - 0.2

Tanpbl 2-nd coanteiv oe Md:Lw Limet laisit-3.Lmt nK n

|twrate starting with KuL , 0.5V
NIMLO from equation 2-7
HVLD* from equation 2-9

SEquation number22VLb Equation 2- 3 ; K3,2-4, 2-5

* .Bak fom 6~ 8acl formin -,u~n L ~ nu:

MLO- - - H VLýh) Equatio 24S2-S "* -, 4Km 3 e +uaon 2-7 -4+culat 10
LO"- 4VLD f* r .30-prltber ball J* K-)2 I on0)> V3
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Table 24. VelocIty Limits V1, V2, V3

* Equation number: 2-6
Velocity of Veloc ty of Velocity ofBasic form: * Coratants: Incipient maximum onset of high-

projectile penetration lateral velocityV, - C, , In (t/d) C12 >V( (fthe) damage lateral damageV 1  V 2  V 3V*I - V1t200(ftb~ec) v 2Cl1 C12 Vi' C21 C22 V2' C31 C32 V3'

.30-caliber armor-piercing, Input: 2024-T3 550 800 100 600 1,340 500 500 2,500 1,800

t - heet thickness 2024-T0l 660 760 100 OW0 1.340 500 500 2,180 1,800
d- projectile diameter 7075-TO 650 750 100 725 1,680 500 1,126 3,250 1J8006AI-4V titanium 500 1,100 100 725 2,000 600 580 3.200 2,400

230-callber ball

2024-T3 660 1,250 100 725 1,800 500 500 2,180 1,8002024-T81 ON0 1,250 100 725 1 lw8 00 54) 00 2,100 1,900
7075-T6 660 1,350 100 725 1,640 500 870 2.500 1,800
.W0-caliber ball
and armor piercing
2024-T3 650 1,080 100 725 1,800 500 600 2.180 1,500
2024-T81 650 1,080 100 725 1,800 500 500 2,180 1,600
7075-T6 650 1,080 100 725 1.680 500 870 2,100 1,500
6A-4V titanium 500 1,100 100 725 2,320 800 580 3,200 2,000

Table 2-5. Normal Imp•act, Maximum Lateral Damage

* Equation number: 2-7 K1 - solution to equation (2-3)

e Basic form: A2  - (I1 ~K1)3; A1, K, (1 ~KI)3..Ki.
t/d < HAJCO 4+02X + 'k) )A < t/d < A 3K (K1 -A2

NIMLD]ICC d (e2~4 2 ~ 0 Y2 1 2  ,i 1  ) 7

2 2
-4K 1 -4K 1 + 2 -2K 1 +4K 1 +4

2 
Calculation form: P/2 12

aNIMLD - C1dL [X + X [-f; X + a2 -4K 1 +ttK1 ) 4 + K,(4 -2K,))

0 Inputs and constants (in order of use):
213

SK I-K 1 -I C+K-CO from equation 2-14 -1 K
C1 from equation 2-12 72 + 2

C2 from equation 2-13

17 C2iC1  -+ 17

A1  A2  /
-4K 1 +2K 1  ' -2K 1 +4K 1

________________________I__I___+ I IAluminum Titanium 82 +1 A2

0.15 0.10 2 1 12 1  K(~ 1
2K( 2K2( -1 K

0.70 0.60 1  + 27 _

- /d -HJ" -• t - target thkckin
d - projectile diameter
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Table 2-6. Normal Impact Lateral Damage Model

e Equation number: 2-8 a2,P 2 ,7 2 ,6 2 ,t, - u

aBlasic form: a2

NIMLD • O d[al lcIdA 13 (t/dC31"yl (t/d)2 +61 (tld) +el1

t/d < p 0]2 4 2

,t/d tld , fJ+,1 P, = (•1)3 -(•11-1

ainput and constants: 
62 2M 72  3" 2

132  4p
3 

a2

1AS -; /
th > 

.i + 
t,.

CO from equation 2-14 
• (1" (a1)3 (i1)4 '

C2 from equation 2-132,=- 
6.+"32 - -"0 + .4"'

C2 from equation 2-13 - 7 - 2ý

NIMILD~ ~ ~ ~ ~ ~ ~~ N -,, C (1+,,) 1+ td y,+(/) d

Table 2.6g. Constalnt• for NlMLD Equation Table 2-7. High-Velocity Lateral DamageMaterial 
and

projectile a1 
,1 

rl1* Equation number: 2-9

.30-caliber armor-piercing Kp = 1.0 a Basic forms:
2024-T3 -27.693 76.150 -74.152 29.033 -2.929 214 (
2024-T81 -30.539 83.535 -80.633 31.032 -3.107 HVLD - d 3 + 0.6 (t/d)2]; HVLD
7075-T6 -32.782 89.336 -85.697 32.578 -3.243
6AI-4V mill anneal (TiO -124.320 238.604 -160,968 42.869 -2.904
.30-caliber ball KP = 2.1 a Input and constants:
2024-T3 -29.838 81.720 -79.044 30.644 -. - projectile diameter
2024-T 81 -31.700 86.539 -83.258 31.835 -3.178 d . target dic mess
7075-T6 -32.880 89.588 -85,916 32.645 -3,249

.50-caliber armor.piercing and
ball Kp - 2.1

20247T3 -29.838 81.720 -79,044 30.544 -3.064
2024-T8l -31.700 86.539 -83,258 31.835 -3.178
7075-T6 -32.880 89.588 -85.916 32.645 -3.249
8AI-4V (Ti) -129.052 247.199 .166.205 43.972 -2.969

Matetial C3
2024 1.6

7075-TO

Materi al K m A fiv4 1.7

2024-T3 1 0.15 0.70
2024-T81 2.2 0.15 0.70
7075.T6 5.1 0.15 0.70
6AI-4V 1.80 0.10 0.50
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Tabk 2.8 K0 (Con'ctf n -707& T6 Aha•wr

* Equation number: 2-10 hi - CIO$÷ 1.

0 Buie form: h2  - 1.04 2.11 giO2 _IJO 0/4O) 3

M ( 13 e2 - (10- 0.00420#1 (d/.3016
KIC 3It/d)l

3
+ p3 ItMI2

+'73 (t/d)+6 3  t/d > 13 K2  - 13/12"

hi - h2
a Calculation form: -

Ks 6 3 + Wd)[7 3 +(t/d 03 \D+ (t/d) 3 2r

* Input and oo0tatt un orde of u): (127

Projectile CIO 132.. -3(11 +K2)r

.30-o,,ber armor-1•lerctng 0.006 0.21

.30-ailber bell 0 0 06K2f

.50-cailber armor- 73 -

piercing 0.001 0.35 F2

* - Impactang3 (
t - target thicknus
d - projectile diameter

TabW. 2-9. K0 Correction for 2024 Aluminum and 6AI.4V M7tanum

0 Equation number: 2-11 It1  + 1.0

s Blic form: h2  - C1OCT + 1.0

hi t/d < t3 K2  " t3/12
3 (tVd)

3 
+p3 (t/d)

2 
473 (t/d) + 63

Kip t3 < t/d < t2 Ihl-h2)
K1 - h3 ) lt/d - t2)2 (3 - K2)3

h-3 + h t2 < tjdS(4.5 - h3)2 2t"

• Calculation form: (12)3

r r \ I-311 + K)K, "13 + (t/d)[L3 + (td) (103 + (t/d)]3  03 " (.2)2(2122

e Inputs and conltants (in order of use):

Material and Projectile 2K 3 -CIG Cil CT 13 2 K2 73 " (

2024 0.0167 0.03 1.0 0.4 0.6 0.W

6AI-4V 0.08 0.025 -- 0.1 0.3.30clIber wnor-pitrig 1.0 [ 63 h, -. L(K2 )2 (3 - K2.1 ]

.50-caliber aumor-piercing
and ball 0.5

2.0 70 d"O 2.0 70 ds 0 e

0ý 220 
00 de

i.0 d.0a oee, , \\ -1,'.0d.
.30-CALIBER BALL-d 70dd ag1 0d.9
(ALL ANGLES)

0.5 1.0 1.5 0.5 1.0 1!5

TARGET THICKNESS/PROJECTILE DIAMETER It/d) TARGET THICKNESS/PRO IECTILE DIAMETER It/d)

(a) .30-CALISSR, ARMORPIERCING AND BALL (IN JOCALIBER ARMO4.PIERCING AND BALL

Figure 2-37. Ke for 7075-"6 Aluminum (.ee Ref. 2.2 For Othw Mitlriats)
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Table 2-1D. NIMLD ConStants C0, Cy, C2  Table 2-11. Comwiwt C& C I, C2 . C3

0 Equation numbers: 2.12,2-13.2-14 Materiall adprolctle CO C1  Cr2  C3

* Basic form: 30-caliber armor-piercing
2024-13 IA 2.9 1.46 1.5

Thln-aection NIMLD - CO - 1.0 + Km, 0.
4
0) (2-14) 2024-TO1 1.9 5.1 2.0 1.5

7076-TO 3.0 10.6 3.3 1.76
PrincipalNIMLD - C1 = 1.0+1.9KpKm (2-12) 6AI-4Vmillanneal 1.7 4.4 1.8 1.75

Thlck-Nctlosn NIMLO - C2 - 1.0+O.A5Km (2-13) .30-callber bell

2024-T3 1.4 5.0 2.0 1.5
_ _Constants: 2024-TS1 1.9 9.8 3.1 1.5

Proectil K Target materil1 Km 7076-TO 3.0 21.5 5.8 1.75

W80caliber armor-puierang
.30-caliber armor- Aluminum 2024-T3 1.0 and bell
piercing 1.0 2024-TSI 2.2 2024-T3 i.4 6.0 2.0 1.5

.30-cbl;ber bell 2.1 7075-TS 5.1 2024-TO1 1.9 9.8 3.1 1.5

. 50-callber armor- Titanium 6Ai4V mill anneal 1.8 7075-TO 3.0 21.5 5.8 1.75
piercing 2.1 lV special anOnea 1A5 GAI-4V mill anneal 1.7 8.2 2.7 1.79

.50-cllblr ball 2 AI-IV-1Mo duplex anneal 2.76

BAI-IV-I Mo mill anneal 3.0

Sample Calcliation

The use of the damage model is best demonstrated by the following example calculation of the damage resulting from
a .30 caliber bullet impacting a wing panel. The conditions are:

Projectile: .30 caliber AP, Kp = 1.0 (Table 2-10),- Impact Velocity: 2080 ft/s,

Impact Angle: 59. / degrees,

Target Material: 7075-T6 aluminum, Km 5.1 (Table 2-10),

Target Thickness: 0.090 inches.

The calculation procedure is:

1. Calculate t/d = 0.090/0.300 = 0.30

2. Determine K0 from Table 2-8, noting that t/d = 0.3 is greater than 3 3 - 0.21.

C0 0.005

hI = 1.0 + (0.005) (59.7) = 1.299

593 59.73
h = 1.0 + 2.85 (1-7) - 1.9 (--) = 1.95

12 = [1.0 (0.00429) (59.7) ] (30/30)'/2 0.744

0.21
K= 0.282

K2  021.74
1.299 - 1.95.0 -1.762
(2) (1-0 .2 82)3

(2) (-1.762) -8.561

13 -- (0.744)3 -

(3) (0 + 0.282) (-1.762) = 12.250
03 -- (0.774)2

(6) (0.282) (- 1.762) -4.012
Y3 = (0.774) -

63 = 1.299- [(0.282)2 (3-0.282) (-1.762) ] = 1.680

KO = 6 3 + (t/d) 3 + (t/d) - [03 + (t/d)M3 ])

= 1.680 + (0.30){ -4.012 + (0.30) [12.2,0 + (0.30)(-g56l)])

1.348
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3) Calculate C1 from Table 2- 10, noting that t/d is greater than p 0.15.

C I- 1.90K pKm + 1 = (1.90) (.0) (5.1) + I = 10.6

4) Calculate NIMLD from Table 2-6 using constants from Table 2-6a.

NIMLD = Oc, + (t/d) {6i + (t/d) [yi + (t/d) (B0 + (t/d)]fl

= (0.300) (0.6) |-3.243 +(0.3) (32.578 + (0.3)

+ (0.30) (89.336 + (0.3) (-32.782))]jJ

= 3.06 inches

5) Calculate HVLD from Table 2-7:

2 2
HVLD = d (C3 + 0.6 (t/d)2) 0.300 (1.75 + 0.6 (0.300)

= 0.541 inches

6) Calculate VI, V2 , and V3 (see Table 2-4):

V = 650 In (0.30) + 750 z -782 + 750 -32 ft/s

Use V1 = V1 Iý 100ft/s (a limiting value)

V = 725 In (0.30) + 1580 707.1 ft/s

V3 = 1125 In (0.30) + 3250 1895.5 ft/s

V 3- VI = 1795.5 ft/.s

V, = V (Cos g) O7 -V0- 2080 (Cos 60) 0.7-100 1180ft/s

1180Sv 9= +- 0.657•. 1795.5 +

HVILDP HVLD -0.131
V2 "VI NIMLD-K

0

V3 -V = 0.338

7) Calculate K3 (see Table 2-3):

obtain solution 01: K K0~- WK4g 6K 3  4K 3 + I - 0~ 0.261

Obtain solution of: {-2K3 + I + 0 K 2 (K32) =0}= 0.513

Since 0.261< 0.338< 0.513

K 3 = 0.338

8) Calculate remaining constants defined in Table 2-i:

3 (0.338) 2( -0.338)3 = 0.033
A4 = (1.0 - 0.338)3 = 0.290

(3) (0.338)- + (0.131) 0.338 -3 0.788

04 0.033 0.290

(-4) (0.338)2 _(4) (0.338) +2 (ad131) (-2) (0.338)2+(4) (0.338) + 4=4 --3 "0.290 -

= .8.073

y -= (8) (0.338)2 0.338-1 + (0(0.1 ( 3 3 8) 38 ) 2 -8(0.338)
0.033 (0.131) 0.290

= -13.944

64 = -4(0.388) 2+ 2(0.338) + (0.131) -2(0.388)+4(0.338)4
0.033 0.290

= 6.780

9) Calculate the Upper Limit on Lateral Damage (see Table 2-1):

LDUL = (3.06) (1.35) i[.h7e0 +(0.657) 13-944 + (0.657) 1&073 (0.657)0
L DUL = 2.3 9 inches
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10) Calculate coefficients for Lower Limit on Lateral Damage
,

VI 100 + 200 = 300 ft/s

V 3-VI* = 1595.5 ft/s
V* = 2080 (cos 59.7) -300 = 980 ft/s

v = 980/1595.5 = 0.614

HVLD* = 3/4 (0.541) = 0.406 inches

NIMLD* = 0.406 + 1/4(3.06-0.406) = 1.070 inches
= 0.406/1.070 0.379

K = 0.2893

S0.030S3
_A4 = 0.359

=4  -7.289

84 = 22.246

= -23.005

64 = 8.427

II) Calculate the Lower Limit on the Lateral Damage (see Table 2-2)

LD (1.07) (0.614) [8.427 + (0.611) (-23.005 + (0.614)
[22.246 + (0-.614) (-7.289)]}]

= 0.658 inches

In Reference 2-2, upper- and lower-limit damage prediction curves were calculated and graFphed by computer for

conditions listed below. Figure 2-38 is an example of the type of graph. The conditions graphed were:

Projectiles: .30-ccliber AP,
.30-caliber ball,
.50-caliber AP and ball;

10.0

PANEL TYPE - 7075-TO
0 - 0.50 CAL. AP
T/ -" 0.5000
THICKNESS - 0.250

8.0

44

10.
9 1

LU 4.01 -

" 2.0

IMPACT VELOCITY IF,'I'S)

Figure 2L38, Sarnple Dnamap Prediction From LA TDAN Mode

_A
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Material s: 2024-T3 aluminum,
2024-T81 aluminum,
?0,5-T6 aluminum,
6AL-4V titanium (except .30-caliber ball);

Thickness: 0.032, 0.063, 0.090, 0.125, 0.160, 0.190, 0.250,
0.375, 0.500, 0.750, 1.000 inches;

Impact Angles: 0, 20, 40, 60, and 70 degrees.

As a convenience, the upper-limit damage-sze predictions have been reformulated in terms of maximum upper-limit
damage for varying panel gages over a specified velocity range. The results are presented in Figures 2-39 through
2-42. These curves provide a condensation of the prediction curves in Reference 2-2. This is made possible by
transforming the velocity variation into a velocity range (0 to 3200 ft/s), and plotting the maximum damage within
the range.

Test data reported in Reference 2-7 have been used to extend the damage size prediction capability of P.eference 2-2
to additional structural materials and several foreign projectiles. A limited number of damage evalua.ion tests were
conducted using the following materials:

7475-T761, 4130 steel (83 ksi),
7475-T61, 4130 steel (178 ksi).
2219-T87,

Based on analysis of the data in Reference 2-7, it appears that the maximum damage in 7475-T61, 7475-T761,
2219-T87 and 4130 (83 ksi) is approximately one-half that of 7075-T6 for identical small arms projectile impacts. On
the same comparison basis, 4130 steel heat-treated to 178 ksi, shows maximum damage one and one-half times that
of 7075-T6. The latter result demonstrates the effect of heat treatment on damage size in a high-strength steel.
These conclusions are tentative, and further test verification is desirable.

io I0 110[ I

7075-T6 .30 CAL AP 707"5TB .30 CAL BALL 7075-TS .50 CAL AP

• =V VELLOOIT,
W VELOCITY RANGE: 0 - 3200 FT A VELOCITY RANGE: 0 - 3200 FT/5 RANGE: 0 - 3 FT/9° I:Il

4 5•7 - 7 - 7°4P•

5 7

34 op - -j

i,;ii

0 2 .4 .6 1 . 1.0 0 .2 .4 .A A5 1.0 0 2 .4 .A A 1.0

FANEL THICKNE•,% -,,144S) PANEL THICKNESS (INCHES) PANEL THICKNESS (INCHE.)

Figure 2-39 Maximum Upppw Limit Latw'l DrmlW for 7075-T6



62

TITANIUM 6 AI-41V MILL ANNEAL

TITANIUM 8 AI-4V MILL ANNEAL .30 CAL AP .50 CAL AP

10 
10

U) 4 4 :ýOVELOCITY RANGE: 0 - 3200 FT/S
W VELOCITY RANGE: 0 -3200 FT/S

z

78 
7

w

-Is-

ww

3 
3-

22

01
0 .2 .4 .6 .8 1.00 .2 4 6 . 10

PANE THIKNES (INHES)PANEL THICKNESS (INCHES)

Figure 240. Maximum Upper Limit Lateral Demee for Titanium 6 A/4 VMillAnneal

2024-T81 .30 CL BALL 2024-TBI .30 CAL BALL - 2024.-T81 .50 CAL BALL

10 10

~ VEOCIY RNGE:0-300 T/S VELOCITY RANGE: 0 - 3200 FT/S VELOCITY RANGE: 0.30 FT/S

7 0 7~

7 V

700-

I:t \uiiN~
M1 - 4-

4 2 .4 . 8 10. 4 . 8 . 2 . 6 . .

PANE THCN55ICE)PNLTIKES ICE ~ PNLTIKES(NHS

USjr 27& al~u pe ii LtrlDnefr22-B

3I
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202_T JOCA_ A 10 204T 310LA

': •024. 2024-TA 0C

VELOCITY RANGE: 0 - 3200 FT/S VELOCITY RANGE: 0 -320 FTIS VELOCITY RANGE: M-3200 FT/S

8 a

-A _

I-. - - - -5 5 5A

2 3--2-

0 .2 .4 .6 .8 1.0 0 .2 .4 .6 .3 1.0 0 .2 .4 .6 .8 1.0
PANEL THICKNESS (INCHES) PANEL THICKNESS (INCHES) PANEL ThICKCNESS (INCHES)

Fi9ure 2.42. Maximum Upper Limit Laterl Damt~e for 2024-T3

2 2

! ~Compact Frawnents impacting Metals - Damage Size Predictia,. Photographs of typical damages from compact
i• fragments were shown previously in Figures 2-29 and 2-30. Compact fragments are those having a length to

diameter ratio of approximately unity. Damage prediction techniques for fragments impacting metal are not as well

I developed as the prediction techniques for small arms projectiles. This is partially cdue to the diversity of fragmentS~sizes and shapes, ranging from cubes to continuous rods. Although the dimensions of preformed or controlled
fragments are relatively precise, fragments generated by natural fragmentation have somewhat random shapes.

! An analysis model was developed in Reference 2-7 for predicting damage size in aluminum cdue to singly impacting,
S~high-velocity compact fragments, and verified by ballistic test data available in 1973. In total, the fragment damage

data available encompassed two materials (7075-Tb, 2024-T3), sheet gages from 0.032 to 0.37. inches, three

i fragment types (cubes, cylinders, spheres), angles of obliquity from 0 to 80 degrees, and velocities up to 6,000 feet
S~per second. The model is described below, and should be applicable to low-density fragment impacts from missile
S~warheads, particularly surface-to-air missiles. High-density impacts induce interactions between adjacent damages,
S~and there is currently no general method available for quantifying the resulting damage.

As explained in Reference 2-7, examination of the fragment damage data indicated that the lateral damage is
essentially independent of projectile velocity in the high-velocity range (2,000 to 6,000 ft/s). This behavior is similar
to that established for small arms projectiles in Reference 2-2. The data also indicated that material effects were
not pronounced in this range, as the damage sizes for 2022-T3 and 7075-T6 were nearly the same. These ob3ervations
led to the development of a fragment damage model for aluminum alloys similar in form to the high-velocity damage
model for small arms projectiles given in Reference 2-2. The final expression is:

L t 2

LD = ----- [1.16 + 0.6 (-•-) I, (Eqn. 2-15)
cosQ L

where:
LD = lateral damage size (inches),

Lpg n the maximum projected frontal dimension of the fragment (inches),

Q = obliquity angle, measured between the flight path and a normal to the target surface,

t = target thickness (inches).

The parameter Lt depends on both the size and shape of the fragment. For example, Ld equals the diameter when
the fragment is spdi-rical; when the fragment is a cube, Lp equals Vt-times the fengt of a side. For a cylinder
having a length-to-diameter ratio oi unity, Lp equals V"times the diameter. Figure 2-43 shows the Lp equations for

several common shapes.

"Approximately 60 data points were available for establishing the validity of the model predictions, as shown in Figure
2-44. The correlation is considered to be good, considering the several sources of data and the extent of scatternusully found in damage-size test data.

led ~ ~ --. .totedvlpeto- rgetdmg oe o lmnmaly iia nfr otehg-eoiydmg
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MAXIMUM MAXIMUM PRESENTED
PROJECTILE CONFIGURATION PRESENTED PROJECTILE IDEALIZEDSHAPE LENGTH, LLENGTH, LpLNT.L

pi

CUBE IL L*VIL SPHERE Lp -d

_ _ _ Lfo _ _ __- 1:

ROD 1 L .Ja2b2 C2 CYLINDER pi

Fipum 2-41 Pmted Lmt for Common Pr'ojcti

o STEEL CUBES, 2600-5200 ft/s;

a - 0. 30, 600;

0.063-0.250 7075-TG

a STEEL CUBES, 2300-5046 ft/s;
6 " 0.30.600
0.063-0.250 2024-T3

* STEEL SPHERES, 3000-6000 ft/i;
0 - ,465.50.60,70, 800

0 L0.126 2024-T3

A STEEL CYLINDERS (LENGTH/DIAMETER " 1)

S1.5

w 1.4 t
4 1.3 -

1.0 AA--

0.9-

60.8

A
( 0.7-
S0.60 - LATERAL DAMAGE PREDICTION:

0.6 - LD I I 1. 16 0.6 (-L- )2
Cos 0 2

0

I I I I i I i I I I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1.0 1.1 1.2

FRAGMENT PROJECTED SIZE, Lp (In)

Fpiure 2.44 Verification of Dame Size Predictione for Compert Fraoments
Impecting Aluminum
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2.2.1.1.3 m-i-Expioding Penetrators Impacting Metals - Damage Type Prediction.

Reference 2-2 presents a model for estimating the type of damage resulting from various impact/target conditions.

Damage type refers to whether the damage is a clean hole, a hole strrounded by a spalled area, a petalled hole, a

crack, or a gouge. The model is presented in the form of the regime diagram shown in Figure 2-45, which correlates
damage type with projectile impact velocity and target thickness (or t/d ratio). The input parameters are:

Impact velocity, Target material,
Obliquity angle, Projectile size and type.
Target thickness,

The damage type model is limited to .30 caliber AP projectiles impacting 7075-T6 aluminum. Only two obliquity
angles are presented; interpolation techniques can be used for other angles. The normalized sheet thickness, t/d, can
be used to extend this diagram to other fully-jacketed AP projectiles.

2.2.1.1.4 Non-Exploding Penelrators Impacting Metals - Damage Orientation Prediction.

3,00O300 0 - 40 doe

2 T E T FRONT AND REAR

RACKSý--. SURFACE SPALL CAK

TA NODAMAE NOAMTA

0 01
0 .1 0.2 0.3 0 TARGET THICKNESS (in)

TARGET THICKNESS (in)

0 0.2 0.4 o.6 0.8 I.O 1.2 d02 0.4 0.6 0. 1.0 1.2
t/d t/d

Figure 2.-45. Damage Type Regime Disrrams (Small-Arms Projectl/es Impacting 7075-T6)

A technique for estimating the probable orientation of the largest damage dimension is given in Reference 2-2. This
technique is represented in the data presented in rabies 2- 12, 2- 13, and 2- 14. The tables give probabilities for the
largest damage direction to be oriented:

I. Within +30 degrees of a direction, Q, defined below;
2. Within +30 degrees of a normal to the Q-direction;
3. Within +15 degrees of a line 45-degrees from the Q-direction.

The directions, Q, selected for the assessment were:

i. Maximum damage parallel to support direction;
2. Maximum damage parallel to flight path,
3. Maximum damage normal to applied stress.

The tables were formulated from the results of small arms and cylindrical projectiles impacting 7075-T6 aluminum
alloy. The tables are used by locating similar impact combinations within the tables. Most combinations ol applied
stress direction, material grain direction, and support direction will be found, except for the case where all three are
parallel. No test data were available for this condition. In addition, the oblique Impact tests cornsisted of flightpaths
that were, (1) parallel to the support direction; (2) normal to the applied stress direction (when stressed), and (3)
either parallel or normal to the grain directions.

The pertinent data from Table 2-12 shows a 0.52 probability for the largest damaie to be parallel to the flight path.
The Influence of stress field, shown by the data of item D In Table 2-12, Indicates a 0.44 probability of the damage
being normal to the stress field. However, the combination of parallel grain and support directions provide a 0.67
probability for the damage to parallel the grain (see Item A-2 of Table 2-13), perpendicular to the direction indicated
by the stress. It is believed that for these Impact conditions, the effect of stress and support conditions will
counteract each other and the relative flight path will be more influential. Thus, tlve most likely orientation of the
maximum damAge will be about 65-degrees from the grain. The orobability associated with this shoid be 0.52.
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2-2.1.2 Non-Ezxpoding Projectile lmpacthi Fiber Compotnes

There have been a number of programs (Ref. 2-9 through 2-12, 2-17, and 2-24 through 2-30) investigating the
response of laminated fiber composite structure to projectile Impact. These studies have shown that the unique
characteristics of composite materials can have a significant influence on damage response, and that damage models
developed for metal structure are not applicable. Some of the properties of composite structure that influence
projectile damage are (1) orthotropic strength and stiffness characteristics, (2) the low ductility of certain fibers such
as graphite/epoxy, and (3) low interlaminar strength. The following sections discuss characteristic damage responses
observed in fiber composites, and existing analysis methods for damage size prediction.

2.2.1.2.1 Non-Exploding Projectiles impacting Fiber Composites - Discussion of Parameters lnfluencin Damage

The results of examining graphite/epoxy laminates damaged by small arms projectiles and fragments are reported in
Reference 2-12. The damage modes illustrated in Figure 2-46 were noted from this examination. They include:

-Perforation, -Fiber buckling,
-Delamination, -Gouging.
-Peeling,

Figures 2-47 and 2-48 show representative entrance and exit damages in thin graphite/epoxy and boron/epoxy
laminates Impacted by fragments and small arms projectiles. The relatively smooth perforation, conforming closely
to the shape of the projectile, Is characteristic of penetrator damage in thin laminates. The exit surface may often
show peeling and splitting.

PERFGRATION DELAMINATION PEELING

SEVERED;OWITI4 OR
WITHOUT MATERIAL

LEMii OFTEN
DETAC8ED

A-A A-A
PARTIAL THROUGH

FIBER BUCKLING GOUGING

A

ENTRY
SURFACE

AISEDEXIT\
RAIEDREGION SURFACE

Figure 249 Typical Ballistic Damage in Fiber Composites

1!

ENTRY DAMAGE EXIT DAMAGE

Figure 2-47. Typical Carmage in Thin Graphite/Epoxy Laminate Impacted by Fragment
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Figure 2-48. Typical Small Arms Projectile Penetration Damage in Boron/Epoxy Sandwich

Delamination in composites results from their relati ely low interlaminar strengths, which is largely dependent on the
resin, and can be especially significant in reducin& the compression strength of impacted laminates. Delamination
caused by the penetration of a small arms projectile is shown in Figure 2-49 where the internal delaminations around
the perforation were revealed by ultrasonic inspection. The white areas appearing in the scan are delaminations.
Holes, removed surface plies, and intact laminate are dark. The figure shows a delaminated area around both the 0-
degree obliquity impact damage and the S0-degree obliquity damage. However, the S0-degree impact caused far
more delamination than the impact at 0-degree obliquity.

__-__ *

10 PLIES

80-dog 0-dg

Figure 249. Ultrasonic C-Scan of Ballistic Damaged Graphite/Epoxy Panel
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Internal delamination may exist even though there i3 no externally Visible damage, as shown for low-velocity, non-
penetrating, projectile Impacts In Reference 2-31. These test results were obtained by !mpacting 0.146-in
graphite/epoxy laminates with a 5/S-in diameter spherical head indentor at impact energy levels ranging from 5 in-lb
to 74 In-lb. Figure 2-51 shows ultrasonic scans defining the extent of Internal deiamination. Internal delamination Is
pronounced at Impact energies as low as 13 in-Ib, but no external damage Was Visible until Impact energies reached 33
in-lb. Even at 35 in-lb3, the external damage was limited to a small, smooth dent approximately K.-inch In diameter
(as shown In Figure 2-50 yet the extent of Internal delamination was Il%-inch In diameter (as shown in Figure 2-31).
Figures 2-52 and 2-33 show the Internal delamination revealed by sectioning 55 and 13 in-lb Impacted specimens,
respectively. The results of static tension and compression tests show that the barely visible 55-in-lb damage caused
strength reductions of twenty-five and sixty percent respectively.

'4W
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Figure 2-so Exernawl Damage Resulting from Low Velocity Imhpact of 65 In-lb. En.wy
(518 Dia Spherical Indentor)
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Effect of Laminate Configration on Darnae. Several design parameters are associated with laminate configuration,
including the fiber/resin system, the ply orientations, the thickness of the laminate, and the practice of combining
several types of fibers to form a hybrid laminate. The effect of these parameters on the extent and character of
ballistic damage is an important question that remains unanswered in many aspects. Some data Is available, however,
leading to the results described in following paragraph..

Effect of Fiber/Resin System. Fiber composite laminates can be constructed from various fibers and resins. For
example, T300 (Narmco)'and AS (Hercules) are commonly used graphite fibers. Glass fibers and, more recently,
Ktvlar, have frequent application. Representative 35COF resins include 5208 and 934 epoxies. For high temperature
applications, polymide rather than epoxy is a more appropriate resin. T300/934, T300/5208 and AS/3501 are
representative graphite/epoxy systems for aircraft.

There are no comprehensive evaluations available that isolate and quantify the relative response of the different
fiber/resin systems to ballistic impact damage. However, ballistic tests are reported in Reference 2-12 comparing
the ballistic damage characteristics of several graphite/epoxy and Kevlar/epoxy systems. Steel cubes or 0.50 caliber
armor piercing bullets were fired into 0.05-inch panels at angles of obliquity of 0- and 80-degrees. The comparisons
are shown in Figure 2-55. The "maximum perforation plus through delamrination" Is the most silnificant damage
measure for structural degradation, and it is apparent that there is little difference between the three graphite/epoxy
systems. The Kevlar/epoxy laminates consistently showed less damage than the graphite/epoxy.

t46 ASJ3501 ±45 KEV4/S34 :t46 T300/64. j ± 5 T3OO/34
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Effect of Tape or Fabric Construction. Composite laminates can be constructed using either preimpregnated tape or
fabric. The tape typically consists of unidirectional fibers, and desired ply orientations are obtained by aligning the
tape during layup. Fabric typically consists of a 0/90 woven con'liguration.

The limited data available for comparing the relative ballistic damage resistance of tape and fabric indicates that
graphite/epoxy laminates constructed from tape exhibit greater visual damage than corresponding laminates made
from fabric. However, in most applications the differences between the ballistic damage response of tape and fabric
would not be structurally significant because the greater damage was primarily a surface effect due to the greater
tendency of the tape laminate to peel. This is illustrated by comparing Figures 2-56 and 2-57.

Effect of Laminate Thickness. Laminate thickness has a significant effect on damage caused by penetrators.
Damage size in thin composite laminates tends to conform to the projected size ot the projectile on the plane of the
impacted laminate (i.e., the minimum damage size allowing passage of the projectile through the panel). This is not
true with thicker laminates, because the damage to the exit face can be extensively increased by delamination,
frequently resulting in rear surface spallation.

In tests to determine the effect of laminate thickness on damage size (Ref. 2-12), damage was induced by firing steel
rods into 0.25 and 0.50-inch 0/+45/90 AS/3501 laminates. The 0.50-inch laminate showed far greater damage than
the 0.25-inch laminate. Exit damage was much greater than entry for both thicknesses.

Effect of Impact Conditions on Damage. Ballistic impact conditions including projectile type, velocity, and angle of
obliquity have a significant effect on the size and character of impact damage in laminated composites, as in metals.
In many situations the influence of the impact conditions depends on the laminate con'iguration. For example, the
variation of damage size with projectile impact velocity is more pronounced in thick laminates than in thin laminates.
The following discussion is based on evaluations of available data. In most cases, the data is not adequate to fully
define the effects of impact conditions on damage except as qualitative trends applicable only to the conditions
tested,

Effect of Projectile Size and Type. Projectile damage in fiber composites tends to conform to the contour of the
projectile more closely than experienced in most aircraft quality metals, which often exhibit considerable cracking
emanating from the primary perforation. In composites, damage is more confined to a region of perforation plus a
region of delamination around the penetration area. The latter increases in size with increasing laminate thickness as
described above.

ENTRANCE

OP OIIOiUITY
I GM FPS

ENTRANCE EXIT

KP OBLIQUITY I SI~r
ISMl FiPS lNi

Figure 2-56. Typical Proectile Impact Damage Figure 2-57. Typical Projectile Impact Damage
In Graphitt/Epoxy Tape Laminate in Graphite/Epoxy Fabric Laminate
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;n assessing the infiuence of projectile size on damage, it is useful to represent the projectile by its maximum
presented iength, termed Lp. As a result of an evaluation of available ballistic testing of thin graphite/epoxy and
boron/epoxy laminates, the maximum perforation plus deep delamination on both entry and exit faces was found to be
slightly larger than Lp, and it was proposed In Reference 2-27 to add some constant $ to Lp to give a prediction of
the damage indured by any projectile. The value which best fit the test data was 0.2-inch. For thin laminates
Impacted at 0-degree obliquity, then, maximum perforation plus deep delamination is related to projectile presented
length by:

(Thin laminates of graphite/epoxy or
LD Lp + 0.2-inc boron/epoxy, normal obliquity).

Thicker laminates exhibit increased maximum perforation plus deep delamination on the exit face. Experience with
n'etals (Ref. 2-7) his shown that damage size can vary as a function of the ratio of panel thickness to projectile size,
and this has proved to be true of exit damage in composites also. FRgure 2-39 shows this effect ft.- 0/+45/90 AS/3501
graphite/epoxy.

0-deg Obliqult, 0/t45/90 AS/3501
I L .~- + 0.2

-j m P 9 0.516-inch Laminate
u 4 • 0.2568inch Laminate

3-.>.

I-

|' i a . I i J J 1 I I i I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

LAMINATE THICKNESS/PROJECTILE LENGTH I L I
Lp

Figure 2-59. Effect of Laminate Thickness end
Projectile Size on Exit Damage

Effect of Projeile Obiuty Considerable test data is available (Ref. 2-27) showing that damage size in thin fiber
-:omposite laminates varies inversely with the cosine of the angle of obliquity. This type of variation is shown in
1'igure 2-60. The line represents the projectile maximum presented length Lp divided by the cosine of the angle of
obliquity, 9. The actual damage (maximum perforation plus deep delamination) plots somewhat above this line, and
can be prs-dictvd reasonably well using the constant a identified for normal impacts. The damage can then be
described' as:

L

LD - +0.2coso

Figure 2-61 shows a sin liar comporison for a thick graphite/epoxy laminate.

3.0 3
HON.YCOABA ANDWICH 1/4-in MILD STEEL CUJE, Lp -0.433

I 4 PLY/FACE 1 0k41/90 AS301
IBORON/EPOXY 8 C.258-in THICK
C. J GRAPHITE/F.POXYZZ Exit face damage 0 g--

oo .0 Entry face damer -6 0 0 • Ex't Face Damage

< ( o Entry Face Damage

0 0
, 0 W.c

- L3

0 10 20 30 40 50 60 70 8090 0 10 g0 30 40 50 60 70 8090

9. IMPACT ANGLE (Degro~es)9,MPCANL ores
SM N D

Figure 2-60. Effect of Projectile Obliquity on Penetratior Figure 2.61. Effect of Projectile Obliquity on Penetration
Dam.,ge in Thin Laminates Damage in Thick Laminates
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Effect of ProVectle veloci . Considerable testing with small arms projectiles and fragments fired into thin (less

than 0.2-inch) fiber compolte laminates has shown that visual damage size is relatively insensitive to projectile

velocity. Figure 2-62 is representative of the results obtained in thin laminates. These data were obtained for

impact conditions well above the ballistic limit.

Testing of graphite/epoxy was recently conducted (Ref. 2-12) to determine if damage size becomes more sensitive to

projectile velocity as the ballistic limit (VBL) is approached. Mild steel cubes were fired into laminates ranging in

thickness from 0.25-inches to 1.0-inches, at velocities between 500 and 5,000 feet per second. The results, shown In

the right-hand portion of Figure 2-62, show that while the damage size increases rapidly with increasing velocity for

velocities such that 0.7 < (V/VBLN < ".3 (approximately), it remains relatively constant for higher V/VBL ratios. This

is in contrast to metals, where the maximum damage occurs at velocities near the ballistic limit and diminishes

before leveling at high velocities (Ref. 2-2).
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22.1.2.2 Non-Exploding Penetrators Impacting GraphitelEpoxy - Damage Size Prediction

As discussed in Section 2.2.1.2, penetrator damage in thin graphite/epoxy or boron/epoxy laminates tends to conform
to the contour of the projectile. This behav'or has been used to develop a damage size prediction model that
correlates well with experimental results, and provides an equivalent flaw size for residual strength predictions. The
damage model, published in Reference 2-17, is quite comprehensive and was developed from a substantial quantity of
test data reported in Reference 2-12. Parameters used in developing damage models for metals, and early damage
models for thin composites were used where applicable in developing the present model. The result is a prediction of
mean damage having a fairly high degree of confidence for many laminate configurations and impact conditions.

The basis for the model is an early damage prediction method for thin laminates presented by Avery/Porter in Ref.
2-17. They determined that both entry and exit damage size in thin laminates is best described as maximum
perforation plus deep delamination, and that this damage can be closely represented by the presented length of the
projectile in the plane of the impacted laminate plus a constant, , as illustrated in Figure 2-63. They found that 8
- 0.2-inch gave the best correlation with test data. Later test data showed that this relationship provides a fairiy"

good prediction of entry damage in all thicknesses of laminated graphite/epoxy. The resulting model is:
L

LDen P - + 0.2-inch (All Laminate Thicknesses) (Eqn. 2-16)
en Cos 0

When test data for thicker laminates ranging from 0.25 to 1.0-inches was obtained, it became obvious that while
entry damage still followed Equation 2-16, exit damage was much larger. In metals, the parameter t/L
(thickness/projectile size) had been used (Ref. 2-2) in damage prediction, and as previously discussed, this paramete?

* is applicable for correlating damage in graphite/epoxy also. For metals, the damage model has the forrm:
L

LD = - f(t) (Metals)ScosQ

For graphite/epoxy, the form is-

LDex =LIen L f( ) (All Laminate Thicknesses)

Where:

LD Maximum exit damage size (maximum perforation plus deep delamination);

LD en= Maximum entry damage size;

L = Maximum presented length of the projectile (see Figure 2-43) (inches).
pt = Laminate thickness (inch)

The available ballistic impact data was analyzed to evaluate the necessary parameters, and a least-squares curve fit
was made to determine f (t/Lp), as indicated in Figure 2-64. The damage measure used was maximum perforation
plus deep delamination normalized by (Lp/cos 0) + 0.2. To assure that velocity effects were isolated, only data for
impacts well above ballistic limits were included in the analysis.

The resulting expression for exit damage prediction is:
23

LI) = (LDI ) (0.95 + 0.57 ---- + 0.63 + 0.14 ( ) (Eqi. 2-17)
ey en L + L Lp p p

This equation has considerable verification for values of t/L less than 0.8, although data is limited above that ratio.
For values of t/Lp less than 0.2, Equation 2-16 can be used f&r both entry and exit damage.
This damage model does ,•ot include a parameter representing the influence of projectile velocity on damage size. As
was shown in Figure 2-62, damage size remains constant for velocities above approximately 1.3 VaL, whre VBL I.s
the ballistic limit. Below 1.3 VBL, damage size diminishes rapidly to zero; however, no equation hasbeen developed
to predict damage size in this region due to lack of data. (See Section 2.2.1.2.1.)

e Len *W he t < 0.2 Lp. LDe, LDn
0]/2-'1 -LpCOS 0- 0- /2

t.

/•L /

L Tm/ L ximum presentedlength of the projectile:

/" -J Lp depends on the size and shape
of the projectile: (See Fig. 2-43)

--0.2 - in for entry damage

Z LDen - Entry damage

ANGLE OF LD.x - Exit damage
OBLIQUITY, 0

LD, n-
FLgures 20

F.igre 2-63. Model for Predicting Entry Danmag in Graphitf/Epoxy
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LD.x - Maximum exit fee- peirorstion plus dfp delaminstion
- Mxirmum presented length of proJectIIe I

0 - Obliquity anole (dog)
t - Laminate thickne-

d• - -+ I
V4

Q. °
Obliquity, 9

w 60-&g

3 ~70-dep
ODde

0

,0 . t Polynomial for Least Squiras Curve

2 3
(L ,,•, +0.2.In.-0.95+.57(•)• 0.631 +,. +,,1404.

G 0.2 0.4 06 0. 1.0 1.2 1.4 1.8 1.81

LAMINATE THICKNESS/PROJECTILE SIZE IVLp)

Figure 2-64. Darage Size Model for Grephite/Epoxy

The following example shows how the damage prediction model is used:

Given: Fragment: 1/4-inch nild steel cube (L - 0.25-in)

V 1.3 VBL (VBL = Ballistic Limit Velocity)
0 45-degrees

Laminate: Graphite/Epoxy

t - 0.25-inch

Calculations for LDen and LD

Lp = f3L = f3(0.25)= 0.433-in

cos Q = cos 45 0.707

LDen p * 0.2 0.433 + 0.2 0.812
cosO

t 0.25 i7
Cp = nn = 0.577

p
2 3

LDex LDen (0.95 +0.57(Lp) +0.63(Lp) +0.l1(4 ))
p pp

= 0.812 (0.95 + 0.57 (0.577) + 0.63 (0.332) + 0.14 (0.192))

= 0.812 (0.95 + 0.329 + 0.209 + 0.027)

= 1.23-in.
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2.2.2 Damn•pe from High Explosive (HE) Projectiles

High explosive (HE) projectiles are fired from anti-aircraft artillery (AAA) or from guns mounted in aircraft (air-to-air). The projectiles have a contact-activated fuze which may contain a mechanism providing a brief delay before

detonation is initiated. Those HE projectiles which dk. not have a delay mechanism are termed "superquick" or
"instantaneous". The detonation of a superquick fused projectile is actually started outside the impacted structure.

Delay fuzed projectiles usually detonate within the structure.

The structural damage done by HE projectiles (20- to 30-mm, for example) is the result of m•ltiple fragment
penetrations and internal blast pressures, acting separately and in combination. The fragments are created as the
metal casing surrounding the explosive bursts due to the intense pressures generated by the detonation. Fragment
damage degrades structural strength and s.iffness, and blast pressures added to the existing flight loads can cause
excessive deformations and element failures.

The nature and extent of structural damage from HE projectile fragments and blast pressure depend upon these
variables:

o Material type and thiclkess;
o Projectile size and delay characteristics;
o Striking velocity and obliquity;
o Distance from detonation to impacted structure (standoff•
o Internal volume of structural cell and extent of venting.

The significance of each of these variables will become clear in the paragraphs below. Qualitative descriptions of HE
projectile damage in metallic and fiber composite structure are presented followed by a discussion of damage
prediction analysis techniques for blast and fragments given in Sections ý..2.2.1 and 2.2.2.2, respectively.

Characteistics of HE Projectile Damage in Metallic Structure. Qualitative illustration of damage ir metallic
structure due to HE projectile impacts is presented in Figures 2-65., 2-66, and 2-67. Figure 2-65 shows typical entry
damage in 7075-T6 stiffened skin panels. Impact into a stiffener generally causes severerice, and considerable
damage can be done to adjacent stiffeners as seen in Figure 2-65(c), depending upon the spacing between stiffeners.

Figures 2-66 and 2-67 show typical damage from the dispersed fragment cone resulting from the stand-off distance
between the detonation point and the surface impacted. The panels shown were located 10-inches downstream of the
detonation. The skin/stiffener panels were 0.050-inches thick, and the integrally stiffened panel !-hown in
Figure 2-66(d) was 0.060-inches thick.

In Figure 2-66(a) the size and density of the fragment cone are clearly defined, as are the typical damages irom the

fragments and the large central damage. Only moderate interaction between these damages is evident. This panel

was fabricated from 6AI-4V annealed titanium. Figures (b), (c) and (d) show increased interaction between the
several damage components, including the probable influence of blast. The panel in (b) is 2024-T3, and the panels in
(c) and (d) were 7075-T6. All panels were stressed in tension or compression at the time of impact. Figure 2-67
shows typical damage in honeycomb panels.

II
(a) IMPACT INTO STIFFENER, FRONT FACE OF (b) IMPACT INTO STIFFENER, REAR FACE OF

ENTRY PANEL, 7075-Td ENTRY PANEL, 7075-TO

(c) IMPACT ADJACENT TO STIFFENER, 7075-T6

Figure 2-6& Typiac Entry Damae From HE Pro'lvotil, /Intantaneous Fuze, Zero Obliquity
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(a) GA1-4V ANNEALED lb) 2024-T3

f*.a
(c) 7075-TO Id) 7075.TO, INTEGRALLY STIFFENED

Figure 2-M6 Frigment Cone D~amap From HE Projectile Impa~ct, fainches Stand-off

is) FIR 1T FACE, ENTRY PANEL (b) REAR FACE, ENTRY PANEL

P

(c) FRONT FACE, EXIT PANEL (d) REAR FACE, EXIT PANEL

Figu~re 2-67. Fragment Cone D~mqe in Honeycomb Penels From HE Projcivae Impact, 1O-inofme Standoff
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Characteristics of HE Projectile Damage in Fiber Composite Structure. Reference 2-12 reports extensive invest-
igation of HE projectile impact damage in advanced fiber composite aircraft structure, including ballistic testing
with HE projectiles, blast testing, and the development of analytical methods for predicting the effects of internal
blast and fragments. Significant characteristics of HE projectile damage in composites determined from this and
other programs are summarized below.

For all the graphite/epoxy configurations tested using superquick projectiles, it was found that damage to the entry
face tends to be induced mainly by the fragment spray, and the area of removed material is generally bounded by the
fragment cone intersection, The extent of exit face damage was controlled by the thiclkess and strength .f the
panel. As a function of stand-off, high local blast pressures combined with fragment penetration can destroy
relatively large portions of the exit face.

Typical damage caused by HEI projectile fragments in a thin graphite/epoxy laminate is shown in Figure 2-68. The
panel was a 0.066-in T300/934 (tape) laminate impacted with a superquick round while held by simple supports
without an enclosing structure. The effect of the angle of obliquity of the fragments can be seen by the elongated
individual damages near the edge of the fragment impact zone. From the data available, there is some evidence that
entry face damage is inversly proportional to projectile velocity (see Figure 2-69). This is due to the narrowing of
the fragment cone with increasing velocity, resulting in a smaller area removed on the entry face.

Figure 2-68. HEI Projectile Impact Into 0.066-in Graphite/Epoxy Laminate
(Fabricated from Tape)

3000
SUPERQUICK FUSED HE PROJECTILE
GRAPHITE/EPOXY

- 2000-IIIIIh.

ENTRY DAMAGE SZ AEASHL 1MTR O

Figure 2-69. Efet fVelocity on Entry Darn ' Size

i 1(•.J
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A comparison of the damage characteristics of tape and fabric laminates can be made from Figure 2-70, showing a
0.070-inch T300/934 panel fabricated from preimpregnated fabric impacted in a manner similar to the laminate
fabricated from tape shown in Figure 2-69. The fabric constructed laminate experienced less delamination, but the
penetration damage was nearly identical.

Ballistic testing has been done (Ref. 2-12) on wing-box segments having 0.125-inch thick graphite/glass hybrid
laminate skins. A schematic of the impact condition and the resulting damage is shown in Figure 2-71 for a
superquick fuzed HE projectile Impacting a 15-inch by 30-inch double-cell b,ýx at 30-degree obliquity. For
comparison with thin-skin damage response, HEI projectiles were fired into two wing box cells having skins
constructed of 30-plies of 0/+45/90 AS/3501 graphite/epoxy. As shown in Figures 2-72 and 2-73, there was still
significant fragment damage, but there were no skin detachment failures. The two test boxes shown were exposed to
identical impact conditions, but one box was impacted by a superquick and the other a delay fuzed rotmd. There are
significant differences in the type of damage resulting from each type of fuze, as se_.n in the photographs.

As shown in Figure 2-74, the ultimate strain capability of graphite/epoxy is much lower than that of high-strength
aluminum alloy, resulting in less ability to absorb the energy of blast loadir.gs without rupture. The interlamina-
shear strength is also lower, and internal delamina• ons due to blast loadings can be a significant degr;'ding
mechanism. Blast induced damage processes for composites include:

1. Deformation failure;

2. Delamination;
3. Failure at attachmerts;
4. Penetration.

Panel deformation failure refers to fiber and/or resin failure due to exceeding ultimate strain during bending or
membrane response. Delamination means separation between plies. Delamination under blast loading may occur with
(or be caused by) degradation of the matrix, resembling a "crumbling' action. Internal Lelaminations may be

undetectable except by non-destructive inspection or cross-sectioning techniques. Extensive delamination, however,
may cause a pronounced thickening and softening of the panel. External delaminations appear as plies str;pped from
"the surface, and is generally referred to as peeling.

Failure at attachments may occur as a result of panel deformation similar to the failure modes experienced in metal
structures. This results from edge fixity and cross-section reduction at attachment holes. However, bolted
attachments in composites exposed to internal blast exhibit a "skin detachment" failure mode. In this failure mode,
the composite skin fails in bearing at the bolt, causing enlargement of the bolt hole and subsequent separation of the
skin from the substructure. Penetration, in the context of blast damage, refers to "blowing a hole" in a composite
panel by a concentrated blast wave. Tests illustrating these damage processes are reported in Reference 2-12, using
both bare explosive charges and HEI projectiles.

/

.. TTTTI.Z .

"Figure 2.70. HEI Projectile Impact Into 0.07-in Graphite/Epoxy Laminate
(Fabricated from Fabric)
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Figire 2-72. NEI Projectile Impact Into Thick-Skinned Figure 2-73. HEI Projectile Impact Into Thick-Skinned
Box Structure (Entrance Face) Box Structure (Exit Face)

7075-TOso-

- ~70 /
0 GRAPHIThJIPOXY

40 /
J ~GRAPHITE IIPOXY 

.

30 11(4501

20-1
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Figure 2-74. Ultdmate Strain Cab~iirty of Graph It e~poxy

Compared with Aluminum Alloy
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2.2.2.1 Preciction of Damage Caused by Fragments from HE Projectiles

The rpray of fragments from the detonation of a moving HE projectile forms cones with their axes along the
projectile flight path. In order to predict the damage resulting from these fragment impacts It Is necessary to
determine the extent of the fragment spray on the structure, the number and sizes of the fragments and their impact
locations, the damage size inflicted by each fragment, and the spacing and resulting interactlons of the fragment
damages. Section 2.2.2.1.1 discusses some of the analytical aspects of predicting fragment distributions. Following
that discussion, Section 2.2.2.1.2 describes one of the most comprehensive of the available analysis methods for
predicting fragment damage from HE projectile detonations; namely, the BR-2 computer code (Ref. 2-14).

2.2.2.1.1 Characteristics of the Fragment Distributions From HE Projectiles

Figure 2-75 shows a typical HE projectile, identifying major segments of the case (e.g., base, sidespray, fuze
attachment, and fuze). When the projectile detonates, these segments are the sources of fragments which can be
represented with reasonable accuracy as emanating within distinct radial cones. This representation is as a
convenience in formulating models for fragment generation.

Characteristic velocities and cone angles for the fragments from each of the major case segments can be determined
from static firings. Table 2-16 presents representative static firing information for an HE projectile, including the
number of fragments, their weights, size, velocity and cone angle. Data of this type can be used to develop
fragmentation models such as shown in Figure 2-76. This fragmentation model is used In the BR-2 code described
later in Section 2.2.2.1.2. Note that the point of origin is not the same for all fragment cones emanating from the
projectile. This should be considered when assessing the distance between structure and detonation point for the
fragment cones.

-TRACER EXPLOSIVEINTANGPME

SDETONATING INIIAIMEPRME

• = " "." i'-•L ':LFIRING PIN

BASE SIDE SPRAY 1kCA- ME/%••rT•
S AL DELAY

ELEMENT

LTHRO'I-rLE

Figure 2-75. Croas-section of a Typical HE Projectile

FUZE FRAGMENTS:
1 0 470 grains

4 0 196 grains SIDE SPRAY
3 0 35 grains 2693 fth 2693 ft/

SIDE SPRAY:
745 fragrnents, Mott distribution
7.07 grains average 1 2B '

BASE SPRAY: 2
14 0 82 grains (averoge" BASE SPRAY

FUZE FRAGMENTS

' •1420 /th

Figure 2-76. Typical Model for HE Projectile Fragmentation (Static Firing)

---- .. - --.- --....- - . |
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rTdo 2 16. Fre7wnt Distribution Dtai Obtained from Sttc Detonation of HE Pir0actlt

Projectile Segment Static _ _ Cone Angle Number of AveFrae A-rlp

Contributing Velocity 0l(Innerr)l#(Outer) #Meen Fralegnta ot LLngds (ILp)
Fragments (ft/ d) (doll.-) ( ft) (Weir s) We th)

FUZE 1300 - 7.5 0 a 12 1.13

FUZE
ATTACHMENT 2200 57.5 72.5 65 30 10 .50

SIOE-SPRAY 2610 o0.5 100.5 93 004 2 .29

BASE 1550 131.5 147.6 140 20 32 .73

The intersection of the fragment cones with the structure results in damage zones defined by conic sections as shown
in Figure 2-77. The extent of the damage zone, as indicated in Figure 2-78, depends on:

o The angle of the fragment cone, which depends on projectile velocity;

0 The distance between the structure and the detonation point (standoff distanceh
o The orientation of the structural surface relative to the projectile flight path (defined by the obliquity angle, 9).

In formulating fragment distribution models, it is necessary to assume that the fragments are uniformly spaced
around the circumference of the conic circle becaLse of insufficient data. This appears to be a reasonable
assumption, judging from the fragment pattern shown in Figure 2-79.

Figure 2-77. Boundaries of the Fragnent Damage Zones on a Plane Surface are Conic Sections

Edge of Structural Plane

R - The distance between
the structure and the

detonation point
measured along the
projectile flightpath
(slant-range standoff)

r= The distance between
the structure and the
detonation point
measured normal to

the structural (normal
standoff)

0- = The angle made between
. the projectile flightpatI•

and a Ilw normal to the
structure (obliquity)

- -=The angle made between
_\-C - the fragment flightpath

and the proiectile flight-
K f path (cone angle)

Figure 2-7& Parameters Determining Extent of Fragment Damage Zone
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........... ..... _

Figure 2-79. Fragment Pattern From HEI Projectile,
10inch Stand-off (0-Degree Obliquity)

The factors described above indicate the influence of key parameters in deteimining the distribution of fragment
damages on the structure. This distribution has a pronounced influence on the resulting strength degradation, and can
best be characterized by an "effective" damage size as indicated in Figure 2-80. This is discussed in more detail in
Section 2.5.

The next six figures, 2-81 through 2-86, give a step-by-step procedure using graphical and manual caiculational
methods to estimate the fragment damage distribution on structure impacted by HE projectiles. Equations or
instructions for graphical constructions are given on each figure, presented in the order required for application.

The procedure presented in the figures may be summarized a.- follows:

1. (Figure 2-81) The projectile velocity is added to the static firing velocity of the fragment cones. This gives the
fragment cone angles measured from the projectile flight path, and the velocities of the fragments. Fragment
cone angles and velocities have been computed for a typical HE projectile listed in Table 2-17, and are given in
Figure 2-82. (Eqn. 2-18, Eqn. 2-19)

2. (Figure 2-83) The obliquity angle, Q, the cone angle, 0 (from Step 1), and the normal standoff distance, r, are
used to calculate the lengths of the major and minor axes of the conical fragment damage zone. (Eqc. 2-20, Eqc.

2-21)

3. (Figure 2-84) Given the orientation of the projectile flight path relative to the intersected structural plane, the
point on the structure defined by the intersection of a perpendicular from the detonation point, and the major
and minor axes from Step 2, the location and orientation of the fragment damage zone can be defined
graphically, including the location of the center of the conical section. (Eqn. 2-22)

4. (Figure 2-85) (Xn, Yn), the coordinates of the nth fragment on the perimeter of the conic section can be
calculated if the total number of fragments is known and a uniform circumferential spacing is assumed. The Xn
value is then used in the ellipse equation from Step 2 to solve for Yn' (Eqn, 2-23)

5. (Figure •-86) The (Xn, Yn) coordinates of the nth fragment are used to calculate the obliquity angle of nth the
fragment relative to the structure, 0fn. The fragment velocity found in Step I is now used with each Qfn to
predict the size of the damage caused by the fragment impact, as described in Section 2.2.

The procedure above can be used for any cone angle or cone sub-angle. Where there are a large number of fragments,
it may be best to divide the region defined by the inner and outer cone angles into several sub-cone angles. In this
case, a normal distribution of fragments between the inner and outer angles could be assumed if no data were
available, with the mean of the distribution located at the radius of the mean cone angle.
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X2 2 cs#sn

Edge of Structural Plan.

- -- -- --- - -

Fipjrv 2-83. Calculation of the Major and Mino- Axes of the Conik Section

Defining the Fragment Damage Zone

M@Wo asls of ellipse oriented aong a line defined

stuculalby toe parPwxnicua inwreaw Fl and te filo~t
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r Normal stadoff UdP of SUulwd Plane
C *Cente of ENpse

Total nurnber of frelmmfSn (am mewd to -LOIA~.
be unifo"nly Lotion ofuh ,ent

- Angular frogpnet specing

NV

n -The nth fragment

S=Proectile oWlklutV

n-

(Eqm. 2-231
r tan l nn rln co.o"X + r to, 0-

coo 20 (1 - tan # tan 0 sin ny) 7;ta iG- sln2

Use Xn In the ellipse equation to solvt for
the Yn 0000iat of the nth frftvmnnt

Figure 2.8& Fragment Impact Coordinates Can be Determined Assuming
Uniform Distribution Around Fragment COne

r Mf 2-W r
ofYn) Yn

Figure 2.86. Obliquity Angle of Fragment is Calculated from Fragment Impact Coordinates
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2.2.2.1.2 The BR-2 Computer Code far Predicting Fragment Degae (Extractions from Refs. 2-13 amd 2-14)

The BR-2 computer code, Reference 2-14, developed by Northrop for AFFDL/FES in 1975, Is an analysis tool for
predicting the area removed by fragments from HE projectiles Impacting metallic structure. BR-2 was developed
from the fragmentation subroutine of the BR-I computer code which predicts structural deformation due to blast
pressure loadings and fragment impacts. (See section 2.2.2.2.3 for a description of BR-I). TIb, two codes together
are designed to assess the effects of HE projectile detonations.

Figure 2-87 is a flow diagram showing the calculational steps contained in BR-2. The structure Is modeled using
rectangular or triangular elements, each containing additional interior grid points that are used for fragment pattern
development. HE projectile characteristics are stored within the code In the fIrm of static firing data as indicated
in Table 2-18. The side-spray is represented by a Mott size distribution rather than by discrete fragments. Fuse
attachment and base fragments are discrete. a

Projectile velocity, flight path and detonation coordinates are program inputs. The code then calculates the resultant
velocities and angles of the fragment cones. The obliquity angle, distance from detonation center, and threshold

penetration criteria are calculated for the centroid of each finite element. BR-2 then determines whether any of the
grid points associated with a given finite element are within the hit zone for each fragmentation source, and if so,
whether penetration occurs.

Penetration criteria are based on Thor-type equations, with constants stored for aluminum, titanium and steel. The
area of material removed by a fragment perforation is the projected area (ie., the "footprint") of the impacting

fragment at the target surface for velocities less than 1,OQO feet per second, with an adjustment applied for
velocities greater than 1,000 feet per second. The percentage of the total area of each finite element removed by
fragment impacts is calculated. The primary use of this information is in adjusting the stiffness of the finite

elements in subsequent structural response analysis.

INPUT DATA FOR STRUCURE

DEFINE INDICES AND STORE INPUT DATA IN DATA SETS

INPUT DATA FOR FRAGMENTATION

COMPUTE: 1. DYNAMIC VELOCITIES OF FRAGMENTS
2. DYNAMIC PHASE ANGLES OF FRAGMENTS
3. COORDINATE DATA OF ORIGIN OF FRAGMENTS

COMPUTE COORDINATE DATA FOR PENETRATION TEST POINTS OF AN ELEMENT

FOR CENTROID OF AN ELEMENT, COMPUTE:
1. OBLIQUITY ANGLE OF THREAT
2. DISTANCE FROM DETONAT,3N CENTER F

I 3. CRITICAL MAES OF ATTACKiPG FRAGMENT

OFPLY PENETRATION CRITERION TO EACH PENETRATION[TEST POINT TO DETERMINE THE PENETRATION ZONE] •

IW °IF PENETRATION OCCURS. COMPUTE SMEAR AREA. AVERAGE HOLE SIZE, €
NUMBER OF PENETRATING FRAGMENTS, AND MINIMUM AND MAXIMUM MASS •
OF PENETRATING FRAGMENTS u.

COMPUTE MINIMUM AND MAXIMUM POSSIBLE HOLE AREAS

COMPUTE SEMIMAJOR AXIS OF ELLIPTICAL HOLES AND LONG

SIDE OF RECTANGULAR HOLES

CALL FOR GRAPHICAL DISPLAY IF REGUEITED

Figur 2-87. Flow Cha of the BR.2 Comput•r Code
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Trabe 2.17. Fmnw eetlon Dou for TypIcl HE PrAoctlie

STATIC MEAN AVERAGE TOTAL
PROJECTILE VELOCI ATIC J.iUSER o RAGMENT' FRAGM ENT
SECTION DIRECTIONRAGMENT11. WEIGHT WEIGHT FUZE ATTACHMENT

fs/s AIdee) 1GRAINS) E (GRAINS)

FUZE 1,300 0 213 116/20 2-

FUZE
ATTACHMENT 2.200 a 30 10 300 FUZE

SIDE SPRAY A 2.610 93 004 i.1 1.202

BASE 1.50 140 20 32 sI

REF: AFFDL-TR-73.136 & MOTT SIZE DISTRIBUTION
"EFFECTS OF INTERNAL BLAST ON * ASSUMED TO BE CONSTAINT
COMBAT AIRCRAFT STRUCTURES"

The code incorporates many of the principles described in the previous section. The concepts and equations used in
BR-2 warrant the detailed description below, as they define a cohesive approach to HE fragment damage prediction
that is complementary to the information provided in 2.2.2.1.1. The topics addressed are:

a. Fragmne.ntation from side spray of projectile;
b. Fragmentation from fuze, fuze attachment, and base;
c. Dynamic fragment velocity and direction;
d. Mott size distribution for side spray fragmentation;
e. Minimum perforation velocity;
f. Penetration dynamics;
g. Total surface area removed by Mott size distribution penetration;
h. Impulse loading from fragmentation - penetration fragments;
i. Impulse loading from fragmentation - non penetrating fragments;
j. Mott size distribution fragmentation on individual target elements;
k. Establishment of percent hit of a target element from side spray;
1. Stiffness and mass change of perforated elements.

The nomenclature used in this discussion is defined below.

A Presented area of fragment of projectile,

C,C 2  Empirical constants,

Ec Elastic modulus of a core material,

j Empirical constant,

Q4 Dimensionless parameter,

T Target thickness,

V Impact velocity,

Vr Residual velocity after impact,

V50  The ballistic limit (at any obliquity),

(V50 )n The ballistic limit at normal incidence,

ab,c, Empirical constants,

d The diameter of a projectile,

dc The diameter of the core of a projectile,

Sg Gravitational constant.

k,m Empirical constants,

a An empirical constant,

B An angle parameter,

6 The obliquity of impact,
Or The obliquity after impact,
Or An obliquity parameter,

Ar Ratio of applied bending moments to moment required for failure,

P Density of the target element,

P, Density of the projectile core,

Qc Strength of the projectile core.

uIIA-
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Frwmnatoln from Ski Soray of Prolectle. Fragmentation Is assumed to spray out from the side of the projectile
as well as from the nose and the base. -The side spray emanates from an assumed line source o! length and Is
contained within the spray angles Oront and Oback" The criterion that a particular target point (XT, YT' ZT) is hit
by this spray is determined as follows:

2'

Flew. 2- a Frainwmt S•O.py hPttw

The hit criterion i3, as seen from Figure 2-88, is:

@front ' Ofront and Oback 5 ýback (Eqn. 2-25)

Now the nature of the spray is such that Ofront<Oback for all of the HE projectiles of interest. Identifying the two
end points as I and 2, then:

min (0front' back) (Eqn. 2-26)

@2 max (0frant'@back) (Eqn. 2-27)

and the hit criterion will be

i O 1 and 02 S 02 (Eqn. 2-28)

where 1 > 2 as guaranteed in the discussion below.

Using the center of the explosive charge (Xp, Yp, Zp) and the directional cosines of the axis of the projectile (Dx,
Dy, DZ), the points I and 2 are given by:

!XI- Xp + (L/12)0x

SYI Yp + (It/2)Dy

Z Zp + (L/2)Dz (Eqn. 2-29)

X2 Xp (,/2)Dx
Y 2 P ( ] , 2 D y

/Zp (.4,2)Dz (Eqn. 2-30)

Then, using the dot product of two unit vectors, one obtains:

cos x(XT-I + DY(YT-YI) DZ(ZT-Zl)nQ! cos- IZ (Eqn. 2- 31)

-, IDX(XT-x 2) + DY(YT-Y2) + DZ(ZT-Z 2 )

Both 9 1 and 02 will be limited to values between zero and w
Also:

2 2 2
DX i Dy +. Dz = I

mus. hold. If, and only if, Q1 < Q2'then use 91 i -1 and 02 i g2"

The total smear area of the fragment spray at distance R is determined from Figure 2-89.

V

12 X
Flgwo 2-6t Sd-Spray Geometry
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The coordinates of points 3 and 4 in Figure 2-89 are:

X3= R 4in 01

Y3 : I + Rcos 0,
X4 = R sin 0 2

Y•: R os 2

The length S is obtained from:
S : •L2 + Y2

S = [R2(sin 0, sin 02)
2  

+ (, + R(cos - cos 02 ))21]
or

S - R [(sin 0 1  sin 02)2 *(I,/R + cos0 -os 2)21 (Eqn. 2-33)

The smear area is then approximately:

ASMEAR = 'R 5 (sin 01 + sin 02) (Eqn. 2-34)

where the radius R is approximated as the distauice between the target point and the center of the projectile. Thus:

R [(XT - XP) 2 + (YT - Yp) 2 + (ZT - Zp)2 (Eqn. 2-35)

Frafnentation from FuzI Fuze Attadcvent and Base. In addition to the side spray which emanates from the side of
the projectile, there are also fragments emanating from:

a. the projectile fuze;
b. the projectile fuze attachment;
c. the base of the projectile.

Frament Vlocity and Direction. Table 2-17 gave the velocity and mean direction of the fragments for a static
detonation of the projectile. If the projectile is moving with a velocity relative to the target at the time of
detonation, the velocity and direction of the fragments must be altered to account for the dynamic consideration.
Only the case of the projectile motion (relative to the target) in the direction of the projectile axis will be
considered. For forward motion of the p-ojectile (relative to the target), the furwadid velocity of the fragments
increases in magnitude and the cone angle is reduced. In general,

(V2 +V2 +Y
VD 0(V + Vp + 2VoVP cos 0e) (Eqn. 2-36)

and

[V + V0 Cos 1
OD = arccos VD , (Eqn. 2-37)

where

V = the dynamic velocity (ft/s)

Vo  the fragment static velocity (ft/s);

Vp = the projectile velocity at time of detonation, relative to the target (ft/b,

OD = the fragment dynamic direction (degrees);

0 s the fragment static direction (degrees).

Mott Size Distribution for Side Spay Fragmentatian. The Mott size distribution equation is of the form:

N(m) 0 e- (2m? (Eqn. 2-33)

where:
N0  total number of fragments-

M = average fragment weight;

N = number of fragments with weight greater or equal to m.
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Typical numerical values of NO and rm for a side spray are listed in Table 2-17.

The Mott size distribution equation can also be written as:

log N - log No - loge . (Eqn. 2-39)

Solving equation (2-39) for m, one obtains:

m - log0 -l N 2 loge 2 (Eqn. 2-40)

Minimum Perforation Velocity. The criterion for fragment penetration is assumed to be governed by the empirical

e onC C 2  C3 C 4
V 10 (t Af) mf (sec" ) ; (Eqn. 2-41)

wherc:
Vc minimum fragment velocity for penetration (ft/sec)

t the targe. plate thickness (in.);

Af z average presented area of fragment (in 
2h

mf r fragment weight (grains);

0 the obliquity angle (degrees). 9
The average presented area of the fragment can be related to fragment weight by the empirical formula:

K -213 mf2/3 (Eqn. 2-42)

where K is a fragment shape factor and is approximately equal to 700 for the projectile described in Table 2-17.
Defining:

C5 - (2/3)C2 + C3 ; (Eqn. 2-43)

then

V 10 (t K 2/3)2 (sec g)C4 m (Eqn. 2-44)

The constants CI, £29 C £3 C, and C 5 for typical target materials are in Table 2-18.

Table 2- 18. Minimun PrforttAw Veloity
Constnts

Tart C, C2  C3  C4  Ce C7,

r 1. AkwAm-
isal - 6.186 0.903 .0.941 1.06 -033M 0.021
alloy

2. Tiltankx
alloy 7.56211.325 -1.314 1.643 .0.431 0.06

3. Steml 0.0I 0.900 4A.O3 1M26 .0.369 0.08

"Constant ued in ricochet dl.htlona;

Penetration Dynamics. Snce the velocity of the fragments hitting the target is specified by VD, the minimum
perforation velocity equation, Equation (Eqn. 2-44), can be -used to compute a critical mass mc which satisfies this
equation with Vc ý VD. In particular,

- F 15
mc l J (Eqn. 2-45)c 0 C Il(t K- 2

/ 3
)C 2 (sec 9)C4

C5 is always negative; therefore, for a given velocity, mc represents a minimum for the fragment weight that will
perforate the target (i.e., any fragment lighter than this critical weight will not perforate the target; it will either
imbed into the target or ricochet).

From the Table 2-17 data and the values of mc for each of the projectile sections, the number of fragments and their

weight which penetrate the target are determined. For other than the main (side) spray, this determination is qui*e
explicit. For the side spray where the fragment size distribution is according to the Mott size distribution, the
determination is as follows:

S logN 0  log (No 2

mc < !a loge (Eqn. 2-46)
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then there is total penetration. If:

Silog No - log (l) 2 n log N0 1
m > 7 [ lg J 0 e (Eqn. 2-47)

then there is no penetration. (Caution: m0 varies from element to element as each element has its own t and 0.)

If there is neither 100% penetration nor 0% penetration, then for the side spray:
c 0.3

N c z No e- - -(Eqn. 2-48)

The ratio of Nc/No is the ratio of the total number of fragments penetrating the target element to the fragmen';s
hitting the target elements. (For 100% penetration, use Nc - No.)

If Nc is the total number of fragments penetrating, according to the Mott size distribution the total mass penetrating

is:

N=Nc NcrlogNo - logN~ 2

MT~ -- Total Mass m(N) dN = M f dN
MTP = Penetrating f loge

( rIn NO)2 Nc. 2n N (N In Nc -N) N Nc (In N )2 2Nlin Nc + 2Nc2 c 0 C c c c cI c (Eqn. 2-49)

In this notation, In is the natural log, i.e., loge.
For the total mass penetrating a target, it is necessary to know the total area made by the holes of all penetrating
fragments. The average presented area of a fragment in terms of its mass Is given by the empirical formula given
previously:

f K' 2 3  2/3 (Eqn. 2-50)

where
Af average presented area of fragment (in2h

K r fragment shape factor;
m - fragment wei',t (grains).

The hole size (Figure 2-90) produced ir the target, AH, in terms of surface area in the target, is given by the
empirical formula:

Ad H Af sec Q if VD < 1000 l t/s (Eqn. 2-51)

Ad Af I * k (V, - 1000) 2 sec0 if VD > 000ft/s (Eqn. 2-52)

where k is a material constant given in Table 2-19 and VD is in units of ft/s.

Table 2-19. Material Constants for Determining Target Hole Size

Material k

Aluminum .00036
Titanium .00032
Steel .00030

From the above equations, the hole size in the target in terms of the fragment mass is:

AH = K-2/3 Q mf 2/3 (Eqn. 2-53)

where

Q sec O if V 1000ft/s (Eqn. 2-54)

+ I + k (VD 1000)] 2 sec 0 if VD > 1000 ft/s

FRAGMENT WITH
PRESENTED AREA Af

TARGETPLATE

Figure 2-9a Hol Produced in TrptfVD < fWo )
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Total Surface Area Removed by Mott Size Distribution Penetration. The total surface
area removed from a target being hit by a Mott size distribution is given by

N N

AHT f c AH dN f K-2/ 3 Q mf2/3 dN

N
2'3 ~ r N] 2/3

K 2/ Q f M [inN, - IN dN

A - K I 2/3 Q ()2/3 fc [in No;~ 4/ 3 dNm K-2/3 Q in) 2/3 1
(Eqn. 2-55)

The evaluation of the integral for AT,H is performed by numerical inti.gration; unity must be used as the lower limit
of integration.

SImpulse Lodinafrom Frannent Impacts- Penetrating Frafnents. When a fragment penetrates the target, material
t of wteight msis removed from tre target where,

ms = Ps As ts (Eqn. 2-56)

The momentum transferred to the plate is approximately (neglecting the change in direction of the fragment):

Ip mf VD - D VC2 (Eqn 2-57)

The direction of this transferred momentum is in the same direction as the velocity vector ;D (neglecting the change

in direction of the fragment due to penetration).

For a Mott size distribution of the fragmentation, the total impulse imparted is:

Nc N 2
IP,T f in I/ -dN f VD VD d

or orNC ýc (VC 2] 1

p,T mf d f mf dN (Eqn. 2-59)

Using equations (Eqn. 2-44) as shown and with m - mc (ice., VC = VD)
Nc N f C

.IpT V D mf dN - VD f - f mdN (Eqn. 2-59)

Using equation (Eqn. 2-40) in the above equation:NC Nc [! (°e° -Cl [ N 4C2

Im u7eLo di ~ ro2r ~itnpl ts -o n-th e ( :~ rat ng raC nt] [ the 2 r g e tdoes not penetrate, it w ifl

eith-r icohetoffthetaret r ibedintothetaret.Foraluinu pltesandfragment velocities greater than orcoccur for 500. The the

transferred (in the direction of the velocity vector VD) is:
! f MfVD of mass)

For a Mott size distribution OfNoh fragmentation, the total in~pulse imparted is (with m and MT~p in units of mass):,i

IT- VD f mfdN VD No- MT,p) (Eqn. 2-60)

For aluminum with VD < 2000 ft/s or 0 ' wi° or for titanium or steel, the non-penetrating fragments will ricochet.
The ricochet mechanics are as follows:
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TARGET PLATE "0

F*s 2-f9. Ricochet Geomtry

The ricochet angle is given by the empirical equation:

singr = e'(C7) (Eqn. 2-63)

Where the constant C7 is given in Table 2- 18 and 9 is in degrees.

The ricochet velocity is given by:

VRico = VD sin 0 sin2 Or (Eqn. 2-64)

The impulse transferred into the target plate is then:

I (mfV) (Eqn. 2-65)

Resolving the impulse into two directions, the normal component is:

I - mf (AVn) = mf (V Cos0 + VRico Cosr) (Eqn. 2-66)

and is in the direction opposite to the normal shown in Figure 2-91. The tangential component is:

mf (AVt) mf (V0 sinG - Ricosin Or (Eqn. 2-67)

As an approximation, the tangential component of the impulse is neglected for the case of ricochet. If the target
plate is steel, this is an excellent approximation. For a steel target, the ratio of It/In is 0.15, 0.05 and 0.01 for an
obliquity angle 0 of 20-, 50- and 80-degrees respectively. For an aluminurn target, the ratio of It/in is 0.32, 0.53 and
0.64 for an obliquity angle of 20-, 50- and 80-degrees, respectively (for aluminum, for 9 50-degrees, there usually

will be no ricochet and this approximation is not made.) For a titanium target the ratios of It/In are intermediate to
those for steel and aluminum. In addition to cunsidering the ratio of It/In, a given amount of normal impulse loading
is usually always a more severe loading on the structure than the same amount of tangential impulse.

Thus the impulse imparted for a fragment that ri(corhets nff the target is:

IR = mf VD [(cos 0 + sin Q sin 2 0r Cos 0r] (Eqn. 2-68)

o sC70 i.e., (Eqn. 2-61) then:

] [1,. 0, 2-> ]'
R fVDfCos Q + sin 40 I - e-C7Q][i 0 - e-7)] En -9

For a Mott size distribution of the fragmentation, the total impulse imparted is:

N0  rC 7 0 2

IR,T I dN = VD cosg + sing(l - e x

c
1 ] ( .1 N(Eqn. 2-70)

[I - l - C 9)] ] {iNo- MTPJ

The direction of the ricochet impulse is normal to the target plate.

Mott Size Distributiot for Fraament Imlmcts on individual Termt Elements. The previously determined total
quantities AH,T, IP,T, 11,T, and IR T are in terms of a single angle 0 and for a single target material. These terms are
to be computed for each element uit by fragmentation for the purpose of establishing the surface area removed and
the impulse imparted to each element. If the target element is at an obliquity angle 0 reletive to the fragmentation
spray, the effective smear area for that target element is multiplied by the factor cos 0. Thus for a target element
that is 100% hit by the fragmentation, the ratio of the quantities to that element to the total quantities are:

AHN AN cos 0

AH,T ASMEAR (Eqn. 2-71)

or
AN cos 0

AH,N A AHT (Eqn. 2-72)

SMEAR
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where

AN surface area of element N;

A NH surface area removed from element N.

Likewise:
AN co

IX,N ANsM Q IX,T X = P, 1, or R (Eqn. 2-73)

where:

1,XN impulse imparted to element N (from perforation fragments, imbeding fragments or ricocheting
tragments).

The above equations are also applicable to fragmentation from other sections of the projectile by defining ASMEAR
as the total area hit by all fragments from the particular section of the projectile.

F-itablisument of Percent Hit of a TMRet Element f rm Side Sya. With regard to rectangular elements, each panel
element is evenly divided into a 3 X 3 grid (Wigure 2-92). Each of these grid points is given the hit criteria test for
each fragment source.

AA$1 2-92. Grid fo Establihing Parnt of
Hit ont PwWe Elemet

Definel
h 1. if hit criteria are satisfied; (Eqn. 2-74)

0. it hit criteria &e satisfied.

The percent hit of the element in fractional form is then given by:

H = HA + HB + HC + HD (Eqn. 2-75)

where

HA =[/4 h(- 1/2,- 1/2) + 1/2h(- 1/6,- 1/2) + 1/2h(- 1/2,- 1/6) + h(- 1/6,- 1/6) ]/9; (Eqn. 2-76)

f = [I12h(l/6,- 1/2) + 1/4h(1/2,- 1/2) + h(1/6,-1/6) + 1/2h(1/2,1/6)] /9; (Eqn. 2-77)

Hc = [h(1/6,1/6) + 112h(1/2,l/6) + 1/2h(1/6,1/2) + I/4h(I1/2,1/2)]/9; (Eqn. 2-78)

D [1/2(- 1/2,1/6) + h(- 1/6,1/6) + 1/4h(- 1/2,1/2) + 1/2h(- 1/6,1/2)] /9. (Eqn. 2-79)

HA, HB, HC and HD represent the distributions of the percent hit of the entire element to the corners A, B, C and D,
respectively.

Stiffness and Mass Chass of Perforated Elements. The elements that are perforated undergo both a change in their
stiffness and mass. It is assumed in the roR- I code, Reference 2-13, that only the plate elements are perforated. The
amount that an element is perforated is measured in terms of the amount of surface area removed frorr, the element
as given by equation (Eqn. 2-72).

Let:
ATNI surface area removed from element n by fragments from projectile section 10(= 1, 2, 3, 4).

(Eqn. 2-80)

Then define kn as:

kn = (I - ATNI) ( - ATN2) (I - ATN3) (I - ATNO) (Eqn. 2-81)

The term kn is the ratio of the elements surface area after all fragments have struck to the original surface area of
the element. Equation (Eqn. 2-81) is of the product form since once some of the surface area has been removed by
fragmentation from one of the projectile sections, the surface area then available for perforation has been
accordingly reduced. If an element is not perforated by fragments from a projectile section, ATNI is set to zero in
the BR- I code.



For expediency of running the code and minimization of code size, it is assumed that all perforation (from all of the
four potential sources)occurs at the same time. The selected time is the time that the element is first perforated by
fragments from any of the four projectile sections. Actually, it is anticipated that many of the elements in most
cases are hit by fragments from only one cf the projectile's sections.

The stiffness of any plate element can be corrected to allow for the perforation of the element by multiplying Jn
(see equatiorn Eqn. 2-82) of thq element by kn. This also properly correcta the pressure loading on the element In e
the total pressure loading, IfJ f is dependent on the surface area of the element. The last two terms on the right
h'and side of equation (Eqn. 2-82) resulted from an integration of the element's strain energy over the element's (mid-
plane) surface area. With the assumption that the perforations are located randomly over the element's surface and
the individual perforation holes are small relative to the total surface area of the element, the effective strain
energy in the perforated element can be estimated by multiplying the strain energy as evaluated for the non-
perforated element by the factor kn. As the element's stiffness comes into the equations of motion through the
strain energy terms and the strain energy includes both the membrane and bending strain energy, both the membcane
and bending stiffness are thus taken into accour,t.

)J

Consider now the effect of mass change due to perforation. The BR- I code mass matrix is based on the mass lumped
to the node points. It is desirable to make an "adjustment" to the inverted mass matrix for -omputer operating
expediency. The lumped mass matrix, as well as the inverse lumped mass matrix, is of diagonal format of its
submatrices. Each of these submatrices corresponds to the mass lumped to each node. Each of these :ubmatrices is
of size 6 X 6. The upper left 3 X 3 corner of the mass matrix will always be a 3 X 3 diagonal of the formM 0 o]

I ]UL]_[ m j (Eqn. 2-82)
00

3X3 9
This part of the mass matrix will not be altered by the post and pre-multiplicatiorn of the *ransformation
matrix [3] due to the "orthogunality" of the [1] matrix; it also will not be altered by the offset ýransformation
matrix (see Appendix F of Reference 2-13). The lower 3 X 3 matrix (of these 6 X 6 submatrices) corresponds to the
rotary inertia mass at the node and the remaining two 3 X 3 matrices, which are non-null only if there is an offset at
the node, is a cross-term involving rotation and deflection of the node. It is generally the case that the rotary inertia
energy of a system is of secondary significance to the translation kinetic energy. Thus, as a way to expediently
incorporate mass change in the code due to perforation, for a node point without offsets, it is apparent that by
multiplying the inverse (6 X 6) mass matrix by a quantity that properly corrects only m (which is the lumped mass for
the nodes the primary part of the kinetic energy which is due to translation is properly taken into account and
secondary kinetic energy due to rotary inertia is at least approximately taken into account. For a node point with
offset(s), all terms in the mass matrix involving offset distances are proportional to the translational mass quantity
in. Thus again using the principle of rotational kinetic energy (defined now As explicitely excluding offset) being of
secondary significance the (6 X 6) mass matrix is approximately proportional to m and the (6 X 6) mass matrix (or its
inverse) can with good approximation be corrected for perforation by a quantity that properly corrects only m.

The "quantity", Kr, to correct the inverse (6 X 6) mass matrix is given as follows: (It is used as a multiplication
factor on the (6 X 6) inverse mass matrix.)

K - m (Eqn. 2-83)
r kn m

r
where r defines the node, r is the summation over all elements iae. trying into the node r, kn is given by equation
(Eqn. 2-81) and is automatically unity for beam elements, and m is the total lumped mass for the node. Though each
element has its "own" time associated with kn, the BR-I code will use a single time for each node which will be
approximated by the average time at which the perforated elements of that node are perforated by the source that
first peiforates an eI-ment of that node.

In the above discussion of mass adjustment for nerfcoation, it is assumed that the perforations are randomly located
over the surface of each element.
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2.2.2.2 Predicting Damage Caused by Blast from HE Projectiles

There are two components of blast pressure generated by HE projectiles: a shock overpressure and a confined gas
pressure that occurs when gases produced by the detonation are confined within enclosed cells. Figure 2-93 shows an
idealization of the shock and confined gas overpressure components. The parameters affecting the intensity of these
pressure loadings are described in Table 2-20. Damage occurs when these transient pressure loadings combined with
existing flight loads exceed the strength capability of structural elements, resulting :n rupture, attachment failures,
and buckling failures.

Regardless of whether the detonation is initiated internally (delay-fuzed projectile) or externally (superquick-fuzed
projectile or missile warhead), the structure will initially experience a dynamic overpressure, often referred to as a
shock wave. This pressure loading is of very short duration, typically lasting one ý,,ndred microseconds or less.
However, the peak pressure can be very high, and extensive damage can result. The conlneu gas pressure typically
has a lower peak value than the shock overpressure, but it has a much longer duration and may continue to act against
interior structure after the shock wave has dissirated. As a result, confined gas pressure can be a significant failure
mechanism in cellular structure.

The following paragraphs describe the dynamic pressure loadings induced by blast and some of the general features of
structural response to these loadings, and several analysis methods available for blast damage assessment and design.
Available analysis techniques for predicting blast damage in structure are less precise than those available for
projectile penetration damage. In fact, predicting blast damage per se is an intractable problem. This is partly due
to the fact that blast damage is more dependent upon configuration than projectile damage, and partly due to the
fact that very little parametric empirical data is available.

I,

SHOCK CONFINED GAS TOTAL

OVERPRESSURE OVERPREWURE OVERPRESSURE

TIME TIME TIME

Figure 2-93. Overpres~ure from Confined Detonation-Resultant of Two Pressure Components

Table 2-20. Pwmrnetern Affecing the Components of Blast Presure Loedinps

COMPONENT OF BLAST PRESSURE CONTROLLING PARAMETERS

SHOCK OVERPRESSURE :

INCIDENT SHOCK OVERPRESSURE P EXPLOSIVE CHARACTERISTICS:

C CASE WEIGHT
T EXPLOSIVE COMPOSITION

* EXPLOSIVE WEIGHTC CASE CONSTRUCTION

* DECAY CHARACTERISTICS

DISTANCE FROM DETONATION CENTE

REFLECTED SHOCK INCIDENT OVERPRESSURE, P

OVERPRESSURE. PR ANGLE OF INCIDENCE, f

CONFINED GAS PRESSURE, P EXPLOSIVE CHARACTERISTICS
VOLUME OF ENCLOSUREEXTENT OF VENTING

CAE ONTRCTO
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2.2.2.2.1 Dynamic Pressure Loeadings Induced by HE Projectile,

The character of the shock overpressure and confined gas pressure pulses resulting from the detonation of HE
projectiles is described in .his subsection. These are transient pressure loadings, of course, consisting of a nearly
instantaneous increase of pressure to a peak value followed by a rapid decay of pressure. The structure responds in a
dynamic manner. It will be evident from the discussion of the response of structural members to transient pressure
pulses (Sections 2.2.2.2.2 and 2.2.2.2.3) that the time duration of the pressure pulse, the peak pressure, and the total
impulse are significant parameters for analysis.

2.2.2.2.1.1 Shock Overpressure

The shock overpressure or shock wave is the classic "blast wave" shown in Figure 2-94, consisting of a peak
overpressure that immediately begins to decay. This wave propagates outward from the center of detonation
travelling at the local speed of sound, i.e., the sonic velocity corresponding to the peak overpressure, which is always
greater than the sonic velocity of the medium at ambient conditions. The pressure pulse is characterized by a peak
positive overpressure, a time duration, a decay shape and a total impulse. Values of these parameters depend on the
strength and shape of the explosive charge as well as the distance from detonation. For certain situations, most
notably spherical and point charges, tabulated values of these parameters may be found in the literature (Ref. 2-34,
for example), typically presented as TNT equivalents. These are generally unsatisfactory for describing explosions

generated by high-exploding projectiles, however, because of asymmetric effects caused by the construction of the
projectile case and the velocity of the projectile, plus the general unreliability of explosive pulse characterization
within distances near the center of detonation. Further experimental work will be required tIefore this deficiency can

be corrected.

The overpressure pulse described above represents the pressure response of a point within the medium, ie., in free-
hir. It is not direction-dependent, and is sometimes called "side-on" overpressure. When the shock wave strikes an
element of structure, however, the pressure loading initially acting on the structure will be either the reflected

overpressure or the Mach stem overpressure, depending on the angle of incidence between the shock front and the
surface. For nearly head-on inoidence, the incoming shock wave is reflected from the surface of the structure, as
shown in Figure 2-95, and the superposition of the incident and reflected waves causes a pressure amplification on

the surface. This amplified pressure is the reflected overpressure. However, as the angle of incidence,B, of the
initial shock front is increased, a value is reached such that the incident wave does not reflect, but instead travels
along the surface, forming a "Mach stem" as shown in Figure 2-96. The pressure loading behind the Mach stem is the

Mach-stem overpressure, and acts directly on the structure.

REGION Y IF

IMPULSE • REIX EN REGION X IND
""J REGION r
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I POITIE I 1 - - -SURFACE
PHASE
DURATION--

TIMEo~ 0REGION X-AMBIENT CONDITIONS
0REGION V-C0ONDITIONS CREATED BY INCIDENT SHOCK

- ARRIVAI1 REGION R-CONDITIONS CREATED BY THE REFLECTED
SHOCK ENTERING REGION V

ITIME

Figure 2-94. Typical Prenure Time Rawrmoa at Sompe PiP,,, 2-95. Incident and Reflected Shock Frmrnt at&a Surface
Location Away From Detonation
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In order to simplify structural analysis, it is common practice to transform the actual pressure pulse, which has an
exponential decay, into an equivalent triangular-shaped pulse having the same total impulse as the actual pulse.
Figure 2-97 shows two methods for doing the transformation.

Numerical Values of Shock Overpressure, Normnal Incidence. Figures 2-98 and 2-99, present shock overpressure pulse
characteristics for a typical HE projectile and for one pound of TNT, both detonated at sea le,:i and at altitudes of
10,000, 20,000, 30,000, and 60,000 feet. The figures give the following information:
I. Pulse time duration (positive phase);
2. Peak incident overpressure, i~e., the peak "side-on" overpressure;
3. Peak reflected overpressure of equivalent triangular pulse, based on normal (non-oblique) incidence.

These values are plotted as functions of distance from detonation. The numerical data was obtained from operation
of the computer code BLAST, described in Reference 2-32. BLAST is the most comprehensive analysis tool currently
available for predicting pressure pulses from HE projectile detonations. The projectile characteristics that were
input to the BLAST code were obtained from Ref. 2-14. This information included charge weight, explosive number,
L/D ratio, and case/charge weight ratio.

Numerical Values of Shock Overpressure, Oblique Incidence. The data in Figures 2-98 and 2-99 is for normal (nci-
oblique) incidence of the shock front (0 =0, Figure 2-95), as oblique incidence is not treated in the BLAST comput r
code.. The validity of available methods ior assessing the effects of obliquity is uncertain. For qualitative
assessments, Figure 2-100 presents reflection coefficients for oblique incidence, giving rl, the ratio of peak reflected
overpressure at the angle of incidence 0 to the peak reflected overpressure at normal incidence. The data is
presented for detonation altitudes from sea level to 60,000 feet. In developing this data, the BLAST code was used to
establish the ratio of incident nonoblique overpressure to relected overpressure as a function of altitude. The ratio of
reflected overpressure to incident pressure for oblique incidence was obtained from Reference 2-33. This figure
from that reference appears in modified form as Figure 2-101.

The parameter rl, appearing in Figure 2-100, was then calculated from the relationship:

ni RB = PR (Eqn 2-84)

RO Pi P

where,

P = reflected overpressure from oblique ihcident shock wave;

PRO reflected overpressure from nonoblique incident ihock wave;

P = ratio of reflected overpressure to incident overpressure, oblique incident shock wave
P. (obtained from Figure 2-101);

PRO - ratio of reflected overpressure to incident overpressure, nonoblique incident shock wave
P (obtained from NOL BLAST code, Ref. 2-32).

f" can be used to compute the peak pressure of the 'quivalent triangular pulse for oblique incidence, once the
corresponding value for nonoblique incidence has been obtained from Figure 2-98 or 2-99. This is done from:

10 P AO (Eqn 2-85)

where,

P peak pressure of equivalent triangular pulse, oblique incidence;

Ti reflection coefficient from Figure 2-100;

P&o = peak pressure of equivalent triangular pulse, nonoblique incidence, from Figure 2-98 or 2-99.

This relationship is based on the following:

2
PAO = _ IRO (Eqn 2-86)

2
ln1P60 = -- iRO (Eqn 2-87)

where IRO and IR are the impulses corresponding to the normal incidence and oblique incidence reflections.
The time duration of the pulse, td, is assumed to be independent of angle of incidence. It follows that:

PAO -IRRB R R8 (Eqn 2-88)

PAO IRO PRO

PnPA

• PAB -r P-
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2.2.2.2.1.2 Conmfined Ga Viesure

- Expansion of the hot gases generated by an internal explosioni may be restricted by the enclosing structure, creating
an) internal pressure loading. The gases are confined until released by the venting available through fragment
perforations, existing vents to adjacent cells such &s lightening holes in webs, or the failure of internal structure
resulting in the availability of addfitional volum~e for expansion. The penetration holes and vents act as orifices,
resulting in) exponential decay of the internal pressure as the confined gases exit through the orifices.

As a first approximation, confined gas pressures can be represented as an) instantaneous pressure rise followed by
pressure decay at a rate controlled by the avdilabiiity of venting. Prediction of the amplitude of confined gas
overpressures and the rate of pressure decay due to venting are presented in) Figures ý- 102 and 2- 103, generated
using INLAST (Re(. 2-32) computer code and explosive characteristics from Ref. 2-14. These curves can be used to
establish the pressure-time history for confined gas overpressures resulting from internal detonations of, a typical HE
projectile.

Figure 2-102 gives peak confined gas overpressure within urnvented enclosures of variable volume, assumiing no
venting and no heat transfer through the walls of the enclosure. Figure 2- 103 shows the decay of the confined gas
overpressure that results from venting of the enclosure. The degree of venting is represented by the vented surface
area, A. and the time-histories are developed for various values of the ratio of vent area to enclosed volumie.
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*ADIABATIC CONDITIONS
*DATA GENERATED BY BLAST COMPUTR CODE (REF. 2-32)
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A VNT REAf
2) DATA GENERATED BY BLAST COMPUTER CODE (REF. 2-32)
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2.2.2.2.2 Fundamental Aspects of the Response oi Str-cture to Blast Pressure Loadings

This subsection discusses, in general, the dynamic behavior of structure which is subjected to transient pressure

loadings of the type described in 2.2.2.2.1. Some understanding of this behavior will be of value in comprehending the

deformation analysis methods presented in 2.2.2.2.3.

Structural Response to Transient Pressures. The deformation of a structure exposed to transient pressure loadings

depends on the amplitude/time characteristics of the loading and the mass distribution and stiffness properties of the

stlucture. Some general information on the response of the structure to loadings of this type can be obtained by

studying the response of the one-dimensional linear elastic system idealized in Figure 2-104. This system has a

characteristic natural frequency, w, and a corresponding natural period of free vibration, T.

Figure 2-105 shows a typical blast pressure pulse, which is to be applied to the linear oscillator. The pulse is defined

by a force (P ) per unit mass, a time duration (t), a decay function (0), and an impulse (I)._The resulting displacement

of the oscillator can be written as (Ref. 2-35):

Pm (2-89)
x : --T• f ,

where.

f - (X° + A)cosWt+ (W- + B)sinwt

-PP
m

A ~m#t) sinW tdt

W

B Pfn•(t) cosw tdt

If a static force Ps is applied to the oscillator, the displacement is:

Ps (2-90)

Taking the maximum dynamic displacement from (2-89) and dividing by the expression for static displacemer't (2-90)

gi ves: 
mXm P m

T - max (2-91)
S s

From (2-91), the ratio of dynamic (Pm) and static (P5 ) loads which cause the same maximum displacement is:

P
m -1

p max (2-92)
s

Similarly, it can be readily shown that if a purely impulsive load is applied tb the oscillator (i.e., an ideal pressure

pulse has impulse 1o, but zero time duration) the maximum displacement is:

I

X -ý t2-93)
m W

This corresponds to the displacement caused by a static load of magnitude:

Ps = I W (2-94)

For any applied pressure pulse, the impulse can be written as:

Mq (2-95)

where,

q = f(t)dt

Combining 2-94 and 2-95 gives:

P
1 m

"" I -_
STIFFNESS X - DEFLECTION

W , NATURAL FREQUENCY

T- - PERIOD
ITIME

Figure 2.104. On.,Dqgree.of.Frrmdom Lktw Fgurm 2-105. Typfcel DBlt Pemuwe APu
Ebamtc Structure
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The two equations (2-92 and 2-96) giv the peak amplitude/impulse combinrtlons which produce the same maximum
disr:.xcement of a linear oscillator. These relations can be used to illustrate sbme basic aspects of dynamic structural
resp'v•se by constructing pressure-impulse diagrams defining the displacement of the oscillator to different types of
transient loading pulses. Figure 2-1%q, from Reference 2-35, shows a pressure-impulse (P0) diagram for the linear
elastic oscillator rcspondirg to triangular pressure pulses of varying peak pressures and time durations. Points along
the curve represent different pulse durations, and these durations can be compared with the natural period of the
oscillator. Point A, for example, corresponds to a pulse duration of approximately 1/5 of the natural period of free
vibration, while Point C corresponds to a duration of nearly twice the natural period. The figure indicates that:

I. For very short-duration loadings, say durations less than 1/5 of the natural period, response depends only on the
impulse of the pulse and is independent of the peak pressure.

2. For longer pulse durations, say twice the natural period of the oscillator, response becomes insensitive to
impulse, depending primarily on peak pressure.

3. For intermediate durations, response depends on both peak pressure and impulse.

These general observations hold for any type of pressure/time history, but structural response is also influenced by
the shape of the pressure/time curve as determined by the decay function. This can be seen from Figure 2-107
which shows the Pt diagrams for rectangular, triangular, and exponential pulses. Figure 2- 108 presents a PI diagram
for a rigid-plastic structural system, an idealization appropriate when elastic deformations are negligible relative to
plastic deformations. These P1 curves are similar in shape to those of the ela!.ic system, but have shifted outward
from the origin, indicating the greater capacity for absorbing energy due to the plasticity. This generality of PI
relationships has resulted in their use as damage criteria by a number of investigators (References 2-36 and 2-37).

In most applications involving HE projectiles the shrck overpressures from either internal or external blast will be of
a very short or intermediate category, and the residual confined gas pressure from internal blasts can be regarded as
a step function loading.

5
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..2.2.2.3 Analysis Methock far Predctling Structural Reponse

A general approach for predicting the damage done to structural elements by blast pressure is shown in Figure 2-109.
This approach includes assessing the stresses or deformations induced by both shock overpressure and confined gas
pressure, and superimposing these with the stresses or deformations due to applied flight loads. The resulting
condition is then compared with design allowables to determine if a failure has occurred.

Some of the analytical methoas available for predicting structural response to blast loadings include:

1. Finite Element Analysis
2. Finite Difference Analysis
3. Dynamic Plate Analycis
4. Equivalent Static Load Analysis
5. Critical Impulse Failure Criteria
6. Empirical Failure Criteria for Components

Finit, element analysis, specifically the BR- I series of codes and also general purpose codes with dynamic capability
such as MARC and NASTRAN, is the most accurate appeoach available, particularly for assessing multi-element
structure. However, this accuracy is achieved at the expense of time and resources. Dynamic analysis using finite
element and finite difference codes is costly in terms of computer time, because of the small time steps required to
maintain stability. Because of this, iess expensive (and hence, less accurate) approaches are required for many
applications, particularly for trade studies and other conceptual and preliminary design applications. These less-
accurate approaches are usually based on the response of a simple structural element such as a plate or beam.

Methods 3, 4•, 5, and 6 below fall into this category.

2.2.2.2.3.1 Finite Element Analysis for Predicting Structural Response to Blast

The BR-I and BR-IA computer codes (Ref. 2-13, 2-14) were developed by Northrop and released to the technical
community in 1974. The BR- IFC computer code is a modification of the BR-I code extending the capability to fiber
composite structure, developed by Boeing in 1978 (Ref. 2-15). The codes are designed to predict the stresses and

deflections in aircraft structure caused by HE projectile detonations.

The BR- I, BR I-A and BR-IFC computer codes provide the most comprehensive analysis approach now available for
predicting the blast response of metallic and fiber composite structural configurations, and correlation with test data

has been good. They are all dynamic response codes using elastic-plastic stress/strain laws. The BR-IA is a
modification of the BR-I which includes triangular plate elements. All use library routines t, compute the blast
pressure and fragment dispersion on each element as a function of time for several high-explosive projectiles. In
addition, BR- IFC uses the method developed by Sandhu to calculate stresses and strains in each layer of a laminated
fiber composite plate, providing the laminated orthotopic elastic-plastic capability lacking in the other two. The
following is a summary of the BR-I code family.

Description of BR-I Input. The BRI code is designed to predict transient response of skin-rib-stiffener type aircraft
structure subjected to impulsive forces or pressure. Thc kiser haw the option of either selecting the force as direct

input data or letting the code compute the pressure by specifying the size and type of an explosive. The structural
elements included in the program are regular axial, torsional, and bending load carrying beams; offset beams,
isotropic rectangular and triangular plates with both in-plane and bending load carrying capabilities. In addition, the

BR-IFC accepts laminated orthotropic plate elements.

The BR-I code accepts strctural data in the form of (I) joint coordinates, (2) structural elements as identified by
terminal joints and Lheir physical and dimensional data, and (3) constraints at given joint '.cations. if the user
chooqcs the option of providing predetermined external force data, he can input each impulsive force or pressure at

each corresponding time. On the other hand, if the user wishes to use the blast pressure prediction subroutine, he
must select an explosive and let the program compute the external force.

Desraiption of BR-I Output. The BR-I code prints out all the input daxa in an edited format. Data includes
structural information, control codes to the program, bar data, plate data, joint data, constraint data, fragmentation
data, convergence of the eigenvalue and the stable time increment, blast data, load data and initial stress data. The
computed data are printed out in the following order:

I. Deflections at all node points (Printed as each time step is completed),
2. Stress-strain data for panels (Printed after completion of all time steps);
3. Stress-strain data for bars.

The types and coriliguration- of finite elements in the BR-I code, the number of Gaussian stations per finite element,
the n,:.nber of points for which stresses are computed at each Gaussian station, the total number of points (per finite

eleme i) for whi _h stresses are computed are all presented in Table 2-2.1.

ror fcilure ssessment, stresses are computed at all Gaussian stations and at various locations through the thickness
of thc plate elements and the beam element as indicated in Figure 2-110. At each point for which stresse,. are
computed an automated check is made to determine if failure has occurred. If failure has occurred, a statement of
the structural failure is made in the printout and the stresses at points for which stresses are printed are thereafter
listed as zero. The location and identification of points within beam and plate elements at which the test for failure

is made are shown in Figures 2-Ill'and 2-112. The program checks for failures in the longitudinal, transverse and shear
directions of each layer at each station point. A longitudinal failure is indicated whenever the strain in the fiber
direction exceeds the largest strain input on the longitudinal tension or compression stress-strain curve, depending on
the sign of the strain. Transverse and shear failures are similarly defined as the exceedance of the largest strain on
the transverse and shear stress-strain curves.

Three different failure criterion may be used to halt the program before the specified number of time steps have
elapsed. These are point failure, station failure and node failure. Table 2-22 gives a description of each.
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Table k-21. Points Where Strest we Computed and Failurt May Be Predicted

Nub F Number of
Finite Croms Gaussian points ata Number of points for
element section stations par Gaussian whic stresses ate computed

finite element station per finite-element

Isotropic
plate R-Falanguler 9 4 36

Orthotropic
plate Rectangular 9 1 18-1445

Beam RectangulAr 3 8 24

Beam I-section 3 10 30

Beam Tee-section 3 7 21

a Depends on number of layers

Y

y "Y
3 2 12

- - 3
--- z

4 t
X 4-4

PLATE ELEMENT BEAM, RECTANGULAR CROSS-SECTION BEAM, I CROSS-SECTION BEAM, TEE CROSS-SECTION

NOTE: ONE A' )ITIONAL POINT WHICH IS NOT
AN EX- EME FIBER POINT ISSELECTED
FOR THE TEE CROSS SECTION SO EACH
BEAM ELEMENT HAS PRINTED DATA FOR
FOUR POINTS.

Figure 2-710a Location of Points for Which Stresses and Strains are Printed Out

Table 2-22. Description of Type of Failure

Type of Types of failure

structure Number 1 Numb. 2 Numb. 3
(point fallure) Istation failure) (node failure)

Beam Any point of the For any beam elmenlt. All beam elements tieing into any one node

elements structure falls all crosssection points have at leat one station failure.
only at any (x) station fall.

Plate Any point of the For any plate element. All plate elements tieing into any one node
elements structure fall.L all cross-sact•on points have at lent three station failures.
only at any of the nine stations

fail.

Beam and Any point of the All cros-maction points All beam and plate elements tieing into any
plate structure fails, at any 1x) station of one node nave In the beam elements at lust
elements any beam element or any one station failure and in the plate

(x. y) station for any elements at lust three station filures.
plate element fail.

II
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POINTS NO. 22. 23, AND 24
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POINTS NO.1. 2. AND 3
IN ONE SIDE SURFACE:POINTS NO 10,1 , AND 13
IN ThE OTHER SIDE SURFACE

Figure 2-11I2. Plate and Beam Finite Elements with Rectangular Cross Sections
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Structural Responme Theory (Extracted From Ref. 2-13). The scheme used to determine the transient structural
response in the BR-I code is similar to the method presented by Wu and Witmer (Reference 2-33). While Wu and
Witmer limit their development to "one-dimensional" planar analysis and infinitesimal strains, the BR-I analysis uses
a "two-dimensional" (structure and structural deformations defined in terms of two independent spatial variables)
theory of structures in three-dimensional space, and also considers finite strains. Both theories consider the
nonlinear geometric aspect of large deflections and nonlinear material properties.

The BR-I response equations are obtained by considering the structure to be modeled by finite elements. In
particular, the finite elements are restricted to flat finite plate elements and straight finite beam elements. These
finite elements are assumed to have displacement patterns through their thickness according to the Bernoulli-Euler
hypothesis, and it is this restriction which renders the geometrically three-dimensioral finite elements as "two-
dimensional" mathematical elements. Element node points are defined at the corners of the plate elements and at
the end points of the beam element.

The theory used is known as the assumed displacement finite element method since the displacement pattern over the
surface (or length) of the finite element is prescribed in terms of the displacements at the node points of the
element. The total structure is modeled by an assemblage of these finite elements connected to each other only at
their node points.

Each element faithfully retains the material properties of the structural continuum and the geometry is faithfully
preserved by the model within the limitations of the finite element method. The approximation in the theory lies
principally in the continuity conditions between elements and the displacements of the finite elements.

I ]sing the Principle of Virtual Work together with D'Alembert's Principle, the dynamic equations of equilibrium are
obtained. In particular, the dynamic equations of equilibrium which give rise to the transient response are'the form:

where: (Eqn. 2-97)

IC IF)- I)- [H] .q*)
IF] consists of the external and body forces. IP] and [H] (q*j consist of the nodal forces resluiting from the

internal stresses within the structure. fq*) is the matrix of generalized displacements at the nodes. The lumped
mass approach is used in developing [M]I

The constitutive equations for the BR-I code were developed for isotropic materials and incorporate the von Mises
yield condition, the Prandtl-Reuss normal flow rule, and isotropic work hardening. Furthermore, the constitutive
equations are developed for finite strains and are based on the approximation that the terms of the order of the strL.n
squared are of infinitesimal (negligible) magnitude relative to unity. Such an approximateion is deemed acceptable
when the strains are limited to less than ten percent.

The strain-displacement equations that were used in the development of the BR-i code were chosen to avoid the
limitation that deflections be small compared to the plate surface dimensions. The equations are deemed suitable for
strains up to approximately ten percent and rotations up to approximately twenty percent.

The integration of equation (2-97) is carried out numerically in the BR-1 code with the use of the central-finite-
difference method to obtain displacement increments at the end of each time increment. From the incremental
displacements and the strain-displacement equations, incremental strains are computed. The incremental strains are
used in combination with the constitutive relations (and strain rate considerations, when appropriate) to determine
incremental stresses. The total displacements, strains, and stresses are then updated by the BR- I code at the end of
each time increment.

Finite strain is included in the BR-i response theory. This means that strain is not assumed to be infinitesimal
relative to unity. However, the theory does assume that the product of strains is negligible compared to unity which
is deemed acceptable when strains are limited to the order of 10-percent. With finite strain, the Kirchhoff stress
required in the strain energy term can be properly obtained. Furthermore, the von Mises yield criterion can be
written in the true invariant form with stress definition based on the deformed cross-sectional areas.

The same finite strain approach (without the BR- I simplification that the finite strains be moderate, i.e., less than 10
percent) has been successfully backed up by experimental verification with straining into the faillure region under the
condition of uniaxial tension, (Reference 2-39).

In developing the BR- I code, considerable attention was directed to establishing a time increment that would result
in a numerically stable solution. Leech (Reference 2-98) has presented the criterion that would be applicable indetermining the maximum time increment for the time integration in the BR-I code. An iteractive technique was

developed in the BR- I code to automate the utilization of this criterion.

Blast Pressure Loading (Partially Extracted From Ref. 2-13). The BLAST code (Reference 2-32) was developed by the
Naval Ordnance Laboratory to describe the overpressures resulting from the detonation of an HE projectile internal
to an aircraft structure. The BLAST code is used as a subroutine in the BR-I codes to determine the transient
pressure (or impulse) resulting from the internal detonations. The BLAST subroutine of the BR-I code analytically
divides the internal explosion into two damaging mechanisms - the shock wave and the confined explosion gas
pressure. For the shock, the code generates the incident and normally reflected pressure-time history and impulse
for the positive phase duration at specified distances. State-of-the-art explosion theory and experimental data were
used to develop the shock calculation model.

The code reduces the shock calculation for all cases to the reference data from a free field, bare spherical i-lb TNT
explosion at sea level ambient conditions. The pressure-time history during the positive phase duration is given by
the empirical equation (Reference 2-32).

&P/6p (1t/d)e~ttdI (228/R-0.95)

(i-t/t) e-t/tdI 0 + tt (Eqn. 2-98)

.,,.=., td
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where: hee P instantaneous incident overpressure;

AP. peak incident shock overpressure;

t time measured from shock arrival;

td positive phase duration;

R distance from explosion, cm (the minimum R for calculations is 65).

The code has provisions for converting the incident overpressure to normally reflected pressure which is applied to
panel element surfaces.

The confined gas overpressure that is computed in the BLAST code accounts for the chemical reaction of the
explosive with the surrounding air until the final gas temperature is reached. The code uses the final temperature
and amount of gas in the structural volume to determine the final pressure. The BLAST code has the capability of
calculating the variation of the overpressure with time for venting due to holes in the entry and exit walls, but this
feature of the BLAST code is not incorporated into the BR- I code because venting effects are not important in the
transient response of the order of I millisecond which is characteristic of the problem that the BR- I code is expected
to solve.
BR-IFC Modification for Fiber Composites. The existing BR- IA code used isotropic, elastic-plastic plates providing
good characterization of most metal structure. Blast response analysis of composites, however, requires the
laminated orthotropic elastic-plastic capability provided by the BR-IFC modification, as irldicated in Figure 2-113.
The BR-IFC (Fiber Composite), developed by Boeing (Ref. 2-15) replaces the isotropic elastic-plastic stress-strain
relations with nonlinear orthotropic laminated plate equations of the type developed by Sandhu in Reference 2-41. In
the Sandhu method, stresses and strains are computed in each layer of the laminate (Figure 2-114) at a given load
level and are used to determine the moduli in the layer coordinate system. These moduli are then used to calculate
the laminate stiffnesses for use in determining incremental stresses and strains due to the next load increment.

A spline fit method was used to interpolate between input points in the stress-strain curves to determine stresses and
moduli, A layer is defined as having failed in a given direction (fiber direction, transverse to fiber direction or shear)
when the strain in that direction is greater than the maximum value input for its stress-strain curve. The BR-IFC
program requires inputting tension and compression stress-strain curves in the fiber direction and transverse to the
fiber direction, and a shear stress-strain curve to define the stress-strain behavior of a laminate.

Correlation of BR-IFC Predictions with Test Data. Panel deflections and failure observations from blast tests of
graphite/epoxy and aluminum panels were used to verify the predictions of the BR-I and BR-IFC codes. Figure
2- 115 shows the BR- IFC finite element model of the graphite/epoxy test panels and the aluminum supporting beams.
The test setup for the bare charge tests consisted of a charge suspended in the center of a spherical blast chamber,
with the test panel positioned at the desired standoff distance and supported by an aluminum angle frame mounted on
support beams. C-4 explosive charges were sized to provide approximately the explosive capability of a typical HEI
projectile. The 13-inch by 13-inch test panels were bolted to the angle frame on one-inch centers. Pane!
displacement was measured by photographing the rear surface of the panel in silhouette with a high-rate framing
camera.

The test conditions and measured deflections are summarized in Table 2-23. Photographs of the damaged test panels
are shown in Figure 2-116, including aluminum panels tested for comparison. BRI-4 panels, which were 0.098-inch
0/90 T300/934, showed considerable delamination and cracking between fibers, although. no fractured fibers were
seen. The BRI-7 and BRI-8 panels were thinner and of balanced layup (0.062-inch 02/+45/90 T300/934 and .077-inch
0/+452/90 T300/934, respectively). These showed much more extensive damage, with massive regions of delamination
and many broken fibers. The BRI-7-3 panel was blown out of the test frame.

The aluminum panels (BRI-6 and BRI-9) showed iess damage than the graphite/epoxy panels, although they exhibited
permanent deformation which the composite panels did not. The BRI-6 panels (0.063-inch 7075-T6) had
approximately 0.4-in of permanent set. Corresponding va!ues for the BRI-9 panels (.040-inch 7075-T6) were: 9-1
0.85-in; 9-2 0.5-in; 9-3 = LI-in.

Y
FIWNTE ELEMENT MODEL
OF STRUCTURE LAYER4 LAYER3 LAYER 2

S2 2

EXPLOION ZLAYER AXES
a --LA

SR-lA - Isotropic ealvtic-plaatic capabilIty

BR-1FC - Adds orthotropic laminated Plato capability
Use Sandhu mwthod for nonlinear
stren-traln responss

Figure 2-113. OR- I Modification for Fiber Composite
Analysi Capability LAMINATE AXES

Fi!um 2- 114.
Laminate and Layer Coordinate Orientations Used in BR- IFC
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fl~~JFIXEDNODE H "

4C 1011 1 NODE NUMBER 1. I
SYMMETRY

BOUNDARYS (D004 BEAM NUIMBER

.5 6 ______ Oz -0FOR ALL NODES EDGE BEAM MODEL

1 2 13 4
0.0 2.0 4.0 6.0

SYMMETRY BOUNDARY CONDITIONS
v - x - 0

Figure 2 - 1 I& AIR-I Finite-Element Model of Blast Panel

Table 2-2 Blast Test Results of Graphite - Epoxy and 707&-T6 Panels

Peak reflected Maximum
Standoff overpressure (lb/In2 ) deflection~

Panel Lamniate Tcnea distaunce mea
(in) Gape I Gap 2 13.5In fn

(center) off center)

~R1,1-11-11 105) 0.143
-2 (±45) 0,143
-3 (±45) 0.143 ____

BR-1-2-1 (0/+45/90) 0.119
-2 (0/+45190) 0.119 6 3,061 -0.82A

-3 (01+45/90) 0.119 a 4,216 1 *69 0.62

BRI-3-1 (O/i45/0/00) 0.145 6 2,410 2,107 0.23
-2 (0/445/0/001 0.145 6 - - 0.80A
-3 (0/+45/0/90) 0.145

BRI-4-1 (0/90) 0.096 6 low6 3,610 1.20A
-2 (09)0.096
-3 (0/90) 0.096 6 810 0.4019

BRI-5-1 7075-TO 0.100
-2 7075-TI 0.100
-3 7075-TO 0.1100 6 2,964 - 0.2

B i-6-1 7075-TI a.6 .2 1,994 06
-2 7075-T6 0.063 6 3.458 1.41 1.09A
-3 7075-TO 0.063

BRI-7-1 (102 /45/90) 0.062 6 - 1,395 0.686
.2 (02/445/9) 0.062 10 1.106 -

-3 (02/445/901 0.082 6 - 3,124 1.978

BRI-S-i (0/44599) 0.077 6 - 3,160 0.916
-2 (0/445990) 0.077 10 - 603
-3 (0/445990) 0.077 6 4,400 4,30 1.1SA

BRI-9-1 7075-TO 0.040 6 - 1562 IIASA

-3 7075-TO 0.040 10 - j 1,710 11.30

A - passed peek deflection
B - penel fractured
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Figures 2-117 to 2-120 show measured and predicted panel deflections including failure points, and Table 2-24
summarizes failure results compared with BR- IFC predicted failures. Considering the variables involved in this type
of testing, BR- IFC predictions show good agreement with the test results.
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Table 2.24. Correlation of Blast Panel Failures with Predictions

Panel Test result 01. lFC prediction

SR 1-2- No visible darnage Small number of matrix failures predicted

BRi-3) No visible damage No failures predicted

BR 1-4-1.2 Cracks. some fibers broken Many matrix fallureM, small number of fiber failure

SR1-7-1,3 Blown out of frame Many station failures, node failure

BR 14-1.3 Many fibers brcken Many fiber failures, 2 station failures

Matix failure - Transverse or shear failure in a layer
Fiber failure - Fiber fracture In a layer
rtasion failure - Inability of laminate to carry load at

one of the nine stations in the plate
Node failure - At least three station failures in all elements

connecting; to a nods

Application of BR-IFC to Full-Scale Structural Configuration. The BRI code family is ideally suited to assessing the
damage and residual strengtihcapability of full-scale structure. The BR-IFC code was used in a further step in the
verification of the codes. A section of the three-spar wing test box described in Ref. 2-12 was modeled using the
BR-IFC and BR-2 (fragment damage) codes. This graphite/epoxy box, shown in Figure 2-121, was tested by loading
to 40-percent limit bending load and shooting with a HEI projectile. The ultimate strength of the damaged box was
determined following the shot.

The section of the box modeled with BR- IFC is shown in Figure 2-122. The box design consists of +45 graphite fabric
skin with spar chords of 0-degree graphite tape encapsulated in +45 fabric. Glass fabric stiffeners-are used between
spars to support the skin and feed the blast pressure loads into the ribs. The BR-IFC model of the box consists of 72
nodes, 60 plates and 36 beams. Only the exit skin was modeled, since the damage to the entrance skin is almost
entirely due to fragment effects. Figure 2- 123 shows the predicted nodal deflections.

F
t Figure?-?2?. Full-Scale Graphite/Epoxy Wing-Box Component Assemnbly
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2.2.2.2.3.2 Finite Difference Analysis

Typical of the finite-difference analysis methods for blast response are those developed by MIT beginning In the early
1960's. These programs and their derivatives (References 2-38, 2-52, 2-66, 2-96) have been used extensively for
predicting the response of beams, rings, plates, and shells to blast, and there is considerable experimental
verification. The technique is a straightforward application of finite-difference methods, and is available to all
users.

These computer codes provide for material behavior through the specification of one of several "STRESS"
subroutines. The three subroutines most commonly used are:

1. The elastic, perfectly plastic model (EL-PP);
2. The elastic, strain-hardening model (EL-SHh
3. The elastic. sýrain-hardening, strain-rate-dependent model (EL-SH-SR).

The (EL-SH-SR) material code uses a power law dependency of flow stress on strain rate. In all cases, provision for
unloading exists. For biaxial stress states, the von Mises yield criterion is used along with the associated flow rule
for plane stress. In application, the panel to be analyzed is divided conceptually into a number of layers in the
thickness direction. This division into layers allows a stress gradient in the thickness direction. The stresses in each
layer are considered constant, and are obtained from the strains at mid-thickness. Inttrnal forces are calculated by a
through-the-thickness summation rather than the usual integration.

Although the finite-difference programs provide a very useful tool for analyzing structural response to blast, they
have two limitations:

I. Finite-difference techniques generally are unsuitable for analyzing complex, built-up structure such as
frequently found in aircraft application. Finite element analysis is more appropriate for this application.

2. Finite-difference techniques are inconvenient for parametric and configuration studies, in that considerable
labor is required to alter loadings, boundary conditions, and structure.

2.2.2.2.3.3 Dynamic Plate Analysis

Important contributions to the undeistanding of the response of structure to transient pressure loadings of large
amplitude have been made using dynamic plate models such as developed by Haskell, Massmann, Ankeney (Refs. 2-54,
2-70, and 2-33) and others. These models address the dynamic response of a single structural element, namely a
plate with tractable boundary conditions such as simply supported or clamped edges. The advantage of this approach
is that it can provide good analytic simulation of certain structural configurations, particularly skin panels, and this
can often be done in terms of explicit mathematical equations containing the significant design parameters. In other
words, many good results may be obtained rapidly and inexpensively.

Certain requirements must usually be met, however, in order to achieve useful analytical validity, including:

a. Bending and membrane response;
b. Preferably finite deflection capability;
c. Appropriate material response characterization extending into the plastic deformation regime (for metals).

Elastic-perfectly plastic or elastic-linear plastic response may be appropriate. In many materials .he elastic

deformation may be negligible and rigid-plastic response can be applied.

An approach which greatly enhances the credibility of dynamic plate analytical models is to correlate them with

more comprehensive analysis methods such as the finite element techniques (SR-I, MARC, for example). Following
this correlation (even calibration), the simple model can be used to good advantage in lieu of the more expensive

approach, provided the simulation capability of the plate representation is not exceeded.

Massmann (Ref. 2-70) has shown good correlation between the predictions of a dynamic plate analysis and the MARC
finite element computer code. The plate analysis applies elastic-perfectly plastic material behavior, and the dynamic
response of the plate is represented by a one-dimensional spring-mass system incorporating two non-linear springs.
The stiffness of one of the springs simulates elastic-perfectly plastic plate bending, and the stiffness of the other

spring describes elastic-perfectly plastic membrane response of a thin plate undergoing large deflections. For square
plates with clamped cedges, loaded by a transient pressure pulse applied uniformly to the surface of the plate,
predicted maximum deflections were within 10-percent of predictions obtained using MARC finite element analysis.

The dynamic plate model eveloped by Haskell is well-documented in Ref. 2-54, including verification of strai

predictions by testing instrumented panels, using explosive charges.

2.2.2.2.3.4 Equivalent Static Load Method of Analysis

The equivalent static load medrd consists of analytically converting the dynamic overpressure loading into a static

load that will cause the san e deflection of the structural element. This conversion typically involves simulating the

dynamic response of 8'A element by a one-dimensional spring-mass system having the same natural frequency as the

element, as indicated previously in Section 2.2.2.2.2. Once determined, the equivalent static load is used to calculate

stresses using routine stress analys:s methods. The equivalent static load method is widely used in dynamic structural

analysis because it provides a useful cnrr-iation between static and dynamic capability.

For first-cut approximations, the two overpressure components of an internal detonation, shock and confined gas, can
be separately converted into equivalent static pressures, and their sum used as the total equivalent static pressure
"acting on the structure. The equivalent load method can be summarized as follows:

a. Determine fundamental natural pericJ of free vibration of the structural element being analyzed;
b. Determine equivalent triangular ptessure pulse corresponding to reflected shock overpressure. The equivalent

triangular pressure pulse has the same impulse as the actual pressure pulse;
c. Determine equivalent static pressure loading for shock overpressure;
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d. Determine equivalent triangular pressure pulse corresponding to confined gas pressure;
e. Determine equivalent static pressure loading for confined gas pressure;
f. Add the results of c) and e), forming the resultant equivalent static pre- .. e loading;
g. Calculate corresponding stresses.

Calculation Steps for Equivalent Load Method

1. The first step in developing the equivalent loading is to determine the natural period, T, of the structural
element. Many closed form analytic solutions for the natural modes of vibration of plates are available.

The expressions for natural period of vibration from Reference 2-42 have been evaluated for aluminum plates
and 0/+45/90 and +45 graphite/epoxy laminates. Results are given in Figures 2-124 through 2-135. The
corresponding equations and terminology are shown in Figure 2-136, with elas.ic properties for some selected
laminates given in Table 2-25. Table 2-26 gives constants required for the natural period calculations.

2. The next step is to determine the pulse duration and the equivalent triangular pulse pressure corresponding to the
reflected shock overpressure. The pulse duration is a function of explosive type and quar" ty, and the distance
between the center of detonation and the structural element. The equivalent'triangula& ressure, howeer, is
also a function of the angle of incidence of the shock front, B, defined as the angle between a tangent to the
shock front and the structural plane.

Figures 2-98 through 2-112, shown previously, present curves for several threats and detonation altitudes giving
the pressure pulse time duration, td, the incident overpressure, Pi' and Ph the peak pressure of the equivalent
triangular pulse for a normal shock impingement ( r 0), plotted as functions of distance from detonation. If
the shock angle of incidence a is zero, then P& can be used directly. If 8 is not equal to zero, PA must be
adjusted. This is done as follows: A
a. Find P and Pi on Figures 2-98 or 2-99.

b. Go to Figure 2-100 and find the reflection coefficient,r), correspunding to the angle of incidence, O,and the

incident pressure, Pi.

c. The adjusted Pzis given by:
P -n

The adjusted shock overpressure can now be used with td in Step 4.

3. The third step is to determine the equivalent triangular pulse for the confined gas pressure. The peak confined
gas pressure and the time duration of the pulse varies with explosive quantity, altitude, cell size, the amount of
venting area relative to the cell size. The venting area includes openings inherent in the structure plus any cell
wall area removed by projectile detonation and fragmentation.

The confined gas peak pressure, PCG, for a totally confined explosion, can be read from the curves in Figure 2-
102. The pulse duration is found from Figure 2-103, by reading the time required for the pressure in the cell to
return to ambient. This pulse duration depends on the ratio of vent area Wo cell volume for the given cell size.

4. The last two steps resulted in values for the peak overpressure and time duration of the equivalent triangular
pulses for the shock overpressure and confined gas overpressure. Step one resulted in a value, for the natural
period of vibration of the structural element. These values can now be used in Figure 2-137 to determine the
equivalent static pressure loading. The curve is used separately for shock and confined gas, then the equivalent
static loads are added to get the total equivalent static load acting on the structure.

For many cases of practical interest, the confined gas pressure is of long duration relative to the natural period
of the structure. The result is that the structure perceives the residual gases as a "step" pressure loading. The
ratio Pstatic/P,& will be large (ie. greater than 1) for these long duration pulses.

When using Figure 2-137, it is useful to note that fiber composite laminates containing 0-degree fibers have
essentially elastic deformation to failure, so a ductility ratio of unity applies for these laminates.

Ljka-
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where:

T - Natural Period of Fundamental Mode (s•a)
k~b - Dimensions of Plot (inches)

P - Plate Density (lb. sec
2
/n

3
)

"- Pohlb. S2 y

P| - Material Miss Density (p, - 147.5(10)- for GR/EP) " "-
h - Panal Thilknft (inches)

o,02,a3 - Constants Deter -nined by Edge Support Condliona (see Table 2.26)

Exh
3  #A 'yE yh3  

/

oil 12(1-MPXyUy ;D 1211--P y Pyx)

Ey h
3  

GXy h3 b
022 12(l--uXy Pyx ) 1-

EX'Ey'Gxvy Elastic Moduili (psi) x

4y/y-- Polison's Ratios

Figure 2-36. Natural Period of Specially Ortotropic Rectangular Plates

Table 2-25. Elastic Properties of Selected Graphite/Epoxy Laminates

PERCENTAGE Ex Ey Gxy
LAY-UP 0 ±45 90 (psi) (psi) (psIi) $xy yx

01 ± 45/90 25 50 25 &.8(10)6 6.8(10)6 2.6(10)5 0.31 0.31

02•* 4/90 40 40 20 &7(10)0 S.0(0) 2.2(10)6 0.30 0.21

0/t 45. 33 67 0 7.2(10)6 3.4410)6 .3(10)6 0.60 0.33

1 45 0 100 0 2.5(10)6 2.5(10)6 4.5(10)6 0.76 0.76

T.eole -261 Coefficients for Natural PeNod Equations (Ref. 2.42)

BOUNDARY a, a n
CONDITIONS _ _ o_ _ _ _ _

Y 4.730 151.3 4.730 1 1
4.730 12.30 03 (k3- 2.) (n +.5)r 1 2.3,4
Im + .5) , 12.3003(4a1-2.) 4.730 2.3,4- 1

(m +.5) w (4la3 (L-2.)" (n +.5)w 2,3.4- 2.3,4

_______ (* -2.)) . . . .... ..

4.730 12.303{a3- -1.) (n +.26)w 1 1,2.3...

(m + .5) w u1 (13 (ks1-2.)" (n + .25) # 2,3A4.. 2,3.4.

a.x 3( -1.))

4;730 12.30 n
2w 2  

n y 1 1,2,3..

(m +.5) 1 V12v r (a1 _2.) ns 2,3,4... 12,3..3

(m + .26) v (411a31a 4 -1.)* (n +.25)w 1,2,3.. 1.2.3..

y Y ( mO + .2 5 ) w l n y 1 . • a 1 . n 1 1 .2 ,3 . - 1 ,2 .3 .

mv m
2

n
2 

W
4  nr 1,23.. 1,2.3.

Rtf: "Theory of Larninated Plates," Programs in Material Science Sailss, Vol. IV, Tachnomic Publishing Go.. 1971)

S. . . . ... .. . .. ... . . . ... . .. . ....... ... . . ... . .. . .. . -
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(Curve from Ref 2-34)
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Figure 2-137. Equivalent Static Pressure Developed 8y a Triangullar Pressure Pulse

2.2.2.2.3.5 Critical Impulse Failure Criteria

An interesting dynamic failure criterion is presented in Reference 2-36 and further descrihed in Reference 2-33.
This criterion essentialy states that structural failure under transient loadings carn be correlated to a critical impulse
applied for a critical t me duration where the latter is assumed to be one-cluarter of the natural period of free

•, vibration of the structure. The critical impulse can be expressed as:

' c : (P/E) ,t Oy (Eqn. 2-99)

I where
E =elastic modulus;

p =mass density of the material;

t =thickntess;

'y: dynamicd' yield strength.

In applying this mnethod to skin panels supported by transverse and longitudinal members, for example, one first
calculates the critical impulse and natural period of the panel. Incident pressure pulses having a duration of one-
quarter of the natural period or more, having an impulse at least equal to Ic, will cause rupture oi the panel at the
attachments.

2.2.2.2.3.6 Empirical Failure Crita~ia for Components I
Failure criteria have been developed by detonating explosive charges within or near parked aircraft. The result of
this testing, much of which was conducted at the U.S. Army Ballistic Research Laboratory, is t visual assessment and

• , judgement of lethality. In other words, an engineering estimate is made of whether oir n• the resulting damage
I would have killed a flying aircraft. An example of this type of criteria is shown in Figure 2-138. This figure, from

Reference 2-7, shows estimated kill thresholds for typical wing and fuselage structure resulting from internal
I detonations of bare charges of TNT. The correlating parameters depend primarily on skin gage and volum-e or cross-

section.
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2.2.3 Dznage From Engine Debris Projectiles

Non-contained engine failures do not occur very often, the average rate in commercial service has been less than one
per million engine hours worldwide in recent years (Reference 2-43). Further, the probability of this once-per-
million-hour event causing an aircraft accident, defined as a penetration of fcselage or damage to wings or vital
components, has proved to be about one chance in 8.5. Figure 2-139 indicates the proportion of aircraft accident
sources between 1954 and 1974, indicating that 97.2% of all aircraft accidents have been the result of events other
than non-contained engine failures.

Nevertheless, these incidents do occur and must be addressed. The effects of uncontained projectile emanating from
an engine and subsequently striking an adjacent portion of the airframe, can be assessed in the same manner as for
nonexploding military projectiles. There is an important distinction, however, in that the\engine debris projectile is
typically an irregular fragment (as opposed to a bullet), behaving more like a warhead tirgment or the fragments
generated from a high-explosive projectile.

2.2.3.1 Description of Engine Debris Projectiles (Extracted From Refs. 2-43 and 2-44)

Rolls-Royce (Reference 2-43) has made available the results of a study on non-containmeht incidents associated with
their commercial engines, in which they recorded the weights of fragments, the direction of release, energy and size,
wherever such informatior, could be obtained. These results are summarized in the following paragraphs.

Weight of Fragment. Figure 2-140 shows the weight of the largest fragment released in each incident as a percentage
of the bladed disc weight. The fragments vary from part of a blade to a complete disc, The incidents categorized as
aircraft accidents are indicated, showing that complete discs are less likely to cause a problem than disc fragments,but fragments of any size are capable of causing unacceptable damage if they hit certain partapf the aircraft.

Compressor and turbine non-containment are indicated on the plot and it shows that only turbine discs have been
released complete, probably because a turbine disc has easier access to freedom than a compressor disc.

Figure 2-141 gives the percentage of incidents in which the weight of the largest fragment released was a given
percentage of the bladed disc weight or less. It is a way of showing the reduction in the number of non-contained
failures that would be achieved by providing an ability to contain an increasing weight of fragment. For example, the
ability to contain a fragment weight 5% of the bladed disc weight would have prevented 56% of all non-containments.
If the former figure were 10% we would have prevented 72% of the no -containments. Thereafter the gains are less
spectacular.

PERCENTAGE CAUSE OF INCIDENT PERCENTAGE
OF ACCIDENTS BIRD STRIKE ON AIRCRAFT OF FATALITIES

0,6 AIRCRAFT STALL TESTING 0 o35
0.62 PILOT HOMICIDE BOMB OR ENEMY AC 035
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2.01 NGINE CR AUXILIARY FAILURE 44.1
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92.79 ".JCOLLISION IN AIR OR ON GROUND . ol0

1113 NOT KNOWN -A6
ADVERSE FLING CONDITIONS ¶2.38
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Figure 2-139. Analysis of Aircraft Accident and Fatalities - 1964
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When a fragment strikes the inside of an engine casing and it is not contained, it is sor.etimes deflected on its way
through the casing. Figure 2-142 illustrates the effect of such deflection upon the subsequent path of a fragment.
Since the point of penetration of the casing is at a random circumferential position, the probability of an aircraft
item in line with a disc being struck by a fragment is unaffected by deflection of the fragment by the casing. But the
axial deflection of the fragment is important in that it affects the axial length of the possible impact area on the
air cr aft.

A study of the axial deflection of debris in actual incidents produced the result shown in Figure 2-143 where axial
deflection is plrtted against weight of fragment. It shows that only the lighter fragments were appreciably
deflected, the maximum deflection being +33 degrees whereas the heavy fragments were not deflected more than +5
degrees.

Thus, the situation may be as shown on Figure 2-144 where a pack of discs creates overlapping fields of possible
debris distribution so that any protection or special measures taker, by the aircraft designer will require sensibly
uniform application over a length slightly greater than the length of the rotor pack, tailing off to zero beyond each
end of the rotor as shown ini the figuie.

Energy of Engine Debris Fraffnents A fragment has two kinds of energy when it leaves an engine, see Figure 2-145.
It has kinetic energy along its flight path which is tangential to the radius described by its center of gravity when it
was part of the disc. It also has rotational en-argy about its own center of lravit,'. Experience shows that for
practical purposes it is the former, i.e., its translational energy, that causes the real damage on impact and this is
because the translational energy is in the direction of the impact and, for realistic fragments, it is invariably much
greater than the rotational energy.

Figure 2-145 also shows a plot of disc sector size against its translational energy. The fragment with maximum
translational energy is a disc segment subtending an angle of 133.6 degrees. An unbroken disc has no translational
energy unless it picks some up as a result of friction developed in rubbing against static parts which may throw it
sideways out of an entgine with a relatively low velocity.

The energy with which a fragment leaves an engine is less than its initial energy because it expends some energy in
penetrating the engine casing. In calculating the energy of an emerging fragment a proportion of the amount of
energy the engine casing is capable of containing should be subtracted from the initial energy of the fragment.
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To determine the blade containment ability of a casing, Rolls-Royce plotted blade energy against a function of blade
dimensions and casing properties for all known cases of blade release including experimental tests and service
experience. The result is shown in Figure 2- 146 where contained and non-contained failures are identified.

Unfortunacely, the behi.vior of a casing is not quite as straightforward as to absorb an equal amount of energy
regardless of the initial energy of the fragment. In containment tests a fragment with an energy level just beyond
the containment capabilities of a casing lost 90% of its energy in passing through the casing. But when a portion of a
rotor, comprising four blades and a piece of disc, was released from a rotor rotating inside a casing designed to
contain a single released blade, the fragment passed through the casing with a near-zero loss of energy.

That some energy was lost was shown by damage and distortion to the casing and to the blades in the fragment but
the loss was too small to be measured in terms of fragment velocity before and after penetration. Evidently, the
casing did not develop its full containment potential when subjected to loadings far beyond its capabilities.

Further containment tests are in progress to build-up more data on this problem and to establish a formula for the
amount of energy destroyed in a range of fragments when they pass through a casing of known blade containment
ability. Meanwhile, until more data becomes available it seems reasonable to assui e that the loss of energy varies
from 100% for a single blade, to zero for the 4-blade fragment tested, or any larger fragment. The 4-blade fragment
weighted 6.5% of the weight of the bladed disc.

There is an additional loss of energy in fragments that are deflected on passing through the casing. The amount of
this loss depends upon the degree of deflection, and from theoreticai considerations and practical observations the
relationship between deflection and residual energy is as shown in Figure 2-147. This relationship can be used on
calculating the possible energy of deflected fragments in the forward and rearward fields covered by the possible
axial spread of debris.

Size of Engine Debris FragMents The maximum dimensions of a fragment thrown by an engine is important in terms
of the probability of striking a given vulnerable item of the aircraft. Figure 2-148 shows that for a given aircraft
layout the larger the fragment the more likely it is to strike a given object. The chances of the small fragment
striking the object are Q1 in 360 degrees, but for the large fragment they are 2 in 360 degrees and clearly the larger
the fragment the greater the probability of a strike.

Figure 2-149 shows actual non-contained failures in terms of the arc of disc released against percentage of incidents.
These results can be used for calculating the probability of impact of fragments of various sizes upon aircraft
vulnerable items of various aircraft/engine arrangements. The results for turbines and compressors are shown
separately to illustrate that compressors have tended to release larger arcs of disc rim than turbines. This is due to
factors such as disc proportions.
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2.2.3.2 Encounter Parameters

The important encounter parameters that must be defined for penetration and damage assessment are identical to
those needed for the military projectiles previously discussed: striking velocity, angle of obliquity and attitude.

Particular emphasis must be placed upon attitude, however, as this can be a significant factor in the damage
potential of fragments having a high ratio of length to diameter, ie., long, flat fragments such as a portion of a

turbine blade. An additional consideration is the rotatio-al energy of the impacting fragment, as this can be a

significant factor in penetration and damage potential.

Encounter conditions for engine debris analysis can be predicted with greAter certainty than for encounter with

military projectiles because of the fixed location and known operating characteristics of the engine.

2.2.3.3 Typical Terminal Effects

As with all fragment impacts, engine debris fragments can penetate the airframe causing damage to skin and
substructure, and may penetrate and degrade system components. The potential exists for ignition of fuel or injury to
passengers or crew.

Figure 2-150 from Reference 2-44, gives an indication of the penetrating capability of engine debris fragments, based

on calculations using the empirical formula shown on the figure. Fragment energy is plotted against the weight of
target material required to contain the fragment.

To emphasize the damage potential of the fragments, typical weights of heavy wing and fuselage surfaces are

indicated on the diagram giving some idea of their respective energy absorbing capabilities. The resulting energies
are only approximate as both the curves ant test results are only concerned with flat plates. The stiffeners of
the wing and fuselage (included in the weight shown) may offer appreciably increased energy absorption due to their
depth.

However, this does not alter the general inference of Figure 2-150 which is that even two or three layers of such

structure is not capable of stopping the smallest of the three debris forms.
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2.2.4 Hydrodynamic Ram Damage

Hydrodynamic ram is a phenomenon that may cause extensive structural failure of aircraft fuel cells when they are
subjected to ballis'ic impact. During impact and penetration of the fuel cell, intense pressure waves are generated
within the liquid by the projectile. The response of the fuel cell to this pressure loading varies according to its
construction. For example, the walls of an integral fuel cell are formed by the aircraft skin, which is usually
constructed of high-strength, metal designed to withstand normal flight loads. This type of structure can fail
catastrophically in response to hydrodynamic ram pressure loading due to fracturing of the walls of the cell. Self-
sealing fuel cells can also be defeated due to hydrodynamic ram by gross tearing of the material or by misýlignment
of the wound edges, thereby defeating the self-sealing process. Both of these effects become increasingly severe as
fuel cells become smaller, or projectile kinetic energies increase.

Fuel-cell failure can lead to numerous modes of aircraft kill. One particularly effective mode is fuel starvation from
the failure of a cell which contains a large proportion of the total fuel. Other possible kill modes are explosion and
fire, ignited by an incendiary projectile or by secondary ignition iources within the aircraft. Ilii addition, the
hydrodynamic ram pressure pulse can directly damage critical components, such as pumps and valves within the cell,
or it can indirectly damage components that lie outside of and adjacent to the cell walls.

At present there are no analysis models that can predict the extent of hydrodynamic ram damage under general
conditions. Damage sýze cannot be predicted in the manner defined in the previous sections for air-backed panels.
However, development programs are underway to acquire this capability.

Lundstrom of NWC has developed an analysis method to predict hydrodynamic ram pressures generated by small arms
ammunition. Reference 2-45 describes the analysis, and a computer code is available. The analysis method is based
on the conversion of projectile kinetic energy to pressure field energy and includes the effects of reflections from the
tank walls. In addition, pressure prediction analysis methods are reported in Reference 2-45. The remainder of thissection discusses hydrodynamic ram from a qualitative standpoint, with a description of hydrodynamic ram
phenomenology, followed by a summary of available analyses.

2.2.4 1 Hydrodynaamic Ram Loadings and Response

Figure 2-151 is a schematic representation of the events leading to hydrodynamic ram structural damage. Figure
2- 152 is a failure-mode diagram corresponding to these events. A detailed description of ram phenomenology is given
in Section 2.2.4.2.

Figure 2-153 shows typical pressure measurements at various distances downstream from the entry wall. The
projectile was a 3/8-inch steel sphere impacting at 4,800 feet per second. Figure 2-154 shows the variation of
damage size in the entry wall with projectile velocity. The entry wall was a monolithic ranel, and the projectile was
a 3/8-inch fragment simulator. The step-function response in damage size is typical for entry walls. At low velocity,
the damage is a simple puncture with a diameter slightly greater than the projectile. Above a certain velocity this
minimal damage suddenly jumps to spectacula proportions. The response of the exit wall to projectile velocity is
quite different. As shown in Figure 2-155, the damage increases linearly with increasing velocity.

The effect of tank length is shown in Figure 2-156. An overkill condition occurred until the length of the tank was
greater than 12 inches. Beyond this length, the damage decreased in a fairly linear manner with increasing length.

ENTRY WALL PENETRATION TRAVERSE AND TUMBLE

. . :.._'....-CAVITY .

FLUID SHOCK DRAG PRESSURE PULSE

EXIT WALL PENETRATION CAVITY OSCILLATION AND DFCAY DAMAGED TANK

Figure 2L151 Schematic of Typical Hydrodynamic Ram Events
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2.2.4.2 H-tydrodynamic Ram Phenornenolots

Since design models are not yet available for predicting hydrodynamic ram damage extent in structure, it is relevant
to describe in some detail what is known about the physics of hydrodynamic ram. Although this discussion does not
answer design quiestlons, it should enable the designer and analyst alike to better understand the direction of
hydrodynamic ram research and analysis.

2.2.4.2.1 Shock Waves

The sudden impact and penetration of the projectile generates a shock front in the fcluid about the impact point. TheI ~ shock front propagates a~way from the impact point in a somewhat hemispherical shape and its strength diminishes
rapidly as it travels 2observations indicate that the peak pressure at the front decays more rapidly transversely, ie.,
along the wall, than in the fluid). This event is termed the "shock phase'. It is a short-duration effect resulting in
the poalication of an impulsive pressure load to the peietrator- damaged entry wall. This impuisive load can cause

extensive entry wall damage.I 2.2.4.2.2 Drag Pressure
As the penetrator travels in the fluid, its velocity is reduced by fluid drag pressures, often augmented by the tumbling
of the projectile. The fluid acquires a radial velocity at the projectile/ fluid interface, typically forming a "cavity" as
shown in Figure 2-157. The dissipating kinetic energy of the projectile appears as a transient pressure pulse in the
fluid, as indicated in Figure 2-158. This "fluid drag!' phase is of longer duration than the shock phase, and less
localized, creating a complex pressure field within the fluid, including reflections from the tank walls. Extensive
structural damage can be done by the drag-induced pressures, particularly at exit walls which may become
prestressed by the fluid pressire prior to the arrival of the projectile. Figure 2-159 shows typical drag-phase
hydrodynamic ram damage in thin gage aluminum web structure, and Figure 2- 160 shows hydrodynamic ram damage
in graphite/epoxy wing structure induced by an HEI superquick projectile.

.... .....
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Figure 2-15Z Photograph of Cavity Formation Behind Tumbling
14.5-mm API in Water-Filled Tank
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Figure 2-159. Hydraulic Ram Damage in Wing Structure
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Figure 2-160. Hydraulic Ram Entry Damage in Oraphize-Glass/Epoxy Wing.Box Structure

2.2.4.2.3 Fluid/Structure Interaction

The pressure waves described above travel through the fluid and ultimately impinges on fluid/structural interfaces,
namely the tank walls. This situation is shown schematically in Figure 2-161, showing an oblique planar wave for ease
of graphical presentation. The incident wave generated by a source within the fluid has travelled through Region I,
and the fluid in Region I has acquired corresponding pressure increases and particle velocity. The fluid in Region 11,
ahead of the incident wave front is undisturbed.

Region III demonstrates the area of fluid/structure interaction. The incident wave has impinged on the wall, and a
reflected wave has been generated at the wall surface and is travelling back through the fluid initially set in motion
by the incident wave. Thus, the pressure at the wall results from the effects of superimposing an incident and
reflected pressure wave. Neglecting cavitation effects, the component of the fluid velocity normal to the wall
surface must equal the normal component of the wall velocity. Thus, the motion of the fluid and the wall are
"coupled," so that the pressure "felt" by the wall depends on wall motion as well as incident conditions.
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Figure 27161. Interaction Between Tank Wall and Fluid Pressure Pulse
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2.2.4.2.4 Structtral Response and Failure

From the structural standpoint, hydrodynamic ram generates high-intensity, transient internal pressure loads on the
fuel tank walls, which are typically skin panels, spar webs, and rib webs for integral tanks. Figure 2-162 shows a
typical projectile impact into a wing cell containing fuel, using a multi-rib wing-box configuration as an example. It is
assumed that the tank is completely full. The projectile has entered from above, penetrating the upper surface,
traversing the liquid fuel and emerging from the lower wing cover.

The entire cell will experience ram generated incident pressures, and these will be most intense near the trajectory
of the projectile. The effective pressure loads depend on the time-duration of the pressure application relative to the
natural period of the structural deformation modes, and the ratio of elastic-to-plastic response. As mentioned
previously, the effective pressure loadings from typical threat encounters are sufficient to cause massive structural
failure by deformation and rupture in certain configurations.

It is convenient to address the structural response of the entry wall, the exit wall, and the side walls:

I. Entry wall (the upper wing skin in the example in Figure 2-162)
Prior to impact, the entry wall is stressed by operational loading conditions, which may include internal pressure.
The projectile penetrates the wall, imposing a ballistic damage. The shock pressure generated in the fluid loads
the damaged wall immediately, supplemented by drag-phase pressure loadings as the projectile loses kinetic
energy in the fluid. The combined effects of the ram pressures, the operational loads, and the damage can
induce failure by several potential mechanisms:

a. Compression (instability) failure can occur due to a combination of compression end-loads (flight loadings)
and the transverse loadings induced by ram.

b. Tension failure can occur in response to ram-induced membrane and bending stresses combined with flight-
induced stresses, leading to rupture. In particular, membrane stresses combined with transverse pressure
represent a severe loading condition for fracture failure initiating from the ballistic damage, because the
transverse pressure Increases the stress-intensity at the damage. The severity of this effect increases as
the curvature of the wall increases during deformation.

2. Exit Wall (the lower wing skin in the example in Figure 2- 162)
The exit wall is also stressed by operational loads prior to impact, but it is additionally stressed by ram pressures
before penetration. Analysis has indicated (Ref. 2-53) that these ram-induced pre-penetrat;on stresses can be
large, and the effects of pre-load at impact are certainly of significance. The exit wall must be regarded as a
pre-stressed, pre-deformed surface at the time of projectile impact. Of course, it is possible that the exit wall isnever penetrated, because of trajectory alteration within the fluid.

With the added emphasis on pre-impact stress/deformation, exit wall failure modes are qualitatively similar to
those of the entry wall. Quantitatively, however, the exit wall is less influenced by the shock phase ram-
pressures and more influenced by the drag-phase pressures, particularly with tumbling projectiles.

3. Side Walls (the rib and spar webs in the example in FigLure 2-162)
Side walls are primarily exposed to the drag-phase pressures, which can be very intense for walls near the
trajectory. Side walls are not penetrated, so they do not contain ballistic damage. Primary failure mechanisms
are excessive deformation and rupture.

ENTRY
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EXIT
ENTRY WALL EXIT WALL SIDE WALLS

i Ballistic damage 0 Ram pre-sure loading * Ram preswure loading
0 Shock and drag Ballistic damage

pressure loading 0 Continued ram loading

FIure 2-162. Hydrodynamic Ram Dameg Mochanirns for Typical Integral Tank
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2.2.4.3 Status of Hydrodynamic Ram Analysis

This section describes the analysis metl-odologies required to predict damage from hydrodynamic ram. The elements
of the required analysis are shown in Figure 2-163, borrowed from Reference 2-45. consisting of:

I. Trajectory analysis,
2. Fluid (source) pressure analysis,
3. Fluid/structure interaction,
4. Structural response and failure.

The trajectory analysis tracks the location and dynamics of the projectile traveling in the fluid. The fluid pressure
analysis defines the pressure-time history at selected points within the fluid. The fluid/structure interaction relates
the pressure acting on the structure to the incident source pressure and the motion of the structure, and defines the
resulting deflection, and stress/strain history of the wall. Structural response and failure criteria predict wall failure
in terms of the deflections, stresses, and imposeo ballistic damage. The following paragraphs summarize certain key
developments pertaining to the overall analysis of hydrodynamic ram structural damage and some of these are
detailed in the following subsections. The Naval Weapons Center (NWC) developed.the basic trajectory analysis and
drag-phase source pressure prediction theory (Ref. 2-45), which was published in 1971. This was followed by their
release of the NWC Hydraulic Ram Program Version One (HRP-VI), a computer code which uses the developed theory
to predict drag-phase pressures generated by a penetrator, and accounts for the influence of projectile tumbling. The
NWC Hydraulic Ram Program (Version One) does not predict pressures acting on the fluid/structure interfaces. The
method of images used to establish reflected pressure pulses provides good prediction of reflection effects at points
within the fluid away from the wall, but the wall itself can only be rigid, transmissive, or a fres-surface.

Dr. Ball of the Naval Post-Graduate School applied BR-I (Ref. 2-13) to predict structural response to hydrodynamic
ram pressures, by modifying the code to accommodate the "piston theory" approach for fluid/structure coupling. The
modified code, designated BR-IHR, accepts source' pressure-time histories from the NWC HRP-VI. The HRP-VI
code is run first to develop the incident pressures at the wall, which are then manually input to BR-lHR, which
develops wall pressures at the nodes of the finite element model. Wall deflections predicte-d by BR-IHR have been
much less than observed experimentally, and it is generally agreed that piston theory is an inadequate representation
of fluid/structure coupling.

NWC returned to the problem of fluid/structure coupling and developed the variable image methodology (Ref. 2-46).
This method alleviates some of the planar assumptions associated with piston theory, and provides a more accurate
and versatile fluid/structure coupling model. Variable image coupling was combined with a small deflection, linear
elastic, dynamic plate structural model, to formulate the UHRSR computer code (Ref. 2-47).
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2.2.4.3.1 Trajectory and Fluid Pressure Analysis

Drag phase pressures are caused hy deceleration of the projectile as it traverses the fluid. E. A. Lundstrom
(Ref. 2-45) applied the classical hydrodynamic theory of a travelling object in a perfect fluid to predict drag-phase
pressures. Hydrodynamic ram pressures are calculated from Bernoulli's equation, using the potential function for a
line of pressure sources along the trajectory of the projectile. The strength of the sources is calculated from the
kinetic energy loss of the projectile in travelling incremental distances along the trajectory.

Certain aspects of the problem, such as proiectile tumbling, jacket-stripping, and cavity dynamics, required empirical
definition. Extensive testing was done at the Naval Weapons Center (NWC) to quantify these effects and incorporate
the results into the fluid pressure prediction analysis. The final methodology was developed into a computer code for
rectangular fluid-filled tanks impacted by single penetrators. Figure 2-164 shows the primary elements of the code,
hereafter referred to as the NWC hydrodynamic ram program or the HRP-VI code. The code includes both trajectory
analysis to determine the strength of the moving sources, and the solution of the Bernoullis equation to obtain fluid
pressures and velocities throughout the tank. A mirror image of the line of sources is used. A brief summary of the
NWC hydrodynamic ram program is given below, and a complete development is available in Reference 2-48.

FigHRP-V1 I (MAIN)

IMG

MIRO

J MIROR i iTERP I I' IPLOT 1

Figure 2-164. NWC Hydraulic Rem Prograrn Version One (HRP- 111)

Three primary parameters which must be determined in order to calculate fluid pressure caused by a projectile
traveling a tank of fluid are velocity, rate of kinetic energy loss, and time of arrival of the projectile as a function of
distance along the trajectory. The projectile velocity is determined by Newton's second law:

we dV -D (Eqn. 2-100)

where

m projectile mass,
V projectile velocity,
D drag,
t -time.

Drag is a function of the projectile velocity, the fluid density, and the size and orientation of the projectile. The
time at which the projectile starts to tumble and at which it becomes fully tumbled must be known. Substituting a
function for drag into Equation 2-100 gives:

dV (FEqn. 2-101)
dx b =- Vb

where 8 is called the velucity decay coefficient. Because of the tumbling action of the projectile an empirical
function was developed forO . Then, Equatinn 2-101 was integrated to give:

V - 01! xb (Eqn. 2-102)
Vb = V° e

where
Vb = velocity at Xb,

V = initial velocity,

xb = position of the projectile along the trajectory.

The rate of kinetic energy loss duF to the velocity decay is:

dE 2V, (Eqn. 2-103)dx = m eV
where

E kinetic energy,m mass of the projectile.

The stripping of the projectile jacket causes a change in kinetic energy. An approximation fcr the energy deposition
due to stripping is used. The total energy deposition is:



c Cc 8j ,-j(xb-xs) -

dE 2b+ e+ (Eqn. 2-104)dxL nc ac V b j
where

mc d mass of the core,

Es= 12 2 SP

Vs velocity of the projectile at the stripping location,

Msn mass of the jacket,

0 = obtained empirically to be 1/3

The flow field is described by a potential function which satisfies the wave equation:

2 2 (Eqn. 2-105)

2 a t 2

where 0 is the potential function and c is the speed of sound in the fluid. The effect of the projectile and cavity on
the fluid is approximated by a line of sources along the projec-,ile path. This source is a function of the distance
along the trajectory and the retarded time, T = t - r/c where r is the distance between the source point and the
present position of the projectile. The strength of the source is developed by a conservation of energy equation.

Although the effect of the cavity is contained in these calculations, the absence of fluid in the cavity is not
accounted for, which results in the theory being invalid during cavity collapse. Therefore, all negative pressures
resulting from the theory should be set to zero. Because the effect of the walls was not included on the cavity size
calculations, as the cavity approaches maximum size the source strength becomes increasingly erratic. Using the

conservation of energy method by combining the work done by difference between ambient pressure and cavity

pressure and the energy deposited in the fluid by the projectile, the total differential energy is calculated. Due to

the mathematical difficulty of the boundary conditions of the walls, they are approximated by mirror images of the
line sources (Rcf. 2-48).

At this point, with some mathematical exercises, all the terms of Bernoulli's equation are known, so that pressure can
be calculated from:

p- 1o=,• g ) 2 (Eqn. 2-106)

where:

= source strength,

= potential function,

Po = ambient pressure,

u . fluid velocity.

The fluid pressures generated by the projectile are governed by Bernoulli's equation, but the limitations of the theory
should be remembered. Since the effects of the projectile are modeled by a line of sources, the pressure will
approach infinity at the projectile. Because of the absence of fluid in the cavity, the negative pressures generated by
the theory should be set to zero. This gives the assumption of bulk cavitation in the cavity.

The subroutines used by the HRP-VI code, diagrammed in Figure 2-164, are described in Figure 2-165. NWC, NPGS,

UDRI and Boeing have all made comparisons of HRP-VI pressure predictions with test data. All are generally in

agreement that the results correlate well. The following are results from a Boeing comparison study done in 1977

(Ref. 2-49).

Test data on hydrodynamic ram pressures generated by small arms projectiles was available from previous Boeing test

programs (Ref. 2-50). Figure 2-166 shows the hydrodynamic ram test tank in the Impact Mechanics Laboratory.

High-speed motion pictures were made with two 10,000 frames/second Hycam cameras with time-calibrated film.

Pressures were measured with acceleration-compensated quartz transducers, Pressure signals were conditioned with

charge amplifiers and displayed on oscilloscopes using a fast-rise preamplifier. Velocities were computed by elapsed

time through a two foot segment measured from the entry diaphragm.

Figure 2-167 shows the correlation of the predicted peak pressu-'ts with the experimental results. The errors were

evaluated and the root mean square (rms) found, and this evaluation demonstrated good correlation. Naval Weapons

Center did a rms analysis of peak pressures and impulse, showing a similar correlation (Ref. 2-51). Figure 2-168

shows comparison plots of pressure vs. time curves for several tests. In some of the figures a time shift can be seen.

This is probably due to uncertainties in predicting tumbling behavior. From this evaluation, it appeared that the

program can predict pressures which correlate well with experimental data.
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ROUTINE DESCRIPTION

MAIN Calls the subroutines necessary to generate hydraulic rem Induced
I4RP-V1 pressure-time curves at user vaiecifled poitits within a body of fluid.

SUBROUTINE Computes the coordinates of the projectile entrance/exit
IMAGE points in the thras-dimenisional image volumes with respect to the actual

volume where lower front corner is at 0.0,0.

SUBROUTINE Computes tli* ?(,2:oviinq quantities as a function of hulleit
TRAJ distances along trajectory; time of b.JIst arrival; bulect velocity; maximum

cavity radius; time of cavity collapse; drag parameter as a function of time

SUBROUTINE (Called by TRAJl
TV Computes the value of the velocity decay parameteirs, then Integrates the

LF TV I equations of motion to obtain bullet velocity as a function of time.

SUBROUTINE Computes: Total pressure at a user-soecified point as a
function of time; pressure due to the time derivative of the velocity paten-

MIRRORtial; total fluid velocity as a function of time; and x, y and it components

at fluid velocity.

SUBROUTINE MCalled by MIRROR) Interpolates the following quantities
between discrete points alonu the bullet trajectory: distance and valocitv

INEA of bullet as a function of retarded time; radius of attached cavity as a

function of retarded time.

SUBROUTINE (Called by MIRROR) Generates graphic presentation
of the Zotal pressure versus time at each point In the fluid body specified

IPLOTbry the user.

Figure?2-165. Description of Routines in NWC Hydraulic Ram Program Verslion One (HAP- VI)
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2.2.4.3.2 Fluid/Structure Coupling

The fluid pressures and vzlocities obtained from solutions of the wave equation and Bernoullis' equation as described
above satisfy boundary conditions at the projectile and cavity surfaces only, and not at the tank walls. The two
boundary conditions at a wall/fluid interface are (ignoring ca;vtation)

I. The fluid pressure equals the pressure acting on the wall,

2. The component of fluid velocity normal to the wall surface equals the normal component of the wall velocity.

In order to predict wall loading due to hydrodynamic ram, solutions to the wove equation satisfying these conditions
are needed, and it is clear from the nature of the boundary conditions that the fluid and wall motions are coupled.
Lundstrom, in Reference 2-45, applied Kirchoft's general solution of the wave equation to outline an approach for
obtaining wall pressures. However, because of anticipated computational labor, attention has been directed toward
less complex coupling models, notably piston theory. Piston theory assumes that the reflected wave is a plane wave
propagating parallel to the wall normal. For such a wave, the relationship between the fluid pressure and velocitybehind the wave is:

Pr Pc urn, (Eqn. 2-107)

where 0 is the fluid mass density and c is the sonic velocity. At the wall, the pressure is the sum of the incident
pressure (pi), and the reflected pressure:

P(Eqn. 2-108)

= Pi - Oc urn

If the second boundary condition above is written as:

(Eqn. 2-109)
th n = Uin + urn = On,

so that:"

urn = wn - Uin, (Eqn. 2-110)

then:
SP = Pi + Pc (Uin - \(n)" En 211

+ cu1  'n (Eqn. 2-ill)

The incident fluid pressure and normal velocity (uin) are considered to be known from the solution for sources within
the fluid volume. A structural response model is now required to complete the solution, by providing the link between
applied pressure and wall velocity.

If the incident wave is also planar and traveling parallel to the wall surface normal, Equation 2-Ill becomes:

p 2pi - pc\ýn• (Eqn. 2-112)

2.2.4.3.3 Structural Response Analysis

The next step in the analytical development is to introduce a structural model to predict wall motion, stresses, and
failure resulting from the transient hydrodynamic ram pressures. The structural model must satisfy a dynamic
equation of equilibrium which includes the fluid/structure coupling terms as a minimum requirement. In addition, in
order to adequately treat the problem, the structural model needs large deflection, elastic/plastic capability, and
analytical sophistication to represent the boundary conditions of multi-element aircraft structure. In the course of
hydrodynamic ram analytical development, a number of structural models have been used, ranging from one-
dimensional harmonic oscillators to the BR- I series of finite-element computer codes. Experience with these models
has resulted in increased knowledge and further definition of development requirements and goals.

The general nature of hydrodynamic ram structural response can be illustrated most conveniently from a simple
harmonic oscillator structural model. The one-dimensional equation of dynamic equilibrium is:

M\ + Kw = F(t) (Eqn. 2-113)

where M is the mass, K is the stiffness, F(t) is the externally applied force resulting from the ram pressure at the
wall, and w is the deflection. Analytical expressions for the wall pressure loading come from consideration of
fluid/structural coupling as described in the previous section. The piston theory coupling can be written as:

p(t) = Pi + pcuin - pc% (Eqn. 2-114)

Substituting into (2-113) and placing all oi tie wall-motion dependent functions on the left side of the equation gives
the following form of the dynamic equation of equilibrium for the oscillator:

MO;+ pcA* + Kw = piA + pcAuin (Eqn. 2-115)

where A is the appropriate surface area.

The dynamic equation of equilibrium defines the forces acting on the oscillator. These include an inertial force
involving structural mass and acceleration, a stiffness term expressing the capability of the structure to resist
external forces by developing internal loads during deflection, and the forces associated with the fluid/structure
interaction, which depend on the incident pressure and the velocity of the structure.

.7 ~',1
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In principal, this incorporation of the fluid/structure coupling relations into the dynamic equation(s) of equilibriurnm is

applicable to any structural response formulation. Appropriate dynamic structural response models can be found in
References 2-47, 2-52, and 2-15. The latter is the BR-IFC blast response computer code described previously in
Section 2.2.2.2.3.1. This code has the requisite orthotropic as well as isotropic large deflection, elastic-plastic
capability for measuring the response of structures to transient pressure loadings. To date this code has not been
used with hydrodynamic ram pressure prediction codes, but is the best structural response model available for this
purpose.

Section 2.2.2.2.3 of this Manual also describes several additional methods for assessing the response of structure to
transient pressure loadings. These methods are presented In the context of application to transient pressures induced
by explosive detonation, but they are also applicable for the case of hydrodynamic ram, provided the proper
fluid/!tructure algorithms are Incorporated.

"" .



2.3 EFFECTS OF CYCLIC LOADING ON PROJECTILE IMPACT DAMAGE

The cyclic loading induced during flight can influence the severity of existing impact damage by initiating fatigue-
cracks at the damage site, subsequent crack sharpening or blunting, and crack growth. There can be significant time-
dependent changes in the residual strength of the structure due to thes alterations in the size and character of the
impact damage.

Projectiles produce a wide variety of damage types, including cracks, holes, tears, large deformations, ( yen totally
severed structural elements. The response of the damaged structure when exposed to cyclic loads reflects this wide
variety of structural damage. For example, the cyclic loading can result in immediate growth when the projectile
damage is a crack. There may b-, however, a time (number of cycles) devoted to crack nucleation.

The following subsections describe several important aspects of the fatigue response of impact damaged structure in
terms of crack initiation and extension, and suggest an approach which basically consists of assuming immediate
fatigue crack initiation at the damage site, and then applying conventional crack growth analysis.

2.3.1 Fatigue Crack Initiation

A certain amount of flight time (number of cycles) may be required before fatigue cracks initiate in the vicinity of
projectile damage. This interval is defined as the initiation phase. Two types of fatigue crack initiation may occur in
impact damaged structure:

a. Fatigue crack initiation at some point on the periphery of the damage;

b. Fatigue crack initiation in undamaged structure adjacent to damage structure.

2.3.1.1 Crack Initiation From Ballistic Damage

It has been demonstrated that when ballistic-damaged metal panels are cyclic loaded, fatigue cracks can initiate at
the edge ot the damage. Forman (Reference 2-55) showed through test and analysis that there may be a minimum
number of cycles required to initiate these cracks. However, there is no analytical technique available to predict the
cycles required.

Therefore, it ;s recommended that immediate crack initiation be assumed for establishing subsequent damage growth.
This means assuming zero initiation time, and represents an upper bound for ballistic-damage severity from a fatigue-
crack initiation standpoint.

2.3.1.2 C-..ck Initiation in Aoiacent Undamaged Structure

Projectile penetration of multiple-element structure creates a configuration consisting of severed, damaged, and

undamaged elements. Because of the load redistribution throughout the structure, thE remaining unfailed elements
may experience significant increases in loading. Fatigue damage (crack initiation, element failuresy in these
remaining structural elements can seriously degrade their performance, significantly reducing the residual strength
capability. Analysis of these elements requires determination of the load redistribution and the fatigue performance
of the elements when subjected to these new loadings.

2.3.2 Fatigue Crack Growth

Fatigue crack growth is the progressive extension of the crack due to cyclic loadings. The term "fatigue crackl' will
be used with the understanding that it is not strictly correct for laminated fiber composite materials such as

P graphite/epoxy. The direction of growth is generally normal to the maximum principal stress direction in metal
structure. With composite materials, however, fiber orientation influences the growth direction.

Fatigue crack growth data are presented as the change of crack length with applied load cycles. This parameter is
called the crack growth rate (inches/cycle). Integration of the estimated growth rate from an initial to a terminal
crack size will define the required number of cycles (time) for the crack to e,.'tend to the terminal size. The terminal
size used in the analysis could correspond to the critical crack length, as defined by fracture mechanics. The analysis
of fatigue crack growth in metals has been developed in some det.,iW similar techniques are under development
for fiber composites.

Fatigue crack growth is influenced by a number of variables. These include:

a. Load c. Environment
T-perature Maximum
Minimum stress Temperature
Direction Atmospheric
Spectrum Pressure
Frequency

b. Geometry d. Material Properties
Crack size Material type .- metal, composite
Crack configuration Alloy and chemistry
Structural size and configuration Heat treat and processing

Microstructure and grain direction

The analysis methods for predicting fatigue crack growth must consider all these variables. Load and geometry are
basic factors that must be defined for the specific structure analyzed. Et vironmental and metallurgical factors are
included in the crack-growth data used for the analysis.

S...... ..__. . ..___________,________...................__________________,-
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2.3.2.1 Crack Growth Analysis for Metallic Structure

If zero crack initiation time is assumed for projectile damage, as recommended in 2.3.1.1, the prediction of damage
extension rates under cyclic loading can be done using the same analysis methods appropriate for conventional crack
growth. Many methods have been proposed in recent years for correlating fatigue-crack growth-rate data in terms of
the loading and geometric variables, and definitive description of any method is beyond the scope of this Manual. The
stress intensity factor (i~e., the fracture mechanics approach) is summarized below. This method has gained the
widest acceptance and is adaptable to a wide variety of structural configurations. The approach assumes that the
fatigue-crack growth rate is governed by the crack-tip stress field as given by linear-elastic fracture mechanics
theory. In this analysis the crack-tip stress field is directly related to the stress intensity factor, K, and this factor is
related to growth rate by:

-2a = F(K), (Eqn. 2-116)

AN

where; 2a fatigue-crack growth rate (inches/cycle);
AN

F(K) = a functional relationship determined by test.

The stress intensity factor is a function of the panel geometry, crack length, aod applied stresses. Solutions for the
stress intensity factor for various geometries and loadings are presented in Section 2.4. Additional information may
be found in References 2-56 and 2-57, among many.

The irifluence of material properties and environment is included in the functional relationship. Test data must be
used to define this information for each condition. Fatigue crack growth-rate curves defining this relationship for a
number of cases are presented in Figures 2-I69 tlhrough 2-171, for several structural materials. The growth rate is a
function of maximum stress intensity factor; that is, the stress intensity factor corresponding to the maximum value
of appiied stress in the load cycle. In cases where sufficient data was available an estimated upper bound on fatigue-
crack growth rate was included.
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The crack growth in a particular structural element is estimated by integrating the appropriate crack growth-rate
data for the spectra of loadings and environments imposed on the structure. This is done using an iterative technique. )
Satisfactory estimations can be made quickly by hand for many cases. However, computerized analysis methods, such
as described in Reference 2-58, provide the capability for evaluating a more complex loading environment. The
computer techniques also permit efficient investigation of several vatiations of the problem. In many cases, only
limited or perhaps no applicable fatigue crack growth data are available. In these cases, estimates must be made.
The effects of some variables that influence growth are discussed in the follhwing paragraphs to help in making these
estimates.

The crack-growth-rate versus rtress-intensity-factor curves are based on the maximum stress intensity factor in the
load cycle (corresponding to the maximum stress). Each curve is defined for a stress ratio R = 0, where

R aOmin/ O max (Eqn, 2-117)
K Kin /Kmax

The majority of the available test data in the literature are for this condition. When data for the required values of
R are not available, Figure 2- 172 can be used to estimate the crack growth behavior. In the case of reversed loading 71
(Omin < 0 and R negative), using the solutions for R - 0 will give good results. This is equivalent to neglecting the
negative stress part of the cycle.

Physical environment has a significant influence on fatigue crack growth rate. Generally, the influence of moisture
or high humidity is the most important. Experience from the behavior of commercial aircraft has shown that in-
service crack growth is often representative of the high-humidity or "wet" condition. Crack growth rates for tha wet
conditions can be several times that experienced in the laboratory air environment. Data from Reference 2-59
showing the influence of moisture on fatigue crack growth in two aluminum alloys are presented in Figure 2- 173. As
seen in the figure, the growth rate is accelerated in the 7075-T6 material by the environment. A similar result is
shown in Figure 2-174 for titanium alloy 6AI-4V.
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Cyclic frequency generally is not considered to be a major variable in fatigue crack growth analysis. Test data
supporting this conclusion are shown in Figure 2-175 for 7075-T6 aluminum alloy (Reference 2-60). Exceptions are
encountered in the case of long cycle times within a reactive environment. For most crack-growth estimates
conducted in support of impact damage analyses, cyclic loading irequency need not be considered.

The influence of temperature on fatigue crack growth is generally small. Aluminum alloys, however, do show an
increase in growth rate with. increasing temoerature. Other mnaterials, such as titanium alloys and steels, have
variable performance with temperature. The temperature influence on cyclic load damage extension for these
materials, however, can generally be neglected for the normal range of operating temperatures on aircraft.

The data presented in this section were generated with constant amplitude loading; that is, the load applied to the
test specimen was repetitive in size and shape. In aircraft structure, however, the loading has randomly sequenced
variable amplitudes with a changing mean stress. Estimating fatigue crack growth under these loading conditions
requires an estimate of the cycle loading spectruLm, and method of estimating the growth with variable load cycles.

The loading spectrum should be developed to• reflect the usage and configuration applicablea to the aircrat evaluated.

These requirements may come from procurement specifications or from an evaluation of the aircraft and mission. A
discussion of these loading variables is presented in Section I11.

It has been shown (Reference 2-61) that fatigue crack growth can be correlated on a cycle-by-cycle basis
corresponding to the individual load increases (that is, the portion oi the cycle with a positive slope) see Figure
2-176. It is suggested that the spectrum loading be analyzed using the individual load increases rather than the
complete cycle in the developed spectrum. The crack growth is then estimated progressively in sequence with the
load spectrum.

Load-cycle sequence has been shown (Reference 2-62) to influence fatigue-crack growth behavior. This is in part due
to the fatigue-crack growth for a given cycle being a function of previous loading history. It is suggested that the
interaction effects be neglected and the constant amplitude data be used directly for projectile damage tolerance
anal ysis.
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2.3.2.2 Damage Extension Andlysis for Fiber Composite Stru.s-ure

Composite materials such as glass-reinforced plastic, boron/epoxy, boron-polyimide, and graphite/epoxy, consist of a
brittl e. l....odulus fiber imbedded witoin a low-strength matrix. The matrix is generally more sensitive to fatigue
damag., thitn the fibers. When exposed to cyclic loading, the interaction of matrix and fibers caus, s varying
responses. For example, the direction of crack propagation is dependent on the fiber orientation as well as the
loading direction. Undirectional fiber-composite materials experience damage propagation between the fibers in a

direction which is generally parallel to the loading direction.

Cyclic loading of ballistic-damaged, crossplied, advanced composite materials often does not produce any discernible
damage extension. Consequently, the residual strength of ballistic-damaged fiber-composite structure may not
change with cyclic loading. In fact, in some cases an increase in strength can occur. This increase has been shown
for some layups of boron/epoxy, glass/epoxy, and steel-wire-reinforced aluminum. The data available are not

sufficient to allow a quantitative assessment of behavior. However, it does illustrate the complex behavior of
composite structure and the care that must be exercised when evaluating its behavior.



2.4 STIFFNESS DEGRADATION OF IMPACT DAMAGEr STRUCTURE

Stiffness reduction in impact damagee structural elements can be important from two standpoints. The first Is the
alteration of load distribution within the structure, potentially causing overloading and failure of undamaged
elements. The second area of potential concern is the residual stiffness of major structural components, since
stiffness degradation may lead to instability and control inadequacy. These two topics are discussed in the following
sections. However, there are few verified analysis methods for predicting stiffness degradation associated with
ballistic damage. Both of these stiffness degradation effects, but particularly the latter, become increasingly
significent as the extents of the inflicted damage becomes larger. Stiffness degradation may well be a problem for
HE projectile impacts, but it is generally insignificant with small arms.

2.4.1 Stiffness Degradation of Demaged Structural Elements

Stiffness reduction due to loss of area and deformation of the elements can cause significant redistribtution of the
internal loading in multiple-element structure. Analysis of structure containing damaged elements requires
evaluation of their stiffness alteration. Finite-element structural analysis techniques, for example, require a
definition of the stiffness of each individual element in the structural model. Section 2.2.2.1.2 describes a technique
for altering the stiffness of perforated elements.

Stiffness degradation of axially loaded panels due to projectile damage was studied previously by Martin-Marietta
under Air Force contract F33615-67-C-1660. From this study the following expression was developed for constant
cross-section, tension-loaded panels as shown in Figure 2-177.

- TLD b logTel-"T-b] (Eqn. 2-118)a tanoL a tan eog

,where change in compliance (deflection of element after damage divided by

61 defection before damage)

This expression assumes an ineffective area around the damage and constant stress on the remaining cross section.
The value of a for use in this expression was approximately 20-degrees, as determined by test. For finite-element
structural modeling it is suggested that this expression be used for partially damaged plate elements.

Similarly, for shear elements, the following expression was suggested:

(Eqn. 2-119)
0 .785 (TLD9

ab

Rod elements (or those axial-loaded structural elements for which the cross-section is small relative to the length)
generally will not suffer significant stiffness changes prior to element failure.. Therefore, for finite-element
evaluations, the stiffness of those that are not severed (but are partially damaged) would be equal to the undamaged

value.

Beam elements (elements carrying bending) can experience significant changes in bending stiffness due to partial
damage. When developing a finite-element structural model it may be necessary to include this stiffness change if
bending elements are included in the idealization.

2.4.2 Stiffness Degradation of Damaged Structural Components

Aircraft structure that is damaged by large caliber HE projectiles, can experience significant changes in stiffness at
the component level. For example, severe skin damage (panel detachment or rupture) in a wing can reduce the
torsional stiffness below the flutter requirements of the operating envelope. Severance of a wing spar could have a
similar effect. Empennage structure, because of the generally low flutter margins, also could be similarly vulnerable.

It is beyond the scope of this Manual to present flutter analysis techniques for damaged structure. The relationship
between projectile damage and wing flutter requirements was considered in Reference 2-63, using finite-element
techniques for developing the stiffness matrix of the damaged configuration. That study will provide guidance for
assessing flutter capability.
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2.5 STRENGTH DEGRADATION OF IMPACT DAMAGED STRUCTURE

Projectile damage destroys a portion of the load-carrying capability of the structure, alters the distributior, of
internal loads, and introduces a flaw which may cause failure by locally disturbing the stress field. The latter effect
is most significant with regard to the relatively small damage induced by small arms projectiles and dispersed
warhead or engine debris fragments. High-explosive projectiles can often create damage of sufficient size to
substantially degrade structural performance by all three effects. Estimating the residual strength of structure
damaged by projectile impact is a major step in predicting structural capability.

Predicting residual strength loss due to the destruction of load-carrying material is straightforward provided the
damage has been accurately determined. Thus, this aspect of the problem reduces to the problem of predict~ng
damage, using methods discussed in Section 2.2. The same comment applies to establishing the effects of internal
load redistribution. Once the damage is known, finite-element or other analysis methods can be used to determine
redistribution.

Unique problems do arise, however, with regard to assessing tih effects of the flaw introduction aspcct of prcject.ile
damage. These problems center around estimating the effective flaw size represented by the ballistic damage.
Historically, investigation in this area was initially directed at determining the effects of ballistic damage in
monolithic metallic tension members. This priority was established because tensile failure due to unstable crack

* growth emanating from a ballistic damage is the nost probable mechanism for causing structural failure due to
projectile impact in metallic structure. Consequently, most of the analytical development available for presenting in
this section pertains to tensile failure, or more precisely, fracture of tensile elements containing flaws induced by
projectile penetration.

In the early 1970's, attention was directed toward establishing the response of advanced fiber composite materials
(graphite/epoxy, for example) to projectile impact. Because of the high notch-sensitivity of many graphite/epoxy
laminate configurations, and the past experience with metallic structure cited above, the initial consideration was
tensile failure of damaged structure. Quite recently, the effect of delamination in degrading compression strength
has been identified as a serious problem. But again, the analysis methods for composites presented herein reflect the
early concern for tensile failure.

The analysis methods presented in this section for evaluating strength capability have been somewhat arbitrarily
organized according to structural complexity: 1) analysis of monolithic panels, 2) analysis of multiple load-path
panels, and 3) analysis of multi-element structure. The application of conventional and modified fracture mechanics
analysis to ballistic damaged panels is discussed under the first category (2.5.1). The extension of these approachesI~ to the requirements of panels having discrete stiffening members is discussed under the second category (2.5.2).
Finally, the analysis of damaged components using finite element methods is discussed under the last category (2.5.3).

2.5.1 Analysis of Monolithic Panels Containing Impact Damage

This section addresses analysis methods for predicting the effect of projectile damage on the residual tensile strength
of single structural elements. The topics presented include fracture mechanics analysis as applied to projectile

* damaged panels, the significance of the dynamic loading effects induced by impact and blast, and the influence of
combined stress conditions. The methods apply directly to monolithic components, but are distinct from the
strength-prediction methods presented later for multi-element structure which include consideration of the
interaction between elements.

Some fundamental aspects of the residual strength behavior of tensile panels are shown schematically in Figure
2-178, identifying two limiting cases denoted as "notch-insensitive" and "notch sensitive". In ductile materials, or
when the type of damage results in low stress concentration, residual strength is determined by the net cross-
sectional area of the member. This r'epresents notch-insensitive behavior, a. s the least-severe condition (greatest
residual strength). Predicting residual strength resulting from notch-inser.si .- behavior is straightforward once the
size of the projectile damage has been determined.

The most severe strength reduction occurs when sharp-edged cracks exist ".rittle materials. Failure in this case is
characterized by unstable, rapid crack growth, and the residual streikgth may be much lower than net area strength.
This is termed notch-sensitive behavior, and is associated with fatigue-crarck damage in metals. Linear elastic
fracture mechanics analysis is commonly used for assessing the notch-sensitive response of aircraft structure
containing sharp-edged flaws.

The residual strength of ballistic-damaged tension members does not usually fit either of these categories, but is
rather cften located in-between, referred to as transition behavior. The transition behavior of ballistic-damaged
members is due to the initial bluntness of the flaw created by ballistic penetration. Two distinct analysis approaches,
each invol-ving linear elastic fr,,a.ture mechanics (LEFM), have been applied to predicting residual strength resulting
from ballistic impact. The first approach ts a direct application of conventional LEFM, endeavoring to characterize
the geometric nature of the ballistic flaw so that failure can be predicted using Kc (critical stress intensity factor)
determined from fracture toughness tes'ts of specimens containing sharp-edged cracks. The second approach is a
modified application of J .FM, maiý ng use of an empirically determined "effective" critical stress intensity factor,
Ac, peculiar to ballistic tiaws and found from tensile tests of panels containing ballistic damage.

There is an additional co:sideration which 'Is -mique to projectile damage tolerance assessment: the apparent
strength of the structure i3 i.fluenced by the dynamic loadings and rate effects induced by the impact. Because of
this, structural elements :, .ky not be ablr to carry as great an applied load Ouring impact as immediately after
impact. "Impact fracture" is -he term i ed to describe the fracture of a stressed panel at impact. This type of
fracture occurs when local cracks initiated by the impact immediately propagate across the panel. The impact
fracture 1ailure mechanism is distinct from residual strength failure, in that residual strength failures occur when
surviving (but damaged) panels are subjected to increased loadings. Figure 2 179 depicts this distinction. From the
available data, a threshold level termed "impact fracture strength" can be defined, and this strength in some
materials is significantly lower than the corresponding static residual strength.
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Since the effects of combined stress conditions are also significant in the assessment of strength degradation, I
particularly when blast or hydrodynamic ram pressures are imposed on damaged structure, the discussion that follows
is organized into four categories:

2.5.1.1 Conventional Fracture Mechanics Applied to Ballistic Damage;

2.5.1.2 Modified Fracture Mechanics Applied to Ballistic Damage;

2.5.1.3 Dynamic Effects Associated With Strength Degradation

2.5.1.4 Combined Stress Effects

2.5.1.1 Conventional Fracture Mechanics Applied to Ballistic Damaged Panels

In the context of this discussion, conventional fracture mechanics means developing fracture criteria using a critical
stress intensity factor for plane stress determined from fracture toughness tests of panels containing a sharp-edged
central crack. Since projectile damage is generally n-t a sharp-edged crack, appropriate expressions for the stress
intensity factor associated with the damage pattern must be established. In principal this is not a particularly
difficult task, as demonstrated by the successful results of several investigations discussed below. Application,
however, requires the capability to predict the damage patterns resulting from diverse impact conditions. This latter
requirement is difficult to meet, leading to the modified fracture mechanics approach described in 2.5.1.2.

Equations for the stress field near a sharp-edged crack tip as given by linear elastic fracture mechanics (LEFM)

theory are shown in Figure 2-180(a). Based on this theory, any cracked structure that satisfies the basic assumptions
of isotropic, linear elasticity has the same stress distribution near the crack tip, and the amplitude of the stress is )
directly proportional to the stress intensity factor, K. Fracture criteria are based on the assumption that a material-
dependent value of the stress intensity factor exists, termed Kc (the critical stress. intensity factor), at which the
cracked panel will fail. The critical stress intensity factor is determined by test, and treated as a material property
subject to certain geometric limitations.

The stress intensity factor (K) depends on the applied stress condition and the geometry of the structural element.
For the case of an infinite panel containing a sharp-edged crack, and subjected to gross tensile stress as indicated in
Figure 2-180(b), the stress intensity factor is:

K - 0 VW-', (Eqn.Z2-120)

where:

0 = gross tensile stress;

a = half crack length.
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In many important applications, however, the panel to be analyzed is not of infinite extent and the flaw is not a
simple sharp-edged crack. For these applications, corrections are generally available and may be applied to the basic
equation above, providing the more general relationship:

K : VW-= Q (a) F (Eqn. 2-121)

where

a) a function providing correction for finite geometry
w

F a function providing correction for the deviation of the flaw shape from a simple sharp-edged
crack.

The crack length, 2a, must often be corrected for slow crack-growth that may occur prior to final fracture, and the
developmer* ý,f a plastic zone at the tips. This underscores the fact that measurable physical damage cannot always
be used d; fly in damage tolerance analysis, and this is particularly true with regard to ballistic damage. In fact,
translatin ne ballistic damage into an effective crack length is the fundamental problem of residual strength
predict"

Rela" Lships for calculating the stress intensity factor for various geometric configurations are available in the
fracture mechanics literature, References 2-56, 2-57, and 2-64, for example. Values of the critical stress intensity
factors are available for most aircraft materials. However, there are several important factors that must be
considered when applying fracture mechanics analysis to projectile impact damage. References 2-2, 2-4, 2-8, 2-16,
2-65 and others discuss variour aspects of the application. The most significant of these factors are the effect of
damage geometry since ballistic damage seldom corresponds exactly to a sharp-edged crack, and the effect of
damage spacing which may become significant in the case of multiple impacts from HE projectiles or missile
warheads. Additional factors, include the effects of plasticity, panel thickness, temperature, and the influence of a
reactive environment. The latter factors are of significance regardless of the source of the damage, and are
discussed herein primarily for completeness.

2.5.1.1.1 Effect of Damage Geometry

Ballistic impact damage ranges from cracks to smooth hoies depending on the material and geometry of the impacted
structure and the projectile impact conditions, as described in Section 2.2. Because of this, characterizing the flaw
shape is important step -when applying conventional fracture mechanics analysis to impact damage. Relevant
characterization is reported in Reference 2-65 describing an investigation to establish effective flaw sizes for
aluminum and titanium panels impacted by small-arms projectiles. Residual strength tests were conducted of
damaged panels and the results were analyzed using linear elastic fracture mechanics. Following, in part, the

terminology from Reference 2-65, the following measures of ballistic damage will be useful:

H maximum transverse extent of through-hole;
0

So maximum transverse extent of spall;

L° maximum transverse extent of cracking;

TLD maximum extent of structurally significant transverse damage without regard to type (but limited
to the three types above).

The term "transverse," as used above, means normal to the applied tensile load.

Figure 2- 181 summarizes the results of work reported in the reference. The fracture mechanics equations shown in
the figure incorporate specific finite width and plasticity zone corrections. The user may, of course, elect to
reformulate the equations using alternate forms of the corrections. Four types of ballistic damage in metals were
considered:

I. Crack-like damage in thin aluminum alloy sheets. This type of damage was induced by high-obliquity
impacts, with the obliquity plane in the longitudinal direction of the sheet. In this case, the damdge looks
and behaves like a crack. The half-crack length is taken as one-half the total transverse damage, aug-
mented by plasticity zone corrections. Good correlation between analytic predictions and test results were
obtained for 0.25-inch 2024-T851, 7178-T651, 7075-T7351, and 7075-T651 aluminum alloys.

2. Smooth, round holes in thin aluminum sheet. This type of damage has little back or front surface spallation,
and no visible cracks on either face. High velocity armor-piercing bullets at nearly zero obliquity may
produce damage of this form. It was found that the residual strength of 0.25-inch 2024-T51 containing
smooth, round holes from .50 caliber AP impacts, could be predicted by net area, similar to the behavior of
drilled holes in a ductile alloy.

3. Ragged hole with cracks in thin sheet. This type of ballistic damage is frequently generated in thin sheets,
and consists of through-cracks extending in several directions from an irregularly shaped hole. The cracks
change direction as they radiate from the hole. The term "petalling" is sometimes used to descrihe this
damage pattern. Good correlation was obtained with test results for 0.114-inch 6AI-4V titanium by
applying a correction fator dependant upon the minimum tip angle athefresda gexens

applinga crretio faorepedan upn te mnimm tp agl at the farthest damage extent, as
indicated in Figure 2-181.

4. Through-hole with surrounding spall in thick plate. Damage of this type occurs when thick aluminum plates
0(3/-inch and thicker, for example) are penetrated by armor-piercing projectiles or fragments. The back
surface spall surrounding the hole may be extensive, and may or may not contain visible cracks. Good
correlation for 0.50-inch and 0.75-inch 7075-T651 plate (impacted by .50 caliber AP bullets) was obtained
using Bowie's (Ref. 2-67) analysis for a circular hole with edge cracks. The length of the edge cracks is not
known, a priori, and must be determined in a way that provides test currelation.
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E1l1ptical and Rectanguar Damage Shapes (Extracted iran Ref. 2- 1)

Many ballistic impact damages, particularly those resulting from HE projectile fragments, appear to be elliptical or

rectangular, with cracks emanating from the elliptical or rectangular hole. Reference 2-68 reports some analytical\

characterization of the stress intensity lactors for these types of flaws, ar,d these results are presented in the

following paragraphs.

The stress intensity factor for an elliptic hotl with edge cracks may be presented in the form

K =, --F, (Eqn 2-122)

Values of Fe for the configuration and notation of Figure 2-182 is presented in Figure 2-183 end Table 2-28. The
stress intensity factor for a rectangular hale with edge cracks may be presented in the form:

K F (Eqn. 2-123)

with Fr for the rectangular flaw in Figure 2-182 corresponding to Fe for the elliptic flaw in Equation (1). Values of

Fr are shown in Figure 2-184.

A nondimensional crack length can be defined such that:

D
S2c(Eqn. 2-124)

and the parameter s can be introduced (Ref. 2-69):

(D/2)-c

D/2 
(Eqn. 2-125)

Upon subsituting Equation (Eqn. 2-124) into Equation (Eqn. 2-125), one obtainsi

A- l (Eqn. 2-126)

The parameters Fe and Fr as a function of s and A are given in Table 2-29. Table 2-29 was ;eveloped with the use of
curves in Reference 2-69.

For values of s greater than 0.4 (see Table 2-29), the flaw shape and dimensions have little effect on Fe and Fr which
are approximately unity. Furthermore, for this condition, the stress intensity factor, in effect, depends only on the
crack length plus hole length (i.e., the total damage) and not the ratio of crack length to hole length. As s decreases
below 0.4, for all practical purposes the crack-flaw interaction parameters in Table 2-29 decrease monotonically with
decreasing s. In situations with D/2 + c (i.e., X + I), the crack lengths are quite small relative to the flaw length and
Fe and Fr approach zero. Thus, the effect of the crack diminishes as s approaches zero in the sense that the
computed stress intensity factor becomes quite smiall.

b

ELLIPTIC FLAW WITH RECTANGULAR FLAW WITH j
TWO CRACKS TWO CRACKS

FTr

Figure 2-182. Goapitric Definition of Elliptical end Rectangl Hoain with Two Edge Cracks
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Ref 2-4 f-f

1.2.

U. ":"-THEO-RE'rlIcIAL LIMIT b" 0

0 Mal- "O 1. IT.

K- a-WK-

1 0.4 97/

1.,042 0.66 069 .02 049

106 r .06 090 .14 056

1.0 1. 4176 1.6 1.8 20 21 2 2A4 2.6

2c"\ Figure 2.183. Stress Intensity Correction Factors for Cracks Emanating
\ from an Elliptical Hole in an Infinite Plot@ Subjected to

Unlaia~fl Stress

Table 2L2a Correction Factors for an Elliptical Hole with Edge Cracks
i (Infinite Plote Subjected to Uniaxisl StrwO

1.2b K - 0 .7F,

Ref. 2-14, 2-68

FI .(11-r,2) F42- 0-5)i F.(Q-) F.(b- 2) .. ,
1.02 0.90 70667 0.4614 0.3026 M2114
1.03 -- 91197 007742 - - -
1.04 m9m 0.6= .06 014297 -
1.55 00013 0.1811 - - 0.3137
1.06 1.0006 0`-s 0.7104 06`484 -
1.011 1.0`179 0.91114 117943 0.5843 0.446
1.10 1.0205 0.9826 0`040 0.0401 0.5027

1.1 .0202 1.02 1 049322 107475 0.0601
1.20 1.0176 1.0377 0771 0.8241 -
1.25 .. . 0`--724B

.10 - 103 1.031. 0.926
1.40 - 1.0317 1036 .07m MOW1,50 -- 1.01540 1.o246 -
1,.55 - - 0.9279
1,.00 . 1.0571 1.0483 -
1.91) - 1.04W 1.0714 1,4063
2.00 -- 1 .0400 1.0777 -
2.,G --- 1.01515

2.20 - -1.0 1.0728 17
2.40 - 1,0251 .7- 1.0788
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Rots. 2-14
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Figure 2.184. Correction Factonw for a Rec rang/er Hole with Edpe CrecksI (Infinite P/eta Sub/ocrel to Uniexiel Stres)

Tab)e 2-29. Crack.Flaw Interaction Parameten For Elliptic And Rectanguler Flaws
b4.0 1.0 0.26 0.1

*"tF* Fr F* Fr Ft Fr F* F r F* Fr F* Fr

1.0 1.00 N.A. 1 .1100 1.00 1.00 1.00 1.001 1.00 1.001 1.0011 N.A 1) 100

0.6 2.5 1.09 N.A. 1.00 1.01 1.06 1.01 •9 1.01 0.93 1.01 NA. 1.01

0.5 2.0 1.00 N.A. 1.10 1.01 106 1.01 0,•9 1.01 0.99 1.01 NA. 1.010.4 1.60 0,1P N1. 1.01 0.s 1,06 1.02 1.00 1 2.0 1.0 1.0 N.A. 1.3

0.3 1.43 0.87 NA. 0.96 0.86 1.04 0.96 1.00 1.04 1.0]0 1.06 NA. 1.06

0.2 1.26 0.72 NA. 0.67 0.71 1.02 0.82 1.00 0.92 1.00 0.96 NA. 1.0101 1.11 0.52 N.A. 0.65 0.49 0.86 0.60 1.00 0.70 1.02 0.76 N.A. 0.87

0.08 1.00 0.44 N.A. 0.50 0.44 0.80 0.64 0.95 0.62 1.02 0.50 NA. 0.80

0.06 .063 0.40 NA. 0.52 0.38 0.72 0.47 0.91 0.54 0.6 0.61 A. 0.71

0.0 1.042 0.33 N.A. 0.44 0.31 0.61 0.38 0.84 0.44 0.93 0.51 NA. 0.60

0.02 1.02 0.23 N.A. 0.31 0.22 0.45 0.27 0.66 0.31 0.07 0.36 N.A. 0.42

(1) N.A. moons not available Raf, 2-14,2-09
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2.!6.1..2 Effect Of Damage Spacing - Multiple impact D•mage

This section addresses the residual strength of structure containing closely spaced multiple impact damiges. The
discussion is applicable to damage from HE projectile fragments or from warhead fragments impacting in close
proximity. Because of this proximity, the damages may interact with each other, either by direct physical intersec-
tion or by the superposition of the local stress fields about adjacent damages. When this occurs, the damages can no
longer be treated as isolated flaws as described in the previous section.

The method described here for assessing the residual strength of multiple impact damaged structure was developed in
association with the BR-2 computer code (Reference 2-14). It employs a linear elastic fracture mechanics
methodology applicable to isotropic metallic structure, but could possibly be applicable to fiber composites with
quasi-isotropic symmetric lay-ups. There is very little substantiating test data available for either metals or
composites.

Figure 2-185 illustrates the multiple damage phenomena and the concept of an effective damage size. The figure
shows fragment impacts generated by detonation of an HE projectile, but the concept is applicable to any threat. In
(a), because of the very high areal density of the impacting fragments, individual fragment damages do not occur.

The effective damage controlling structural degradation is essentially a single sharp-edged hole. In (b), individual
damages are apparent and, significantly, they are spaced quite closely so that their separate stress concentration

fields can superimpose. The effective damage size in this case depends on the size and spacing of the damages. In
(c), at a still greater stand-off distance, individual damages are still evident, but they are widely separated.
Interaction between damages will be negligable, and the effective damage size will be largely determined by the
largest single damage size, as with the case of single penetrations.

In order to quantitatively establish the effective damage size resulting from a fragment pattern, the effect of
superimposing the local stress fields associated with adjacent damages must be determined, as indicated in Figure

2-186 for the case of two collinear damages. In this case, the local stress fields are additive, causing a higher stress

at the interior edges of each damage. The initial failure mode anticipated would be a transverse fracture initiating
at these inner edges, causing the two cracks to merge. Subsequent panel failure would depend on the capability of
the panel to contain the merged crack at the stress levels induced by the flight envelope.

The significance of stress field superposition depends on the size of the individual damages and their spacing and
arrangement relative to each other, The result of superposition is not always an increase in local stress; in some
cases a reduction may result from the shielding of a damage by surrounding damages.

DAMAGE NO INTERACTION
INTERACTION,*- ---OUETWEEN DAMAGE

DETONATIONFRAGMENT

DETNAIO MAXIMUM CONE size
4 EFFECTIVE ___

Ub D04GE RESULTANT
0 sizs -EFFECTIVEDAMAGE SIZE

Se - INOiIv ,.

DISTANCE FROM CENTER OF DETONATION

0 THE EFFECTIVE DAMAGE SIZETDff

DETERMINES RESIDUAL TENSILE
STRENGTH OF THE PANEL

00

. I % .
t

'FIF

TDg" Tbef
(Al INDIVIDUAL IMPACTS NOT iB) INDIVIDUAL DAMAGES (CI NO INTERCONNECTION

DISTINGUISHABLE TEND TO INTERCONNECT OF INDIVIDUAL DAMAGES

Figure 2- 18 Variation of Franment Ilopcr Densfty With Standoff Distance
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!LOCAL STRESS I
DOUETOO 6 .. - LOCAL STRESS

A

Figure 2-186. Closely Spaced Dam"ges Showing Raulrant
Supiposdtion of Lo01l Stre Fields

Reference 2-14 presents analytical predictions of damage interaction effects for isotropic, homogenous materials
(eg., metals), based on linear elastic fracture mechanics analysis described in Refs. 2-111, 2-112. This is, of course,
the same approach described in the previous section for application to single damages. For the case of multiple
damages it is convenient to define the ratio:

K
o)= (Eqn. 2-127)

where

K = The stress intensity factor at the tips of cracks comprising the multiple damage pattern;

K f the corresponding stress intensity factor for a single crack; m

Ofor the case of uniform tension loading.

Values of n1 for various damage patterns are available in Reference 2-14, and several of these damage patterns plus
others are presented an the following pages (Figures 2- 187 to 2-196). Application of these results in predicting
residual s;trength following multiple impacts entails the following steps:

I. Define the impact locations andi impact conditionm of the multiple penetri,".ors, based on threat characteristics
and engagement conditions.

2. Determine the probable effective sizes of the individual damages using suitiib'e damage size models.

3. Examine the damage pattern, and estimate local failure regions leading to damage merging, based un the
information presented in Figures 2-187 to 2-196 and suitable values of the critical stress intensity factor for the
materials considered.

4. Assess overall panel failure, based on the most probable overall failure roc,!.

The analysis described above is not a simple one If a complex damage pettern in involved. Results are very
configuration dependant, and computer-aided analysis supported by testing rr'- well be required to generate design
information of broad application. The following detailed discussion of Figur,.!, 1. 187 through 2-196, extracted from
Ref. 2-14, is provided to develop a qualitative understanding of the interactsins 3f crack-induced stress fields.

It is convenient to refer to a normalized opening motie stress-intensity factor

K --K K (Eqn. 2-128)

with D being the crack length. In the case of a single through-crack (or if the crack interaction effect is negligible),
"Ko equals unity. In the case of multiple cracks, Ko is a measure of the effect of the crack interactions on stress-
intensity factor, and Ko may be greater than, less than, or equal to unity.

With regard to a pair of collinear, equal length cracks in a tensile stress field normal to the cracks (Figure 2-187), the
effect of the interaction is to raise Ko above unity ai all the crick tips. Furthermore, when !ach of a pair of equal
cracks is parallel to the other, and the applied tensile stress is perpendicular to the cracks i ire 2-188), the effect
of the interaction is to decrease K0 below unity. The decrease of Ko below unity is a rest,' one crack successfully
shielding the other crack from the applied tensile stress field.

-L------------- ~ -
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Figure 2-196. Stress Intensity Factor for the Upper and Lower Cracks

In contrast to the cwo equal paralle! cracks in Figure 187 is the case with three equal parallel cracks in Figure 189.
As a result of the interaction of the central crack with the other two cracks, the stress intensity factor at the outer
cracks is somewhat reduced from the valles in Figure 187. Furthermore, the nuter cracks shield the inner crack,
which has a stress intensity factor (Figure 189) substantially below that of an outer crack.

The single crack, ihe pair of collinear criscks, nnd the pair of parallel cracks may be taken as the starting point of an
investigation of the effect of the interaction of multiple track. having more comple:c geometrical patterns. When a
pair of collinear cracks is superimposed on a pair of parallel cracks (Figure 2-190), the ne;, effect of the interaction
depends on the length of the crack as well as the spacings between the cracks. For the geometry in Figure 2-190, K
will be less then unity if the parallel cracks have a greater effect on the interaction than the collinear cracks have.
Shielding is effective (i.e., Ko > 1) if the parallel spacing parameter D/

2
ST is greater than 0.5, even in cases for which

the collinear spacing parameter D/SL is as largc as 3/4 (where D is the crack length transverse to the stress field).

The line of centers of parallei "rarks of equal length does not have to be parallel to the applied stress in order to
produce efiective shielding (i.e., K5, > !). The normalized stress intensity factors at the inner and outer edges of a
pair of collinear cracks that interact with each other and a crack that is parallel to each of them are shown in Figure .4
2-191. For some combinations of D/SL and D/ 2

ST the shielding by the lower crack results in Ko less than unity.
l-:owever, for other combinations of D/SL and D/ 2ST the shielding is not effective (i.e., Ko < 1).

The effect of the shielCing by th,! collinear cracks on the single crack beneiath them is shown in Figure 2-192. As a 4
result of the interaction, Ko at the crack edges of the lower crack may be greater than, rqjal to, or less than unity.

The pattern of the five cracks in Figures 2-193 and 2-194 differs from the pattern of three cracks only beca.use of
the additional pair of collinear cracks. It appears that the added shielding resulting from the add'tional pair of
collinear cracks lowers the stress intensity factor at the outer cracks for all combinations of D/FL and D/2ST-
However, the regular pattern of the aJditional shielding raises the stress intensity factor at the edges of the central
crack of the five cracks for many combinations of D/SL and D/23T.
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In contrast to the three-crack pattern is the four-crack pattern of Figures 2-195 and 2-196. The additional crack is
parallel to the other cracks and results in a diamond pattern. The introduction of the fourth crack increases the
stress intensity factor at the edges of the collinear cracks for many combinations of D/SL and D/2ST. However, the
introduction of the fourth crack tends to reduce the stress intensity factor at the edges of the other non-collinear
crack.

The multiple crack patterns in Figures 2-187 through 2-196 are much too regular to simulate the flaws that can be
induced by the detonation of a high explosive projectile in a structural compartment. However, some uf the analytic
results that are exhibited may be generalized for application when there are many penetrations of the structure. For
example, when there is a high density of damages in a plate, it may be hypothesized that the outer cracks
successfully shield the cracks in the interior (i.e., Ko will be less than unity for the cracks throughout the interior of
the damaged zone).

When fragment penetrations occur following an internal blast of a high explosive projectile, there is uncertainty as to
the exact location of the largest fragment penetrations, especially from the side spray. However, it is clear that if
the shielding of the interior flaws is effective, the most severe strength degradation will occur if the largest cracks
occur on the periphery of the penetration zone and are oriented in such a way as to promote the onset of fracture.
Therefore, in analyses for predicting the onset of fracture when there is a densely penetrated zone, one may assume
that the most damaging flaws and cracks are located on the periphery of the predicted penetration zone with the
cracks oriented in such directions that will induce an early fracture.

Because of the projectile velocity and/or the target plate properties such as thickness, there may be situations v hen
there is a sparsely penetrated zone rather than a densely penetrated zone. When there is sparse penetration, Figures
2-187 through 2-196 may be used without extrapolations for predicting the intet action effect on the stress intensity
factors,

2.5.1.1.3 Additional Factors Influencing Tensile Fracture

Alt! oughi damage geometry and spacing are the most unique factors, there are other important factors which must be
considered in any application of fracture mechanics. For example, testing has shown that material chemistry
variations within the allowable composition limits produce significant variations in fracture thoughness. In addition,

fracture toughness values vary with the grain (rolling) direction. The degree and direction of variation is dependent
on the material and heat treatment considered. The differences resulting from grain directions can be as large as
two to one for many structural materials, with the short transverse direction (i.e., through the thickness) generally
experiencing the low values. When evaluating structural periormance, care should be exercised to obtain data ior the
same crack and load orientations. Additional factors influencing fracture toughness, including plasticity, thickness,
temperature, and reactive environment, are summarized below.

Effects of Plasticity

The assumptions of linear elastic behavior are not strictly true in many cases due to the plasticity near the crack tip.
For the critical case of brittle behavior, the plastic zone is small and the inaccuracies of the analysis due to
plasticity are assumed to remain constant for a given material and thickness, thereby allowing the use of the analysis
meti'od in these terms. In cases where the plastic zone at the crack tip is a significant fraction of the crack length,
however, the plasticity will alter the crack-length/stress relationships presented. This situation may exist for small
cracks or for materials thiat exhibit large plasticity. In these cases additional empirical data is required for
predicting failure stress levels.

Effect of Panel Thickness

Panel thickness has a significant influence on fracture behavior. In thin-gage panels the crack tip is in plane stress,
while plane-strain conditions exist in thicker panels due to the increased constraint. The thin panels fracture by
shear, resulting in an inclined fracture face. Thick panels fail by plane-strain cleavage (opening mode), resulting in a
flat fracture surface. The opening mode (cleavage) critical stress intensity factor is termed KIC or "the plane-strain
fracture toughness". Due to the increased plasticity (less constraint), the plane stress fracture toughness, K c , result
in higher toughness for thin-gege materials. With intermediate panel thicknesses there is a transition where the
fracture surface will be partiaily flat. This effect of thickness is illustrated in Figure 2-197. Figure 2-198 presents
fracture toughness values from References 2-71, -72, -73 for several structural materials as a function of thickness.
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Effect of Temperature

The influence of temperature has a notorious history in the performance of cracked structures. A classic example of
this is the temperature-augmented fracture of the Liberty Ship hulls of World War II. Aircraft structure in service
operates in a wide range of environments. These environments must be considered in the residual strength analysis to
ensure realistic performance estimates.

Generally, fracture toughness will decrease with decreasing temperature. An example of extreme temperature-
sensitive fracture response produced by unusual processing is shown in Figure 2-199. Available data (References 2-71
through 2-78) for fracture toughness (Kc) as a function of temperature for several structural materials are presented
in Figures 2-200 and 2-201. The data shown are not allowables, but they do define trends for the materials
considered. This information can be used in residual strength predictions for damaged structure. It is anticipated
that impact-fracture behavior will follow the same trend.
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Figure 2-199,Temperature Sensitive Fracture Response
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Effect of Reactive Environment

Possible reactive environments applicable to aircraft structure include high humidiy, water, salt solution, cleaning
solvents, fuel and hydraulic fluids. Structural materials that have cracks and are exposed to reactive environments
have demonstrated quite different behavior than that for basic undamaged materials. An example of this is titanium
alloy 8A1-IMo-IV. Smooth specimens have shown a high resistance to stress corrosion in salt water. However,
specimens with a crack have failed in salt water at loads significantly below the failure load in air. These failures
result frorm the combination of stress and environment at the crack tip causing the crack to extend with time.
Titanium alloys and high-strength steels are subject to this behavior for certain conditions. An example of extreme
stress corrosion cracking behavior is shown by the data presented in Figure 2-202.

The data for stress corrosion cracking is usually presented as shown in Figure 2-203 for titanium 6AI-4V. The data
from Reference 2-77 define the time to failure for given initial values of stress intensity factor. As can be seen
there is a threshold value for stress corrosion cracking (KISCC). Test data for several steels from Reference 2-78
are presented in Figure 2-204 for a simulated sea water environment. Aluminum alloys generally are more resistant
to stress corrosion cracking behavior. These data were obtained in the short transverse loading direction for a salt
water spray environment. Figure 2-205 presents some results from Reference 2-79 where the growth rate is related
to the stress intensity factor K.
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2i.5..2 Modified Fracture Mechanics Approach

This section presents several residual strength methods which are modifications of the conventional fracture
mechanics approach described in Section 2.5.1.1. These methods have proved useful in predicting the residual tensile
strength of metallic and fiber composite structure containing projectile damage. The first modified approach
discussed (2.5.1.2.1) makes use of an effective critical stress intensity factor for projectile damage. This parameter
is determined empirically, and is used in lieu of the critical stress intensity factor Kc. The second topic presented
(2.5.1.2.2) addresses additional analysis methods for predicting the residual tensile strength of projectile damaged
fiber composite panels. These methods are included in this section because they are, indeed, modifications of
conventional linear elastic fracture mechanics analysis.

2.5.1.2.1 Effective Critical Stress Intensity Factor For Projectile Damnage

As mentioned in the previous sections, ballistic damage is physically dissimilar to --harp-edged cracks, and the
geometry of ballistic damage is complex and difficult to predict by available analysis methods. As described in
2.5.1.1.1, the successful application of conventional fracture mechanics analysis to ballistic -induced damage
consisted of:

1. Determining a value of Kc for the ma terial by conventional fracture toughness tests using sharp-edged cracks;

2. Determining measures of damage that, when used as effective crack lengths, provide accurate prediction of the
* critical fracture of the ballistic damaged panel.

The advantage of this approach is that it makes use of available fracture toughness data, i.e., values of Kc are
generally available, or are routinely determined as part of the structural development of an aircraft. The
disadvantage is the difficulty of determining stress intensity factor relationships for complex ballistic damage shapes,A
and then developing the further analysis capability needed to relate the ballistic damage geometry to the projectile
impact conditions and the structural configuration. This latter capabiliLy is important, since the final analytical
objective entails predicting residual strength given the projectile impact conditions and the structural configuration.

In view of this, a more direct approach was taken in the work reported in References 2-2 and 2-8, by adopting a
simple measure of damage as the effective crack-length, treating all ballistic damages as central cracks, and
empirically determining an effective critical stress intensity factor from tensile tests of ballistic damaged panels.
The measure of damage used in) this approach (Ref. 2-2) is the transverse lateral damage, i.,the maximum extent of
structurally significant damage (holes, cracks, spall) transverse to the applied tensile stress. The effective critical
stress intensity factor, called Ac herein and in Reference 2-2, is def ined as:

AC oc VTD(Eqn. 2-129)

ac gross stress at failure

TLD maximum transverse damage, as shown in Figure 2-206.

0,

TLO - TRANSVERSE DAMAGE

A~ C 0 (-.LTLD) %
2

TLD ac= GROSS STRESS AT FAILURE

PROJECTILE
DAMAGE

-v-I---
Figure 2-206~. Critical Stress Intensity Factor for Projectile Damage
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Values of Ac For Metalic Structure

Numerical values of Ac must be determined experimentally from tension tests of damaged panels. The
experimentally determined critical stress and the initial transverse damage size are used in Eq. 2-129to calculateAc.
Reference 2-2 presents a detailed analysis of Ac determinations for 2024-T81, 7075-T6, and 6AI-4V. The average
values of Ac obtained are summarized in Table 2-30. It is felt that these values of Ac are representative of the
materials tested, and may be used for more accurate predictions of residual strength than may be obtained from
lower-bound predictions using the fatigue-crack stress intensity factor, Kc. The test data is presented in Tables 2-31
and 2-32, consisting of over 80 fracture tests including a wide range of panel thicknesses. The predominant projectile
used in these tests was .50 caliber AP impacting at velocities between 1200 Lnd 1600 feet per second.

T@ 2-30L Values of A. for Sevoral Meoa

STANDARD

MTERLA¢ STANDARD ERRORMATERIAL DEVIATION OF THE NUMBER(s W) , MEAN OF TESTS
(k*./In.)

2024-TSI
(TRANSVERSE GRAIN) 53.6 6.3 4.2 4

7075-T6
(TRANSVERSE GRAIN) 86.6 12.8 2.8 20

7076-T6
(LONGITUOINAL GRAIN) 91.9 14.9 2.7 31

6 AI4V
(TRANSVERSE GRAIN) 162.0 21.5 5.3 23

Table 2-3f. Experimental Date, Residual Static Fracture
S, uirC .R TTARGET
BALLISTIC THREAT RESPNSE

TARGET THICKNESS (INCHES) PROJECTILE MEAN

TARGET TOTAL (AND NUMBER OF TESTS AT THICKNESS) TYPE IMPACT MEAN MEAN
ATERIAL NO. OF .30 .50 .50 20 VELOCITY TLD

C r. 61. CAL CAL 1MM (FPS) W "y
o [AP AP BALLI

"* 7075-T6 (1)
TRANSVERSE 20 3 1 2 2 3 5 2 2 1I 3 2 1353 0.204 0.537
GRAIN
7075-R 6 (1) (2) (2) (2) -

LONGITUDINAL 31 1 2 4 7 1 8 8 27 4 1543 0.191 0.757
GRAIN

2024- T81 4
TRANSVERSE 4 1 3 4 1292 0.200 0.479
GRAIN

2024-TBI
LONGITUDINAL I 1 1 1270 0.303 0.533
GRAIN

2024- T3
TRANSVERSE 1 1 1 1500 0.158 0.895
GRAIN

6AI-4V (3)
TRANSVERSE 23 2 5 8 4 4 1 19 3 1559 0.204 0.759
GRAIN

6AI-4V
LONGITUDI NAL 1 1 632 0.093 0.800
GRAIN

(2) SOURC' REFERENCE (2-65)
(3) SOURCL. REFERENCE (2-8)
(1) SOURCE: REFERENCE (2-65)
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Table 2-32. Calculations for Residua, .tatic Fracture Model

TARGET P
TEST TARGET TARGET WIDTH X PROJECT- IMPACT IMPACT TLD TLO a AC
NO. MATERIAL THICKNESS LENGTH ILE VELOCITY ANGLE (IN) w

(IN) (IN) TYPE (fps) DEGREES) (KS) (KSI VIN
REF. 7075-T6 0,032 12 X 36 .50 AP 576 0 3.50 0.291 20.0 46.9
2-2 TRANSVERSE 0.032 12.X 36 .50 AP 1310 0 1.53 0.128 37.8 58.6

GRAIN 0.032 12 X 36 ,50 AP 1105 60 1.44 0.120 41.0 61.7
0,063 12 X 36 .50 AP 1875 0 1.05 0.087 48.9 62.9
0.090 12 X 36 .50 AP 1216 0 2.16 0.180 41.2 76.0
0.090 12 9 36 .50 AP 1017 60 2.70 0.225 29.4 60.6
0.125 12 X 36 .50 AP 1248 0 4.10 0.342 23.8 60.5
0.125 12 X 36 .50 AP 1369 0 2.30 0.192 34.0 64.6
0.250 12 X 36 .50 AP 1410 0 3.70 0.308 25.0 60.3
0.250 12 X 36 .50 AP 1644 0 1.90 0.159 37.5 64.6
0.250 12 X 36 20 imi 1370 0 1.58 0.132 49.4 77.8
0.250 12 X 36 20 mm ?16 0 1.80 0.150 35.3 59.4
0.250 12 X 36 .50 AP 1985 0 0.84 0.070 51.9 59.6
0.375 9 X 36 .50 AP 1650 0 2.40 0.267 52.0+ !01.0+
0.375 9 X 35 .50 AP 1580 0 3.55 0.395 29.6 70.0
0.500 7 X 36 .50 AP 2040 0 1.60 0.229 45.0 71.3
0.500 7 X 36 .50 AP 1840 0 1.73 0.247 51.0+ 84.0+

REF. 7075-T6 0.190 18 X 36 .50 BALL 1111 0 4.80 0,267 23.7 65.2
2-55 TRANSVERSE 0.190 18 X 26 .50 BALL 1127 0 2.60 0.144 30.7 62.6$ GRAIN 0.190 18 X 36 .50 BALL 1250 0 2.70 0.150 21.5 44.3

REF. 7075-T6 0.090 12 X 36 .50 A 1120 20 1.46 0.122 52.0 78.8
2- LONGITUDINAL 0.125 12 X 36 870 0 1.52 0.127 58.6 90.5

2 GRAIN 0.125 12 X 36 1082 0 2.35 0.195 43.3 83.2
0.375 9 X 36 50 AP 1370 0 1.50 0.167 56.6 86.9

REF. 0.190 18 X 36 .50 BALL 677 0 3.45 0.192 29,3 68.3
2-55 0.190 18 X 36 .50 BALL 1175 0 2,85 U.159 45.0 95.2

0.190 18 X 36 .50 BALL 1105 0 1.70 0.094 41.5 67.9
0.190 18 X 36 .50 BALL 1265 0 3.35 0.186 28.5 65.5

REF. 0.250 12 K 32 .50 AP 1265 0 1.87 0.157 53.8 92,0
2-8 0.250 12 X 32 .50 AP 1351 0 1.45 0.122 60.7 91.90.250 12 X 32 .50 AP 1320 0 2.24 0.188 49.8 93.4

0.250 12 X 32 .50 AP 1381 0 2.42 0.204 45.4 78.7
0.250 12 X 32 .50 AP 1266 0 1.91 0.151 62.3 107.9
0.250 16 X 32 .50 AP 1333 60 2.85 0.179 48.2 102.-4
0,250 16 X 32 .50 AP 1408 60 3.58 0.225 40.1 95.0
0.500 12 X 32 .50 AP 1787 0 1.79 0.150 58.1 97.3I 0.500 12 X 32 .50 AP 1810 0 1.58 0.133 64.8 102.0
0.500 8 X 32 .50 AP 1821 0 1.70 0.213 60.7 99.2

I 0.500 12 X 32 .50 AP 1779 0 1.47 0.124 56.5 8C.0
0.500 12 X 32 .50 AP 1817 40 1.86 0.156 51.5 88.0
0.500 12 x 32 .50 AP 1804 40 1.92 0.162 47.8 83.0
0,500 12 X 32 .50 AP 1801 40 2.14 0,180 38.5 70.6
0.500 12 X 32 .50 AP 1819 40 1.95 0.164 41.4 72.6
0.750 8 X 32 .50 AP 1936 0 2.11 0.271 64.3 118.5
0.750 8 X 32 .50 AP 1976 0 2.12 0.265 62.8 114,3
0.750 8 X 32 .50 AP 1941 0 2.25 0.281 57.6 108.2
0.750 8 X 32 .50 AP 1920 0 1.91 0.239 51.7 89.6
0.750 8 X 32 .50 AP 1920 15 2.19 0.274 62.0 115.0

7075-T6 0.750 8 X 32 .50 AP 1916 15 2.31 0.289 63.0 120.0
LONGITUDINAL 0.750 8 X 32 .50 AP 1937 15 2.14 0.268 55.7 102.0
GRAIN 0.750 8 X 32 .50 AP 1912 15 2.32 0.290 44.5 85.0

-- 0.160 172 r36 .0 AP 2 0 1.30 -57TO, O 41. 59.7REF 2024-T3 50A 08 .7 .2
2-2 TRANSVERSE 0.250 12 x 36 .50 AP 1080 0 2.75 0.229 27.5 57.3

GRAIN 0.250 12 .36 .50 AP 1364 0 3.15 0.263 20.4 45.3
S0.250 12 x 36 .50 AP 1438 0 3.15 0.263 23.4 52.0

2024-T81 LONG- 0.250 12 X 36 .50 AP 1270 0 3.64 0.303 31.4 75.1ITUDINAL GRAIN ,.

2024-T3TRANS- 0.250 12 X 36 .50 AP 1500 0 1.90 0.1583 45.0 77.5
VERSE GRAIN

6AL-4V 0.032 12 X 36 .50 AP 1680 60 1.40 0.1167 96.2 142.8
TRANSVERSE 0.032 .30 AP 1489 60 2.67 0.223 63.1 129.5
GRAIN 0.090 .50 AP 727 0 2.68 0.223 90.6 186.0

0.090 .50 AP 1165 0 5.95 0.496 49.5 151.4
0.090 .50 AP 888 0 3.9G 0.325 82.5 204.0
0.090 .50 AP 1225 0 2.40 0.200 100.3 195.0
0.090 20 MM 1211 0 1.15 0.096 106.4+ 143.2+
0.125 .50 AP 1152 60 4.70 0.391 62.8 171.0
0.125 .50 AP 1339 60 1.62 0.135 117.2 187.0
0.125 .50 AP 1358 60 1.88 0.157 112.4 193.5
0,125 12 X 36 .50 AP 1100 0 2.10 0.175 117.2+ 213.0
0.250 X 36 .50 AP 2350 0 1.15 0.144 95.6 128.8
0.250 8 X 36 .50 AP 1940 0 1.77 0.222 95.6 159.5
0.250 B X 36 20 MM 434 0 1.20 0.150 95.8+ 131.6+0.250 8 X36 2W1 207 0 1.75 0.219 99.4 165.0

REF. 0.114 9 X 9 .50 AP 2200 0 0.92 0.102 108.3 130.0
2-65 0.114 9 X 9 .50 AP 2200 0 1.43 0.159 105.2 158.0

0.114 9 X 9 .50 AP 2200 0 2.48 0.276 81.4 161.0
0.114 9 X 9 .50 AP 2200 0 1,15 0.128 102.5 138.0

60.114 9 X 9 .50 AP 2200 0 2.50 0.278 74.6 147.9
6AI-4V 0.114 9 x 9 .50 AP 2200 0 1.55 0.172 98.5 153.9
TRANSVERSE 0.114 9 X 9 .50 AP 2200 0 1.51 0.168 109.3 168.0
GRAIN 0,114 9 X 9 .50 AP 2200 0 1.33 0.148 116.0 168.0
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Values of Ac for Fiber CoMposite Structure

A survey of available test data on the residual tensile strength of ballistic damaged graphite/epoxy and boron/epoxy

laminates was completed in 1974 (Ref. 2-27). Following the approach just described for metals, the relationship

shown below was investigated for application to advanced fiber composites containing ballistic damage:

oc AC/Ftu
F Acf•,u (Eqn. 2-130)

tu TFM
where:

ac = gross tension stress causing fracture;

Ftu = ultimate tensile strength of laminate (undamaged);

Ac = critical stress intensity factor for ballistic impact damage;

TLD = the length of the effective ballistic damage transverse to the applied tension stress.

"it was found that this relationship provided good correlation of residual strength test results obtained from thin
laminates 01 the 0, +45, 90 layup family, as indicated in Figures 2-207 to 2-210. The measure of effective damage thatbest correlated the test data was:

S.-D LD
en

where:

LDen Predicted mean entry damage from the model given in Section 2.2.1.2.2,en
I
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Average values of Ac/Ftu were found tor each material. In addition, statistical data was generated for each
material to establish allowable values as presented below:

Ac/Ftuvfn STANDARD .90 CONFIDENCE
MATERIAL AVERAGE DEVIATION .90 PROBABILITY

Graphite/Epoxy 0.574 0.098 0.393

Boron/Epoxy 0.509 0.059 0.401

A very significant rLSult was determined concerning the numerical -due of Ac for graphite and boron/epoxy
laminates, and this has been further substantiated by subsequent data. Most test data involving the 0,±45,90 layup
family (with 0-degree fibers in the tensile direction) can be correlated well using a constant value for the ratio
Ac/Ftu. The value selected for best overall correlation was:

Ac = 0.5 (Approximately). (qn. 2-131)
Ftu

This results in the following expression for residual tensile strength:

Ac 0.5 0.40A,- T- 0 
(Eqn. 2-132)

tu , TLD ~TLD
The above relationship provides a simple and useful method for predicting the residual tension strength of ballistic
damaged laminates that are controlled by 0-degree fibers in the tensile direction.

Application of Ac in Residual Strength Assessment

Once values of Ac have been established which reflect the impact conditions and structural materials of interest,
they are used in lieu of Kc in residual strength assessment. The transverse effective damage is used as the crack
length, and this may be obtained from the damage prediction analysis methods presented in this Mc.nual. The success
of this approach depends in part on the degree of scatter in experimental values of Ac. This scatter has been found to
be :small enough that Ac can bo regarded as a pseudo-material property within the range of ballistic conditions
investigated. (Ref. 2-2)

Several programs (References 2-2, 2-12, 2-55, 2-4, 2-63 and 2-67) have investigated the correlation between A c and
Kc. Experimental values of Kc were determined in References 2-7 and 2-55 from specimens also used for ballistic
strength testing, providing a direct comparison of Kc and A c. The results from Reference 2-55 are shown in Figure
2-211 for both transverse- and longitudinal-grain 0.190-inch 7075-T6. Although the residual strength behavior of the
b. ';istic damaged panels is muc& closer to notch-sensitive than notch-insensitive response, all the data points are
clearly in the transition region.

A RESIDUAL STRENGTH OF
IMPACT DAMAGED PANEL
7075-TO (TRANSVERSE GRAIN)

70 .50 AP PROJECTILE IMPACTS 70 7075-T6 (LONGITUDINAL GRAIN)
0.19- x 18- x 3W-in PANELS 0.50 AP PROJECTILE IMPACTS

0.19- x 18- x 36-in PANELS

60 so -4.

540 so -
40RTRANSITION

4t0-40 - TRANSITION
30 -• 30 - 7 k ,i'lln- +

20 -20 KC -55 ksiv•"
•-••Ke - 39 ksi V i

10 10 1

0 1 1 -A 0 1 1 I I I I 0 .L _ - -- _ _ L _J _ _ __ _0 1 2 3 4 5 6 7 8 9 1 1V 12 0 1 2 3 4 5 6 7 8 9 10 11 12

TRANSVERSE '-ATERAL DAMAGE (in) TRANSVERSE LATERAL DAMAGE (in)

Figure 2-211. Comparison of Ballistic Damage (Ac ) and Fatigue Damage (Kc) Residual Strength



183

It is believed that this behavior is typical and that the relative mAgnitude of Ac depends primarily upon the extent of
cracking inflicted by the impact. In general, the tendency to crack decreases as thickness Increases beyond a t/d
ratio of approximately 1:3. Consequently, it would be expected that the fracture response of impact damaged sheets
will appear to be more notch-insensitive as thickness is increased. The available experimental data confirm this
expectation, as may be seen from Figures 2-212 and 2-213 for 7075-T6. These figures compare A c with values of Kc
obtained from References 2-72 and 2-73. The values of A c were computed from References 2-2, 2-23, 2-65, 2-a and
2-35.

Figures 2-212 and 2-213 can also be used to demonstrate the probable effects of fatigue cycling on the residual
strength of ballistic damaged panels, since, A c defines the strength with projectile damage while K defines the
strength with a fatigue-sharpened notch. As shown by the data, for thicker gages the value of Kc is muF.h jower than
Ac. Cyclic loading can produce a significant reduction in strength by changing the character of the damage without
a significant increase in damage size. This may occur quickly (with few cyclic load applications) making it
appropriate to use Kc rather than Ac for residual strength evaluations at times other thin immediltely after threat
exposure, to assure conservatism. The reader should also refer to 2.5.1.3.1 at this point, as it is shown there that
dynamic effects induced by the existence of applied tensile stress at the time of impact also cause an apparent
reduction in Ac.

120 RANGE OF Ac (BALLISTIC DAMAGE)

0

U. RANGE OF TYPICAL K. (FATIGUE DAMAGE)

- 7075- TO TRANSVERSE GRAIN
.J.50 CAL AP DAMAGE FOR Ac A ETDAAPIT

SO Kc TEST DATA POINTS

L 0

PANEL THICKNESS (In)

Figure 2-2 12. Compari.son of A~ a nd Kc for Long Transvense Grain 7075-T"6
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S6 - RANGE OF TY9PICAL Kc (FATIGUE DAMAGE)

cc 40

7075-TB LONGITUDINAL GRAIN
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0 1 - I. .. I II I . ---
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Figure 2-213. Comparison of Ac and Kc for Longitudinlr Grain 7075-T6

120in II i
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2.5.1.2.2 Additional Residual Strength Prediction Techniques for Fiber Composites

Reference 2-17 describes several analysis methods for predicting the residual tensile strength of ballistic damaged
advanced fiber composites, chiefly graphite!epoxy. These methods are, in most cases, modified versions of linear
elastic fracture mpchanjcs. None of the methods are completely verified by test, reflecting the overall uncertainties
with regard to predicting failure in these materials, regardless of the source of damage.

Method #I. This method was developed by K. King (Ref. 2-12), using experimental data from several sources,
including laminates damaged by ballistic projectiles, sawcuts, and drilled holes. The approach is fully documented in
Ref. 2-12 and applies to composite laminates containing 0-degree fibers that control the laminate strength and
stiffness in the tensile direction. There are many applications of this type of laminate in aircraft design, including
the 0,+45,90 family, and +45 graphite hybridized with O-degree fiberglass or Kevlar.

The prediction can be expressed in the following way:

7Eo 2/3 (Eqn. 2-133)
R G eff

where,

R = Critical stress ratio

- tu , with

CC : grosS tension stress causing fracture

Ftu ultimate tensile strength of laminate (undamaged)

E = Modulus of elasticity of a uniaxial laminate of the O-degree material
0

G = Shear modulus of elasticity of the hybrid laminate

Teff The length of the effective ballistic damage transverse to the applied tension stress field (inches), i.e.,
length of a sharp-edged crack causing equivalent structural degradation,

TD LDen for all laminate thicknesses (Eqn. 2-16, page 77)
eff e

This model was formulated from residual strength testing of laminates having a wide range of fiber/resin systems and

layup configurations. The formulation incorporates the following assumptions:

a. The model applies only to laminates whose tensile strength and stiffness is controlled by 0-degree fibers;

b. The stress distribution in the vicinity oi the damage is parabolic, with ultimate stress at the damage tip when
fracture initiates at the critical gross stress.

c. The region of stress concentration extends away from the damage tip to a lateral distance determined by the
parameters c/F tu, G, and I/Eo.

The relationship may also be written as:

0
c 1

Ftu I , (0.397) ()2/3 (TD )2/3 (Eqn. 2-134)

G eff
As seen above, the method predicts thaL the ratio of fracture stress to ultimate strength depends on Eo/G, and the
damage size. In an all-graphite laminate of the 0,+45,90 family, the ratio Eo/G depervs only on the percentage of
+45 fibers, since Eo is determined by the fiber/resin system (typically, Eo is about 17(10) psi for graphite/epoxy).

Figure 2-214 shows predicted values of Oc/Ftu for several 0,+45,90 laminates, using Method 1. Available test data is
also shown, obtained from Ref. 2-12, for 0/+45/90, 02/05, and 02/+45/90 laminates. The correlation is very good.
Predictions for residual tensile strength using the Avery/Porter method are also shown, represented by the
relationship Kc/Ftu: 0.5. The two methods converge for the quasi-isotropic laminates plotted, but differ
substantially for the 0/90 laminate.

Figu e 2-215 was extracted fcom the Advanced Composites Design Guide, AFML, Nov. 1971, and may be used to
estimate Eo, G, and Ftu of graphite/epoxy la.minates in cases where specific test data is not ava,.,ule.
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Method #2. Waddoups, et al, (Ref. 2-104) proposed that there is an inherent flaw (or intense energy region)
associated with a particular composite laminate that can be used in the prediction of the fracture stress. This
inherent flaw was assumed to control the static strength of the undamaged laminate and was analogous to the crack
tip plastic zone in metals. The inherent flaw size (ao) was assumed to exist at the edge of holes and was used to
correlate fracture strength with hole size. This resulted In the following expressions for fracture.

For slits (through center cracks):

SK c fc [It(a+a0)] (Eqn. 2-135)

For holes:

Kc ["] 01 F(ao/R) (Eqn. 2-136)

For unnotched strength:

w Kc fc ao (Eqn. 2-137)

where-

ao one-half inherent flaw length;

f -fracture stress;

K critical stress intensity factor;

a = one-half slit length (for through center cracks);

R = hole radius;

F(a /R) z Bowie function for cracks emanating from a hole.

Method #3. Another view of fracture in composites was presented by Whitney and Nuistner (Ref. 2-105). In this
development, fracture is assumed to occur when the stress at some characteristic distance do ahead of the notch is
equal to the ultimate tensile strength of the laminate. This analysis is applied to both holes and cracks and makes use
of the "exact" linear elastic stress distribution around the discontin'iity. This results in the following expressions for
fracture.: For slits:ost(Eqn. 2-138)

i"Q = tuJ

= a=a+d (Eqn. 2-139)
0

For holes:

Oc 22 2 2+3 4 where R

ILu 0 (Eqn.2-140)

For unnotched strength:

Oc F Ftu

where:

K the apparent crilkcal stress intensity factor;

Ft ultimate tensile strength;

a = half crack length;

d = characteristic distance;
0

cOc = critical fracture stress;

R = hole radius.

Whitney and Nuismer also presented a fracture criterion where failure is initiated when the average stress ahead of
the notch over some characteristic distance ao is equal to the unnotched laminate strength. This analysis yields thefollowing results when developed for through cracks and holen:

For slits:

K F i[i ao %] (Eqn. 2-141)

S= a (Eqn. 2-142)
2a + a

• -- 0
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For holes:

oc 2(- 14, (Eqn. 2-143)

tu (2-4- )4

4R
R+a 0

For unnotched strength:

Ft
ac = tu

Comparing the data developed In Reference 2-7 for holes and slits over a range of damage sizes gives the resuits
shown in Figure 2-216. As shown in the figure for damage sizes greater than one Inch, analysis predicts a difference
in fracture stress due to flaw shape Otole vs. slit). Available test data for panels containing holes and slits confirm

this result.
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Figure 2-216. Effect of Flaw ShW,. on Fracture Reponae

7f GraphitetEpoxy Laminatee

Method •4. This moethod developed by Konish (Ref. 2-109) includes experimentally determining the critical stress
i"n-'n-ity factor (K 0 ) for a uniaxial laminate. The critical stress intensity factor for each layer in the laminate is
then calculated as follows.

W K0Qi// i = layer number (Eqn. 2-109)
F Ii

where:

[:1 T.1 Q.1  ~.1 .41022/011 (Eqn. 2-110)jt2 [Qi i] I

[Ti1] is the tr nsformation matrix relating'layer stresses in principal coordinates to layer stresses in global
coordinates, [Qi~j is the stiffness matrix of each ply in the global coordinate system, and Pij i is the laminate
compliance matrix relating laminate strains to laminate stresses. It should be noted that the alovi equation is for a
laminate with a crack in the global y-direction and must be transformed by 90 degrees to obtain the KIF of a
laminate loaded in the x-direction.F

Figure 2-217 shows a comparison of predicted Kc vailues with test results for several graphite/epoxy andwraphite/glass hybrid laminates. Correlation is poor for this data.
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Method 05. A fundamental approach toward predicting fracture in composites has been developed by Cruse (Ref.

7i• uY'I'his method consists of computing the strain energy release rate of the laminate (GQ) as the welglted sum
of all the layer strain 'nergy release rates, Gi.

n (Eqn. 2-1461
GQ = : Gi tilT, (n :number of plies)

~i 1

where:
Gi CiK 2

= Q:

P1i +2 2 i 2iii 2  i (Eqn. 2-1471
i 1 -2 + 2 .22i .

t. the thickness of the ith ply;

T the laminate thickness;

K = the experimentally determined critical stress intensity f actor of laminates of each ply orientation;
for example, K s determined from fracture tests of 0-deg laminates, 90-deg laminates, and
+45-deg laminat's.

.ij is the transformed compliance matrix of each layer. The f racture toughness of the laminate is then:

K =

where C, and Ci in eqoation 2-147 are similar except that laminate compliances are used in place of layer
compliances.

Figure 2-218 shows a comparison of predicted critical -stress intensity values with test results for several

graphite/epoxy and graphite/glass hybrid laminates. Correlation is good for most of the laminates tested.
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2.5.1.3 Dynamic Effects Associated With Strength Degradation

There are two phenomena loosely catagorized as "dynamic" effects which can have a significant influence on the
strength degradation caused by projectile impact. The first phenomena influences the strength of the panel at the
time of impact, and is associated with the dynamic effects of the impact combined with the applied stresses existing
in the panel. These applied stresses are, of course, due to the operational flight loads. The second dynamic effect
arises when transient pressure loadings due to hydrodynamic ram or blast impinge on panels containing damage. The
transient loadings introduce a dynamic stress field in the vicinity of the damage, requiring the consideration of
dynamic stress intensity factors when assessing residual tensile strength.

2.5.1.3.1 Effect of Applied Tensile Load

Available experimental data (Ref. 2-2) shows that metallic panels, under tensile load PDplied prior to the impact,
frequently fail at impact, even though the applied stress levels are below those required for residual strength failure.
This behavior is clearly shown in Figure 2-219, which shows test results for 7075-T6 aluminum impacted by small
arms projectiles. In this tigure, it can be seen that impact fractures occurred at stress levels significantly below
those required for the residual static fracture of similar panels which were first damaged without applied load. This
is an effect of obvious significance, since it implies that failure predictions based upon residual strength data will
tend to overestimate the strength of stressed panels.

7075.-T
,0.250 IN.

70 * IMPACT FRACTURE
so - IMPACT NO FRACTURE

0 A RESIDUAL STATIC
50 -A FRACTURE

S40 - RESIDUAL STATIC

hFRACTURE

S0
30A

0
CC 20

W IMPACT
FRACTURE

10L tIIII I L J

.3 .5 1 2 3 4 5
TLD. INCHES

Figure 2-219. Typical Impact Fracture and Residual Strength Data

Test data is very limited. At presert, the controlling parameters and their influence upon impact-fracture behavior
are not fully understood. One reason for this is that the applied loads in the vicinity of the damage are complex, due
to the dynamic interaction between the impacting projectile and the structural member. In addition to thf appliedstatic load, the damage area may experience dynamic stresses caused by:

"o Local bending or "denting"
"o Gross dynamic bending and twisting
"o In-plane "wedging" forces front projectile penetration.

In addition to the loading considerations meroned above, the following factors are thought to influence impact-
fracture.

I. The dynamic conditions of a running or suddenly appearing crack produce a dynamic increase in the crack tip
stress field.

2. The dynamic conditions at the crack tip can result in a more brittle material response.

3. The dynamic stress conditions will be cyclic, which can result in fatigue damage extension.

Impact Fracture Analysis Methods

A limited amount of test data are available for characterizing impact fracture of 7075-T6, 2024-T81, 6AI-4V
titanium and some fiber composite materials. The most comprehensiv- set of test data is for 7075-T6 as reported in
References 2-2. Data for other materials are limited, and additional testing is required to verify prediction methods
and to establish design allowables.

In Reference 2-2 and others, the possibility of predicting impact fracture in a manner analogous to that used for
residual static strength was examined, The static fracture behavior (residual strength) of ballistic damaged metal
panels has been characterized by A c (see Section 2.5.1.2.1), the effective critical stress intensity factor for ballistic
damage. A similar characterization for impact fracture is given by the formula:
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A• a:• TLD (Eqn. 2-148B)

a - threshold applied stress for impact fracture

threshold stress intensity factor for impact fracture

TLD damage transverse to the applied stress

The table below. (from Ref. .- 2) compares Ac and A': for transverse grain 7075-T6 panels impacted by .50 caliber AP
projectiles. These are very rough estir..ates from incomplete data. However, the estimated values of Ac are
appreciably below the Ac values.

7075-T6 ALUMINUM

ROLLING GRAIN TRANSVERSE TO APPLIED LOAD

Estimated Estimated
Impact Fracture Static Fracture

Thickness Ac Ac

(in.) (ksiNiW) (ks i VF)

0.090 48.9 68.3
0.125 42.6 62.5
0.250 34.0 66.6
0.375 51.4 87.0

(Ref. 2-2)

Additional comments on the observed impact fracture response of several aluminum alloys and some preliminary
results for advanced composites are presented below.

Longitudinal Grain 7075-T6. Review of the limited available data indicates that the estimated lower bound for A*
falls within the range of typical Kc values. The results of this review are presented in Figure 2-220. The typical Kc
values were established from available test data. Based on the data presented, it would be reasonable to use Kc as a
lower bound for threshold impact fracture for longitudinal grain 7075-T6 in thicknesses up to 0.750 inches. Further,it is noted that the experimental lower bounds on At tend to lie in the upper portion of the Kc envelope as the panelthickness in increased. This indicates that using Kc for a lower bound may cause an unnecessarily severe penalty for

thicker sections; i.e., the impac, failure predictions may prove to be too conservative. lo avoid this conservatism,
the data indicates that it would be reasonable to use "typical' or actual Kc values for thin sections to predict a lower
bound for threshola impact fracture for panel thickness up to 0.75 inches. As seen in the figure, A0 for longitudinal-
grain 7075-T6 ranges between 55 and 75 ksi Vi., with no appreciable thickness effect evidernt.

Transverse Grain 7073-T6. Reference 2-2 provides considerable impact-fracture data for transverse-grain 7075-T6,and several data points are reported in Ref. 2-55. Evaluations of A"c are compared with a Kc data envelope in Figure2-221. The A'c estimates fall within the Kc envelope, as with the case of lorqitudinal-grain 7073-T6; however, the
A'c data tends to fall in the lower rmgion of the enveloLe. The range of Alc for transverse-grain 7075-T6 is between
33 and 50 ksi Vin., as compared with 55 to 75 ksi Vln. for the lower-bound range of Ac for the longitudinal-grain
configuration.
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Figure 2.22 1. Impact Fracture Tougihnen /& an Ky of Transvers Gre/n 7075.T6

2O24-T81 Aluminum. In Reference 2-2, a number of transveise-grain 2024-T81 panels were tested for .impact
fracture. T-h-e i'• ilts were for thicknesses of 0.160 and 0.250 irnches. The average ,• for these data is 41 ksi v1I.

6Al-IDV MIL Anneal Titanium. Considerable transverse-grain 6A1-4V impact-fracture data is reported in Reference
2-2. In general, impact fracture did not occur in this material and it appears that the residual static strength

S~predictions may be used.

SFiber Composite Materials. Experimental work v•,th certain layups of fiber composite laminates has shown, as with
metals, that the impact-fracture strength can be below the residual static strength. This is illustrated by some
available impact-fracture and rer!dual strength data shown in Figure 2-222. Test data for stressed boron/epoxy

panels impacted with .50-caliber AP projectiles are shown, indicating the bracketing of the impact-fracture
threshold. The residual strength of the ballistic-damaged panels and saw-cut notched panels are shown for

Using the available data for boron/epoxy and graphite/epoxy given in References 2-11, 2-12, 2-99 through 2-101 and
2-16, an analysis using the A'c approach as described for metals was developed. it was found that the impact
fracture toughness (A^'c) could be established by using the effective damage size (TOeff) due to the projectile impact.
The effective damage size is defined as the equivalent idealized flaw causing structural degradation. This Is normally
set equal to the predicted penetrater damage size, thus assumingK that the maximum damage Is oriented transverse to
the stress field. As shown for residual strength, normalizing the test data to ultimate strength can be used to
correlate materials having diverse layups and strength levels.

The numerical results of this assessment of test results are summarized in Table 2-33. The test date, covers a range
layup configurations and ultimate strength values. As seen in the table, there was some variation in 'l'c/Ftu with
different fiber systems and loadings. It should be noted that the impact-fracture toughness ( Me) was not a constant
percentage of ballistic-damage residual fracture toughness (Ac) for these test results, but demonstrated some
variation with fiber/matrix types.
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Table 2.33. Impact Fwr•su Dew Awr Compooerm A

Oraphltajlpoxy

T50-,%% 0.54 0.61
AS/rA01 1.01 > 1.01 TD,"ff = eop sin

HT-S fllat 0.36 0.61 0ý - threehhold strei for Impsct fractwg
HM4 fiber >0.19 0.63

<0.311 t:: A, -
Sornepoxy 

Ti

Tension 0.41 0.51 o€ - statik* id l ftute
Bearns, bendingl 0.48 0.53 srs te matdral

Test reslts am reported in Reference
Hybrids 2.12. Thesa results Indicated that

the ONIMCt fracture thr.W.oid stress
01SGL-/•AS 4 AS101 1.07 m:> 1.07 w not below the static residual

o2SGLA804 AS13Wo I 1.24 I>- 1.24 fi0cttM sties.

02SGLA452 T300/94 .1.07 1.07

2.5.1.3.2 Dynamic Stress Intensity Factors (From Reference 2-14)

When stresses are suddenly applied to a plate containing a crack and maintained at constant value for some arbitrary
length of time, the stress-intensity factor is a variable function of time. In the case of suddenly applied extensional
(i.e., membrane) loading there is a peak (Reference 2-8I) in the opening mode membrane stress-intensity factor at
the nondinensional time, r = 2.9, where:

e2c2 t/D (Eqn. 2-149)

where:

D D Damage size

t = Actual time (seconds).

c is the distortional wave speed given by:

2j " (Eqn. 2-I 50)c 2 P

where G Shear modulus

p Mass density (e.g., ,iugs/ft 3 )

Thus, the time required to obtain the peak in the membrane stress-intensity factor is

t : 2.9D/2c2  (Eqn. 2-151)

In the case of the suddenly applied bending moment (Ref. 2-82), the dynamic bending stress-intensity factor
approaches the static stress-intensity factor without experiencing a peak. When r r 2.9, and with Poisson's ratio =
0.3, the dynamic bending stress-intensity factor is 65-percent of the static value if 2h/D = 0.5, and is 73-percent of
the static valuc if 2h/D is unity. Ratios of the dynamic to the static bending stress-intensity factors are not
available for other 2 h/D ratios.

As a consequence of this, and the discussions presented in and in Sections 2.5.1.1.1 and 2.5.1.4, it is recommended
that the peak dynamic stress-intensity factor be computed from

K =a(V) Fc M) 0 . 5 0 b( _l ) Fc (0)GM )Fd,b (Eqn. 2.152)

where

1.0 if 2h/D;> and r = 2.9

Fdb 0.73 if 0.5<2h/D<l and r = 2.9 (Eqn. 2-153)

10.65 if 2h/D40.5 and r = 2.9

if the peak dynamic stresses am and ab are maintained for the nondimensional time rs 2.9. However, if the
duration of the application of the stresses am and ob is such that r exceeds 2.9, it is recommended that Fd,b I
be used in Equation (2-152) in ordet not to underestimate the effect of the bending on the stress-intensity factor.
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In Equation (2-12), Fc ( X)G( ,) accounts for the interaction between the crack and flaw. For a pair of cracks from

the ends of an elliptic flaw. replace Fc with Fe from Figure 2-183 or Table 2-29. For a pair of cracks from the ends

of an axis of a rectangular flaw, replace Fc with Fr from Figure 2-184. Until new experimental data becomes

available for the fragment penetrations of high explosive projectiles, let the crack length be 0.03 inch in the

computation of X.

Insofar as 0 m and Ob in Equation (2-132) are concerned, as stated previously, let Om and Oh be the peak values

that are maintained continuously for at least t k 2.9 D/2c (see Equation 2-131). An alternate approach is to use

time averaged stresses that are maintained continuously fgr 2!2.9 D/2c Fracture is predicted to occur if K from

Equation (2-1 32) is greater than Kc. Otherwise, tj~e absence of fracture i•predicted.

The concept of time-average stresses in Equation (2-152) is based on heuristic reasoning, in order to arrive

subsequently at predictions of fracture. Test data from carefully controlled tests are needed to assess the accuracy

of fracture predictions based on the use of peak and/or average stresses in Equation (2-132).

2.5.1.4 Effect of Combined Stress (From Reference 2-14)

In panels subjected to internal pressures from the detonation of high explosive projectiles or from hydrodynamic ram,

there will generally be combined bending and membrane stresses. Crack propagation or catastrophic failure will be

due to the combined state of stresses, and, the failure criterion should take into consideration the interaction

between stress-intensity factors due to the membrane response and the bending response.

For an infinite plate with a crack of length D that is subjected to an in-plane extensional (i.e., membrane) stress am

that is oriented normal to the crack, the opening mode stress intensity factor is:

S(Eqn. 2-154)

If the membrane stress 0 m is replaced by a bending moment per unit length, Mb, such that the axis of the bending

moment is parallel to the crack,the opening mode stress-intensity factor is (Ref. 2-80).:

K(Eqn. 2-155)

with 1b = 6Mb/h 2  (Eqn. 2-156)

It the aforementioned crack were replaced by d radial crack of length D emanating from each ond of a diameter of

the circular flaw of radius R, then

(Eqn. 2-15•7)

Kb =ab y--D F(D/2R)

where F(D/2R) is a monotonically decreasing function given in Table I of the Roberts and Rich paper (Ref. 2-50).

Equation (2-157) reduces to Equation (2-155) when R = 0.

Using the notation from Section 2.5.1.1.1, an alternate form for Kb can be developed, namely:

K 7 N;'_E 1 F(1.-I) (Eqn. 2-158)Kb Ob

In the case of cracks emanating from rectangular or elliptic flaws rather than circular flaws, there are no equAtions

available for determining Kb because of the lack of the analytic function F( A-0) in Equation (2-158). Until exact

analytic solutions become available for Kb in cases of cracks from the axes of elliptic and rectangular flaws, it Is

recommended that Equation (2-1 59) be used elliptic flaws and Equation (2-160) be used for rectangu!ar flaws. Thus,

for an elliptic flaw,

Kb b C. .# 1 Fe(X)G()() (Eqn. 2.159)

where Fe( A) can oe obtained from Figure 2-183 or Table 2-28 from Section 2.5.1.1.1. G( X) is obtained from Figure

2-223. Appendix C of Reference 2-14 includes additional information on G( X). For a rectangular flaw:

K V (Eqn. 2-160)

with F to be obtained from Figure 2-184 of Section 2.5.1.1.1.r

For circular flaws with cracks, Kb from Equation (2-157) will equal Kb from Equation (2-150) because of the

definition of G(X). With the use of G( A) in Equations (2-159) and (2-160), the error in Kb for elliptic or rectangular

flaws is unknown; hr.ever, it is believed that the error in Kb will not be of major significance. Moreover, it is

believed that In many practical problems, membrane effects will predominate over bending effects and consequently

the errors introduced by the use of Equations (2-159) and (2-160) will be of secondary importance in fracture

predictions.

__
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From elementary stress analysis, based on linear theory, the total extensional stress on the outer fibers of a plate
under combined membrane and bending loads is

a =- m + ab (Eqn. 2-161)

If Oo is the extensional stress on the outer fiber and ai is the extensional stress on the inner fiber at a plate cross
section, then

om z (o0+ a )/2 (Eqn. 2-162)

and
S- a /2 (Eqn. 2-163)°b 0o i

Analogous to the concept of superimposing a bending and membrane stress to obtain a total extensional stress, one
may superimpose an opening mode benrling stress-intensity factor, Kb, with an opening mode membrane stress-
intensity factor, Km, to obtain a total opening mode stress-intensity factor, namely,

K' : Km + Kb (Eqn. 2-164)

In general, the opening mode stress-intensity factor is computed and compared with the fracture toughness Kc in
order to predict the presence or absence of fracture for a particular problem. When comparisons with Kc are to be
made for fracture predictions, it is recomended that K' from Equation (2-164) be replaced with:

K = Km + 1 Kb (Eqn. 2-16-)

The reason for introducing 1/2 before Kb in Equation (2-165) is based on experimental data and the recommendation
in Reference 2-113 that for a quick estimate o, crack growth rates in plates under cylindrical bending, one may use
the extensional (i.e., membrane, data by merely replacing K(m) by Kb!2.

L..I.......
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2.5.2 Analysis of Multiple Load Path Panels Containing Impect Damage

Many structural configurations cannot be represented as monolithic panels in assessing strength degradation from

impact damage. The wings of transport aircraft, for example, often consist of skin with riveted stiffeners. The

stiffeners can provide damage-containment or crack -arrestment capability that is not considered in the element

residual strength analysis procedures presented in Section 2.5.1. Since the crack-arrestment capability can

significantly improve the residual strength of damaged structure, fhe stiffening must be included in the analysis. This

section discusses the response of stiffened panels to projectile damage, and available analytical techniques for

residual strength prediction.

Figure 2-^24• shows several typical damage configurations involving skin and stiffeners. In Figure 2-224(a), the

damage is confined to the skin between the stiffening elements. This would be typical of a small-arms impact into

the skin between stiffeners, or an entry damage from a delay fuzed HE projectile. In (b) the damage is confined to

the skin but reaches into two skin bays. This damage configuration, often used in fatigue-damage analysis, is

probably not typical for projectile Impact damage. When the skin damage extends into more than one bay, the

intermediate stiffener normally would be damaged. This is illustrated in (c) where both the skin and stiffener are

damaged with the skin damage extending into two bays. Damage of this type will generally be the critical case for

projectile impact damage tolerance analysis.

HE projectiles have the capability to damage several skin bays, and sever all the intermediate stiffening elements.

For the particular case investigated, the threat and structural parameters such as stiffener spacing must be used to

establish the extent of damage.

A) DAMAGE BETWEEN STIFFENERS 8) DAMAGE ACROSS A STIFFENER
-STIFFENER INTACT

C) DAMAGE ACROSSA STIFFENER - STIFFENER FAILED

Figure 2-224. Typical Damapv Configurations Involving St,ffman and Skin

2.5.2.1 Analytical Approach

The following discussion of the tensil, failure of damaged stiffened structure is drawn from H. Vlieger (Ref. 2-88,

2-107 and 2-108). In a cracked stiffened panel, the stiffener tends to decrease the stress at the crack tip by

permitting the transfer of load from sheet to stiffener. In this connection, two dimensionless parameters are

significant: the tip stress reduction factor and the stiffene'r load concentration factor. The tip stress reduction

factor, Y, is defined as the ratio of stress intensity factors for sheets with and without stiffeners.

y= K stiffened < 1. (Eqn, 2-166)Kunstiffened

The stiffener load concentration factor is defined as the ratio of the maximum stiffener load and the load in the

stiffener at the end of the anel, remote from the damage:
-,C a.] (Eqn. 2-167)

Fmax >i
mFJ stiffener

The values of both Y and C depend on the relative stiffness of shaet and stiffener and on the ratio of crack length and

"stiffener pitch.

Two basic cases of stiffened panel failure will be considered. The residual strength diagram for the stiffener critical

case is shown in Figure 2-225 and the skin critical case is shown in Figure 2-226. For the stiffener critical case

consider a simple panel with two stiffeners, containing a central crack. When this panel contains a crack that is

small at the onset of instability, the stress condition at the crack tip will hardly be influenced by the stiffeners, and
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the gross stress causing unstable crack propagation will be the same as that of an unstiffened sheet. When the
unstably growing crack approaches the stiffener, the load concentration in the stiffener will be so high that the
stiffkner fails without stopping the crack.

When the panel contains a crack extending almost from one stiffener to the other, the stiffener will be extr-rmely )i
effective in reducing the stress intensity at the crack tips, resulting in a higher value of the gross stress at crack
growth initiation compared with the unstiffened sheet, With increasing panel load, the crack tip will get closer to the
stiffener and due to the inherent increase of stiffener effectiveness, the crack growth will remain stable. Fracture
of the panel will occur at the stress level indicated by i due to the fact that at this level the maximum stress in the
stiffener has reached the ultimate strength of the stiffener material. I
When the crack is of an intermediate size (2a), there will be unstable crack growth at a stress slightly above the
fracture strength of the unstiffened sheet, but this will be stopped uoder the stiffeners. After crack arrest the panel
load can be further increased. During the application of this final load increment, the tip stress is also raised and
some additional stable crack growth may occur before the ultimate stiffener load is reached, again at the stress
level.

For the simple example in Figure 2-225, the foregoing considerations imply a predicted residual strength curve of the
shape indicated by the heavy line. This curve contains a horizontal part determined by the stiffener strength and thetip stress reduction at panel failure after crack arrest. For initial crack lengths smaller than the stiffener pitch, this

flat part constitutes a lower bound of the residual strength. It intersects the residual strength curve of the
unstiffened panel at a crack length Ia. Assuming that the effect of the stiffener on the stress condition at the crack
tip will be negligible for this crack length, this value of - will constitute a lower limit of crack lengths for which
crack arrest will occur. For this reason, 7 is called the "threshold crack length." This value of Ti divides the range
of crack lengths considered here into an interval containing short crack lengths for which panel behavior is not
affected by the presence of stiffeners and an interval of long cracks that, after some unstable growth, are stopped
under the stiffeners.
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For heavy stiffening ratios, skin failure may be the critical event as shown in Figure 2-226. Due to a low stiffener

load concentration, the stiffener failure curve and fracture of stiffened panel curue do not intersect. In Figure 2-226
a crack size of 2a will show stable growth at point H and become unstable at point C. Crack arrest occurs at D fromwhere further slow growth can occur if the load is raised. Finally at point E the crack will again become unstable,
resulting in panel fracture.

rhe "threshold crack length," f for the skin failure case is determined by projecting point E horizontally until it
intersects the unstiffened panel fracture curve. This horizontal line, W, constitutes a lower bound of tne residual
strength. This value of 2a divides the range of crack lengths considered into an interval containing short crack
lengths for which panel behavior is riot affected by the presence of the stiffeners and an interval of long cracks that,
after some unstable growth, are arrested. It should be clear from the above discussion that it is not essential for
crack arrest that the crack runs into a fastener hole. Crack arrest is basically a result of the reduction of crack tip
stress intensity due to load transmittal to tie stiffener. The criterion for crack arrest has to involve the two
alternatives of stiffener failure and skin failure, depending upon the relative stiffness of sheet and stiffener. The
above discussion assumes that the fastener loads do not exceed fastene, capability.

So far, only the panel configuration with two stiffeners and a central crack has been considered. However, similar
considerations are valid for cracked panels with more stiffeners and other locations of the crack with respect to
intact and broken stiffeners.

For this methodology, the residual strength of a stiffened panel is determined from the Lesidual strength of the
unstiffened sheet by accounting for the sheet-stiffener interaction in the cracked region. The residual strength
characteristics of the relevant material are sometimes not available but can be determined by a small number of
tests. The interaction of sheet and stiffener is expressed by the values of Y and C.

To construct the residual strength diagrams in Figure 2-225 and 2-226, the unstiffened panel fracture curve, Y and C
are needed. Basically, the sti~fened panel fracture curve can be obtained by raising all points of the unstiffened
panel fracture curve by a factor, l/Y. The stiffener failure curve can be obtained by dividing the ultimate tensile
stress of the stiffener by C. The stiffener curve is usually modified by a constant correction factor to account for
load eccentricity and notrh effects.

The finite element method or an analytical method proposed by Vlieger (Ref. 2-88), can be used to calculate Y and C.
rhe analytical method has an advantage over the finite element method in that the effect ol different panel
parameters on the residual strength of a certain panel configuration can easily be assessed so that the stiffened panel
can be optimized for battle damage. The finite element method has an advantage in that it is relatively easy to
incorporate such effects as stiffener eccentricity, hole deformation and yielding.

The analytical method proposed by Viieger for calculating Y and C consists of dividing the stiffened panel into its
composite parts, the skin and the stiffener. In the area of the crack some load from the skin will be transmitted to
the stiffener. This load transmission takes place through the fasteners, which implies that the skin will exert forces
on the stiffener and the stiffener will exert forces in the opposite direction on the skin.

The pioblem is reduced now to that of an unstiffened plate loaded by a uniform stress and fastener forces, Fl...Fn.
This case can be considered as a composition of three separate cases- 1) a uniformly !oaded cracked sheet, 2) a slicet
without a crack, loaded with forces, FI...Fn, and 3) a cracked sheet with forces on the crack edges given by the
function, p(x). The forces, p(x), represent the load distribution exerted on the edges of the slit to provide the
necessary stress-free crack edges. The stress conditions at the .rack tip in these three cases have to be determined.
In terms of stress intensity factors it can be seen that for case 1) K =o aO and for case 2) K - 0. The stress
intensity factor for case (3) is a fairly complicated expression and the integral has to be solved numerically. To
determine Y and C the fasteners forces have to be known. Compatibility requires equal displacement at the
co~responding fastener locations of sheet and stiffener. These compatibility requirements deliver a set of n
(n = number of fasteners) independent algebraic equ.ttions from which the fastener forces can be solved. After the
fastener forces have been determined, the calculation of C and L are easily completed, Additional problems and
refinements in adapting the methodology to a particular type of material and panel configuration are covered in Ref.
2-88.

In the analytical method adhesive bonded and integral stiffeners can be treated by assuming uniformly distributed
fasteners forces, Fi...Fn, along the stiffeners. It should be noted that the criterion of stiffener failure is not relevant
in case of integral stiffeners, since the crack can run right through the stiffeners. In that case there will only be a
skin crack propagation criterion, but this will still be different from the case of mechanically fastened stiffeners. In
the case of adhesively bonded stiffeners the criterion of fastener failure will be important. Load transmittal from
skin to stiffener in the cracked area will set up high shear stresses in the bond. This may lead to decohesion and
consequently, a decrease of the effectivity of the stiffener to take load from the skin. Decohesion will alter the
residual strength diagram as in the case of fastener lailure.

Arrest of unstable crack growth at the next stiffener is governed by three criteria: 1) stiffener failure, 2) fastener
failure or bond failure, and 3) skin crack propagation. If any of these three criteria are met, total failure will occur.
Application of the above methodology has shown good correlation with test results for metal stiffened panels.

2.5.2.2 Finite Element Analysis of Damaged Multiple Load Path Panels

Finite element methods have been develop.)d (2-49, for example) for predicting the stress intensity factor for cracks
and stress concentration factors for sti'teners. A finite element analysis is effective in applications where
complicated boundary conditions and geometry rule out an exact solution for the crack tip stress Intensity factor.
Skin panels are Idealized using constant strain triangular membrane elements, typical stiffeners as rod elements and
fasteners as shear spring elements. A special element, known as a cracked (or singular) element is used at the crack
tip. This element has special properties which allow the stress at the crack tip to approach infinity, hence an
accurate idealization of the structure can be realized without using a very fine mesh of elements at the crack tip.
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Once the Internal loads a deflections have been obtained from the finite element solution, the stress Intensity
factor may be calculated usitg the following equatlons

where. Ki is the Mode I stress intensity factor, "v" is the crack opening displacement along the crack surface at a

radial (in this case, along the crack) distance "r" from the crack tip, and E is the elastic modulus of the material.

Each displacement (vi, v2, v3...) along the crack Is substituted In the above equation with corrusponding radial

distance (rt, r2, r3...) and the values of the stress intensity factor (KI, K2, K3....) err determined. These values are
then plotted versus the radial distances. A least square straight line fit of the data is then performed %nd by

extrapolating !or the value of Ki at r 2 0, the stress Intensity factor at the crack tip can be found. Figure 2-227

shows the procedure. It shotild be noted that the stress (stress concentration factor) carried by each stiffener Is

determined directly by the finite element program.
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The stress intensity and stress concentration• factors can be found in this manner for any built-up structure, and 'stress intensity and stress concentration correction factor curves, such as those shown in Figures 2-228 and 2-229,can be constructed.

To use these curves, the stress intensity factor, K, at the crack ti, is calculated using:

SKSR

' where:
K 

K the stress intensity factor

o = the applied skin stressa half the damage size (shown as L on Figure 2-228)Y the correction factors for the bay width and remote stress influence on the stress intensity factor
strs (from curve, see Figure 2-228).

The stress in the stiffener, o a, is calculated using:

o' = O CsC0

where:

K' the stress in the stiffener

a = the applied skiffne stress

C CS = the correction factors for the bay width and remote stress influence on the stiffener stresses (from
curve, see Figure 2-229).The residual strength of the structure can be determined by comparing the computed stress intensity or stress

concentration factor with known critical values. bn

curve s-e Jiue2-2)
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2.5.2.3 Engineering Analysis Method (Porter, 1974)

An alternate analysis method has been developed (Reference 2-7) from empirical data, by T. R. Porter. This method
is useful because of its compatibility with the monolithic panel analysis presented earlier, and its simplicity. Figure
2-230 illustrates the technique. The "plateau" strenpth (oc Stiffened) is related to the unstiffened critical fracture
stress for a full-bay crack (ac Unstiffened) by the ratio termed CExp.

The value of CExp is determined from the relationship shown in Figure 2-231 where CExp is related to stiffener area,
skin gage, stiffener spacing, and yield strengths. It should be noted that the value of c (Unstiffened) is determined
from fatigue-cracked (notch-sers'tive) data even for evaluating ballistic-damaged panels. In stiffened panels
containing small ballistic damages where the critical stress given by A c (or A'c) is greater than oc Unstiffened, the
panel strength evaluated by A c (or A' ) would apply. This is illustrated in the figure.
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2.5.3 Analysis of Multi-Element Structure Containing Impact Damage

The methods presented previously for predicting the structural capability of damaged elements and crack-arresting
structur.e can be applied directly to many areas of the aircraft. However, the infliction of damage in highly
redundant aircraft structural elements can cause a complex redistribution of internal loads among the elements. The
availability of alternate load paths results in enhanced residual strength capability even though element failures
occur.

2.5.3.1 Finite Analysis Techniques for Damaged Structure

A powerful tool for the residual strength analysis of damaged structural components (a wing or wing segment, for
example), is the general purpose finite-element structural analysis computer program. These programs are commonly
used in structural design analysis. Their application to damaged or altered structure is a logical extension, and hasI
been demonstrated in several Investigations (eferences 2-12, 2-63). Every major airframe manufacturer has finite-

F element program suitable for this purpose.

The operational theory of finite-element structural- analysis computer programs will not be discussed in detail here,
as it is well known and well documented (Reference 2-84, for example). The basic approach is to develop a model or"1structural idealization" of the component, using discrete structural elements such as plates, beams and rods. The
discrete elements are connected at node points that have been established from a three-dimensional grid layout of
the structural component. The elements and their properties are selected so that they duplicate the stiffness
properties of the actual structure between node points.

Loads, calculated so that they provide reactions equivalent to the flight-loading conditions of the actual structural
component, are applied at the node points. The matrix manipulation routines included in the computer program then
develop the overall structural response of the component, by formulating the component stiffness matrix from the)
collection of element stiffness matrices. The output of the computer program is typically the deflections at the node
points and the stresses in the elements. In essence, the computer program provides the stress2s in the model
elements, and these can be translated to stresses in the actual structure elements by the analyst.

The utility of these techniques for impact damage tolerance analysis lies in the fact that impact damage can be
incorporated into the model by altering the stiffness properties of the damaged elements. This alteration must be
made using damage models of the type discussed in Section 2.2, that relate damage size to threat, and of the type
discussed in Section 2.4 that relate stiffness degradation to damage.

Using the altered eiement stiffness properties, the f inite-element computer program can then reanalyze the structure
and develop the redistribution of element stresses caused by the damage. The strength capability of the damaged
structural component for any desired flight loading condition can then be determined by comparing the redistributedelement stresses with structural failure criteria, including those defined in' Sections 2.5.1 and 2.5.2 for damagedelem~nts and crack-arresting structure.

Figures 2-232 to 2-234 show key aspects of the application of finite-element structural analysis to damaged
structure. FEgure 2-232 is a wing plan view showing the section to be analyzed for survivability to typical HE
projectile impact. Figure 2-233 is the nodal diagram for the wing section. Considerable engineering judgment must
be applied in preparing a nodal diagram that will ensure realistic results. Figure 2-234 is the element diagram,
indicating the various elements selected for the idealization. Typical element selection might include:

I. Upper and lower skin plates -- Stiffened plates carrying shear and axial load. Stiffeners are included as part of
* the plate properties.

2. Spar and rib web plates -- Spar webs may be modeled as plates capable of carrying shear only.

3. Spar and rib stiffeners -- These elements may be modeled as beams carrying axial load.

*4. Spar chords -- All spar chords are modeled as beam elements carrying both axial and bending load.

Figure 2-235 shows the loads applied at the nodes for a particular flight-loading condition. For example, these loads
may be selected to represent flight conditions at limit load factor, or any load factor of interest.]

The modeling developed at this point is that of the damaged structure. The program should now be run so that
element stresses and deflections for the undamaged case are available for comparison with the damaged cases.
Following this, elements are altered as shown in Figure 2-236, in accordance with a damage model, and the reanalysis
was completed for comparison with element failure criteria.

PIVOT
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A .......
Figure 2-232.. Wing Plan View

... ... ...
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Figure 2-233. Wing Nodal Diagram
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Figure 2-235. Wing Loads Diagram,

112

Figure 2-236. Schemahtic of Damagedi Wing

2.5.3.2 Application of Finite-Element Techniques to Damaged Structure

Dr. Pao C. Huang, in Reference 2.114, has introduced a "Patching Technique" for the development of a finite element
model repi-esenting a battle-damaged aircraft. This technique is summarized here and the applications of
preprocessors PING and BING to the automatic generation of input data for NASTP~AN analyses are also briefly
described. Finally, the importance of modeling technique is addressed.

Finite Element Program - NASTRAN. NASTRAN, a general purpose finite element program for structural analysis
de-veloped by NASA, can be used as an example of a program for which data generation can be an overwhelming task.
NASTRAN is versatile and applies to a large class of static and dynamic problems as follows:

a. Static response to concentrat-ad and distributed loads, thernal expansion, and enforced deformation;

b. Dynamic response to transient loads and random excitation;

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

* However, preparing NASTRAN input for a complicated problem is a large effort in itself. It includes a layout of a
* igrid mesh; calculations of grid point locations; generation of element properties and their connectiL 's to grid points;

preparation of input sheets; and, finally, punching of input cards. All this work is time consuming and requires the
effort of a team of specialists. Furthermore, possible occurrences of human errors together with unavoidable
redesign cycles make the analysis formi~ble.

* y~~
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To remedy these difficulties, special input generation programs have been developed to automatically generate finite
element models and their associated NASTRAN input for air vehicle structures.

for NASTRAN, A Pla.form Input Generator (PING) (Reference 2-115) which can rapidly develop a
fnte element model for an arbitrary wing planform of an air vehide, and a Body Input Generator (BING) (Reference
2-116) which performs the same functiou for any type of shell body are currently operational. Utilizing these two
preprocessors, a complete vehicle such a- shown In Figure 2-737 can be easily and quickly generated for rigorous
structural analyses. These two preprocessors contain m~ny useful features which can be utilized to facilitate the
development of a model to truly simulate a real missile.

The efficiency of PING is demonstrated in Figure 2-238 where a finite element model of a double wedge, solid,
sweptback wing is shown as an example. This finite element model has 277 grid points, 260 plate elements, and 1400
degrees of freedom. PING was employed in the development of this mode. It only took five manhours and a few
seconds of computer time to produce 1137 input cards for NASTRAN analysis.

Without PING it would take at least 360 manhours to produce the same number of cards manually. The capability of
developing a finite element model rapidly and economically is an essential requirement ior such complicated work as
the vulnerability study of battle damaged structures.

"PING GENERATES

Figure 2-237. A Compl.9te Finite Element Model For Structural Analysis
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Figures 2-239 to 2-240 show some of the sample finite element models developed by PING and BING. Figure 2-239demonstrates the useful feature of a mixed mesh which can be used to reduce the degrees of freedom in less
Important areas. Figure 2-240 shows a model of a curved delta wing. Figure 2-241 illustrates how patches with a
circular or ellipitical hole can be used with a finer inesh around the hole for more detailed stress distribution. Figure
2-242 shows a wing with an elliptical hole which can be developed in two stages. First, a wing model without hole is
developed and the elements around the hole are removed; then a patch with the hole can be developed to fit in the
opening. FIgure 2-243 shows a complicated but realistic missile body generated by BING. It has a nose cone and a
cylindrical shell with en engine housing. Figure 2-244 shows a finite element model of a BQM 34A wing. This built-
up wing has three spars connecting two curved panels. Again, a mixed mesh is used in the wing panels to reduce thedegrees of freedom without sacrificing the accuracy in the important wing root area.

Using the preprocessors and NASTRAN, reliable analytical results can now be obtained easily and rapidly. Figure 2-
245 shows the good correlation of the theoretical and experimental data. The latter were provided by the Naval
Research Laboratory from a complete vibration test of the actual missile. The theoretical results were obtained by
NASTRAN on a finite element model developed by PING and BING. It only 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 in the development of a
complicated air vehicle system.
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Figure 2-242. Wing with Elliptical Hole

I .

Figure 2-243. Fuselage with Engine Housing Developed by Bing
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FINITE ELEMENT MODEL DEVEI.OPED BY PING

Fir"e 2-244. Finite Element Model of Built-up Wing Developed by Ping
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Figure 2.245 Comparison of the Theoretical and Experimental Data of 8 Vibration Model
Developed by Ping and 8ing

Patclni Tedtusif. On a demanding task such as the vulnerability study of battle damaged structures, precise stress
ata aroun the damaged area will be required to determine the possibility of crack propagation which may lead to

catastrophic failure. Finite element analysis techniques will be of great value in furnishing 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 2-246 shows the 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 patches 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 Technique". The
common gridpoints on the cutout boundaries are not joined by compatibility conditions but by using a common

gridpoint number, therefore, no constraint equations are required. This feature not only eliminates many input data
cards, but also yields a much better finite element model.I

FINITE ELEMENT MODEL OF WING PATCH OF DAMAGED COMPONENTS
ROOT SECTION GENERATED BY PING GENERATED BY PING TO

FIT THE CUT-OUT

b

PLATE ELEMENTS AROUND
"DAMAGED AREA REMOVED COMPLETED FINITE ELEMENT MODEL

"FOH A DAMAGED WING

Figure 2.246. Development of Finite Element Model for a Danred Wing with Ping

Analyses of Battle Damaged Structures. A damaged BQM 34 wing was analyzed oy NASTRAN under l& loading. The

finite element modem of the undamaged wing had 846 grid points, ;;49 plate elements, and 4602 degrees of freedom.
This model not only took into account the curvatures of the skin panels, but also the varying skin thickness. 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 upper skin panel and extended five inches diagonally inward from the front spar to a point where the

middle spar cap was completely cut. In addition, all three spars were damaged to different degrees. Using the

patching technique, the finite element model for this damaged version was quickly generated by removing elements

and adding patches. The final model is shown in Figure 2,.247. The NASTRAN analyses showed significantly higher

stresses in the root area of the damaged wing than those in the corresponding region of the undamaged wing.

However, the most critical point was found at the slot tip with a peak stress of 10,000 psi as indicated in the plot of

iso-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 rear spar. This was adequately

predicted in the stress contour plot whereby a peak stress of 30,000 psi was obtained at 3g level; a value which was

thought to be the strength of the material at that state.
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Figure 2-247. Vulnerability Study of a Damaged Missile Wing

The structural response of a damaged semimonocoque fuselage was analyzed from a model by the same patching

technique. A vertical slot between the second and third frames near the tail end was cut In the ft-Jage.skin. The
cut extended from the crown down to a point at 108 degrees on each side. The patch had a width convering the last
three bays of the fuselage and a circumferential length longer than that of the slot. As can be seen In Flgtre 2-248,
much smaller elements are used in the patch especially around the tip region where high stress concentration is
anticipated. This finite element model was subsequently analyzed by NASTRAN for a Ig load condition. Proper
resultant forces were placed on the four cut 'oundaries to transmit air pressures from the nose, wings, and tail
assembly which were omitted in this truncated fuselage. Stress concentrations were found around the slot tip area
with sufficient intensity such that a crack would form at this point. Catastrophic failure seems certain to o•'cur
because there is no crack arresting structural member in the propagation path between frames, and the peak stress of
26000 psi shown in Figure 2-249 would inrrease rapidly as the crack enlarges.

To demonstrate the importance of the patching technique which provides stress concentration data, another ana'ysls

was made on a model obtained simply by removing the plate elements between the two frames to sirmulate the
damage Inflicted on the fuselage. This simple model, Figure 2-250, had a cutout wider than the slot but was bounded
on fox sides by smooth edges. NASTRAN analysis revealed much higher stresses than those of the undamaged 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 pont out t e danger of under-modeling and the importance of a tr .e simulation.

FINITE ELEMENT MODEL Or h SECTION OF A FUSELAGE

DAMAGE PATCH FOR FUSELAGE

FINITE ELEMENT MODEL OF
A DAMAGED FUSELAGE

Figure 2-24& Development of Finite Element Model for a Damged Fuselage
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The study of structural vulnerability of battie-damaged aircraft by projectile hits can be conveniently treated in two
phases. In the impact fracture phase damage criteria of instantaneous failure, i.e. the upper bound of vulnerability,
are of interest. Then the assessment of local damages to the structure must be determined for subsequent survival
analyses. The prediction methods in these areas are inadequate at the present time, however, some guidelines are
available for a quick estimate. In the continued flight phase where residual strength, loss of control, dynamic and
aerodynamic instabilities are a concern, the finite element techniques become extremcly valuable. To attack these
problems two distinct finite element models should be employed. A "Static Model" with sufficient damage details can
be developed for residual strength anlaysis while a "Kinematic Model", being much simpler than the former, can be
used in the anlayses of structural response. The Kinematic model is definitely the cheaper one to run, yet would yield
sufficiently accurate results in stiffness or dynamic analysis. For completeness, many different analyses must be
performed on a large structure, these models must be carefully designed for optimization in terms of accuracy and
economy.

VERTICAL CUT BETWEEN FRAMES

ANALYTICAL MODEL GENERATED BY SING
FOR NASTRAN ANALYSIS

321,00 PSI

DISTORTION OF DAMAGED AREA UNDER
HIGH STRESS AT DAMAGED TIP INDICATES 1.G LOAD CONDITION

CRITICAL CONDITION FOR CRACK PROPAGATION

Figure 2-249. Vulnerability Study of . Damaged Missile Body

11,595 PSI
(MAX) PRINCIPAL STRESS

13 >: 4,U00 PSI

13 Z 2,000 PSI

o3 Z 1,000 PSI

Figure 2.250. Denmae Model with Smooth Sides
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SECTION III

DESIGN GUIDELINES FOR IMPACT DAMAGE TOLERANCE
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3.0 DESIGN GUIDELINES FOR IMPACT DAMAGE TOLERANCE

As indicated in Figure 3-1 aircraft must maintain structural integrity relative to many types of damaging
mechanisms, incldding for example:

1. Fatigue,
2. Non-detectable initial defects,
3. In-flight damage, such as that inflicted by military and engine debris projectiles.

The objective in designing for fatigue is to prevent wear-out during the anticipated ubage of the aircraft. The
objective of the second structural integrity requirement is to prevent an airplane from unexpectedly failing as a
result of an undetected flaw or defect. In both cases, the benefits of successful design are improved safety and
economics.

With respect to projectile impact damage, the objective is to prevent structural failure from damage suddenly
inflicted during flight. A substantial portion of combat aircraft attrition for etxample, has been caused by structure-
related failures induced by projectile impact. Projectile damage may cause loss of strength and stiffness, often
amplifed by the interaction between primary structure and engine fuel storage, creating damage mechanisms such a--
hydrodynamic ram, vanor explosions and fire.

In spite of the importance of the projectile damage threat to combat aircraft, this category of damage is
addressed in only a limited way by existing structural design guidelines and specifications. Although vulnerability
analysts have always been concerned with the effects of projectiles, this often represents unfamiliar ground for
structural designers. Because of this, effort is required to integrate projectile damage tolerance within the
structural design process, along with related fatigue and fail-safe criteria, as indicated in Figure 3-2.

The remainder of this section presents an overview of a methodology for projectile damage tolerant design and
certain of the techniques and guidelines available for implementation.
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Figure 3. 1. Aircraft Structural Integrity Requirements Include Several Types of Damage Mechanisms
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Figure 3-2. Impact Damage Tolerance Can be Incorporated into Structural Design Procedures

3.1 DESIGN METHODOLOGY FOR ACHIEVING IMPACT DAMAGE TOLERANCE

Projectile impact damage tolerance can be achieved most efficiently by incorporating ballistic damage
assessment, resistance, and tolerance analysis methods into existing structural design methodology. This entails
developing these methods and requirements within a format which is compatible with existing structural damage
tolerance procedures. An approach has been developed which accomplishes this, as summarized in the following
paragraphs.

3.1.1 Design Methodology Overview

To achieve structural survivability with mininium weight and cost penalties, a quantitative assessment of
structural survivability should be included during all design phases of the aircraft. This requires implementing a
design and assessment methodology permitting designers to determine the survival capability o- a current design.
The objectives of the methodology are to evaluate the structural capability of the damaged airframe, and to compare
this with structural performance requirements as dictated by mission criteria. Figure 3-3 is a flow diagram
illustrating the steps requirod to evaluate the survivability level of a structural design using a methodology that is
consistent with structures design methods.

Based on the conceptual goals for the aircraft, specific mission and threat requirements must be defined. These
requirements are used as input data in establishing the detailed requirements and capabilities of the structure. The
steps for implementation are described in the following paragraphs.

3.1.1.1 Determination of Structural Requirements

Structural requirements are determined by the operating 'tnvironment of the aircraft as dictated by the mission.
For survivability analysis, three basic types of load information are required for each structural component
considered. These are:

(b) The cyclic loading spectrum after projectile impact;

(c) TI-e maximum lead and the associated physical environment that will be enccuntered after projectile impact;

This information is obtained by constructing the anticipated operational history for the aircraft, including theI
l-g loading conditions, gust loadings, and maneuver load factors for the prescribed missions. A sample stress/time
history for a structural element i, shown in Figure 3-4, determined from the loading assessment. From this
information, and an assessment of probable encounter scenarios, stress level requirements can be defined for critical
structural elements at the time of impact.
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Figure 3-4 Sample Stress-Time History for Structural Element,
Defining Stress Requirements for Minion Completion

The maximum loadings anticipated from the time of damage occurrence until mission completion or repairdetermine the residual strength requirements for the airplane. Likewise, the operating stresses from damageoccurrence until' the airplane is repaired define the cyclic loading requirements.

Physical environment, particularly temperature, can affect the residual strength of damaged structure because itinfluences the failure behavior of aircraft materials. Other possible degrading physical environments include:humidity, moisture, cleaning fluids, hydraulic fluids, and fuel, especially during the application of cyclic loads.

The requirements addressed above pertain to the probable loadings encounterca during a sortie. This is one ofthe distinguishing features of projectile damage tolerance, as contrasted with fatigue or initial defect damagetolerance. The latter damage mechanisms are most often related to aircraft lifetimes or periods of time establishedby prescribed inspection intervals. Although deferral of combat damage repair can be an important factor, leading tothe requirement for engaging in several sorties following damage, the operating intervals with projectile damage will
always be short relative to the other damage mechanisms.
3.1.1.2 Determination of the Capability of Damaged Structure

anDeitechinique dstrctussed inpaSectioyIh required aevlanalysis stepsura wegreashownon the rgto sieapof Fimgue, 3-3ngDelyistermininge dstrcturald capSbility1.h requires anealuationio strucura degradatiwnon due rgto wieapon damgue, usingSeveral unique technical disciplines come into operation at this point, because evaluating structural degradation dueto poetlimatdamage requires an undei-standing of the mechanics of projectile damage and damage tolerance.

The first step is to determine the type and extent of the damage inflicted by the projectile. This damageconstitutes a flaw which reduces the remaining strength and stiffness of the structure. Structural damage fromprojectile impact is a function of the type of projectile and the engagement conditions, as well as physical
environment, applied loads, and compounding effects such as hydrodynamic ram.

Damaged structure that does not fail at the time of impact is subjected to subsequent cyclic loading as a resultof gust and maneuvers during continued flight. These cyclic loadings induce fatigue that can influence the damagesize and character, thereby changing the severity of the induced flaw. In metal structure, cyclic stresses willgenerally increase the damage size and severity, thus reducing the strength of the ballistic-damaged structure during
operation.

The damaged airframe must have sufficient residual strength to sustain the maximum flight loads subsequentlyencountered. This residual strength is related to damage size and -ýhe inherent damage tolerance of the structure as
determined by material selection and design configuration. The stiffness of aircraft structure that has been damaged* is also altered by projectile damage. Stiffness degradation can induce several failure mechanisms, including flutter,* ~loss of control, or extensive intemnal load redistribution.

The final results of the structural capability determination can be presented in a manner analogous to thestress/time requirements history presented in Figure 3-4. This is termed the "strength-time"~ history (an example isshown in Figure 3-5). As shown in the figure, the structural capability is the design ultimate strength beforeencountering damage. After projectile impact, however, the structural capability may be severely degraded. The
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Figure 3-a Strength-Time History for a Structural Element, Indicating Structural Capability

initial degradation is the strength at the instant of impac t when dynamic effects are prominant. Immediately after
impact, the structural capability is the static residual strength, which may degrade further due to the fatigue damage
caused by cyclic loadings.

3.1.1.3 Structural Survivability Assessment

The final survivability assessment compares the stress/time and the strength/time histories; that is, the
requirements and the capabilities. A typical comparison is shown in Figure 3-6. This figure shows the stress/time
and strength/time histories for a wing structural element. At time "A", although the strength capability is reduced
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Figure 3-. Comparison of Stress-Time and Strength-Time Histories To Asses Requirnnennw-w-Capablitida
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significantly due to damage inflicted by projectile impact, the structural element did not fall catastrophically. In
this example, the strength requirements exceed the strength capability in the landing approach, and structural failure
occurs at that time. A design iteration is required to correct the failure condition. The final assessment depends on
the impact damage tolerance criteria selected for the aircraft, and criteria selection and specification is an
extremely important aspect of impact damage tolerant design.

3.1.2 Design Methodology Elements

As indicated in the overview above, the requirements for survivable structure must be integrated within the
earliest phases of aircraft design by implementing a structural survivability assessment into the design process, and
performing design iterations to achieve desired final results. To be effective, the procedures used must address the
following factors:

o The procedures must be applicable to each d-sign phase (conceptual, preliminary and detail). The requirements
imposed in each phase must also be achievable with the level of vehicle definition, arialysis tools, resources, and
verification techniques employed within that phase.

0 The procedures must be based on a well-defined design and analysis methodology that is consistent with current
structural design procedures, including the methods employed in durability and damage tolerance.

o The structural design parameters and measures implemented must be capable of being efficiently integrated into
the assessment of total vehicle survivability. The measures of structural hardness adopted must be
understandable to structural designers, survivability specialists, and system analysts. This requirement has
become very important due to the increasing need to demonstrate the cost-effectiveness of alternate
configurations aind technology developments in terms of system life-cycle cost improvements.

Design procedures which incorporate these factors are presented below, defining the specific implementation of the
survivable structure design methodology summarized in the previous paragraphs. These procedures include:

1. Structural Survivability Assessment,

2. Threat Definition,

3. Mission Definition,I4. Threat Encounter Definition,

5. Critical Structure identification,

6. Damage Size Determination,

7. Residual Strength,

8. Cyclic Loading After Impact,

9. Rigidity and Stiffness After Impact.

3.1.2.1 Structural Survivability Assessment

To verify that the damaged aircraft can sustain the speeds and load factors required for mission performance, the
structural capability of the damaged aircraft must be greater than the structural requirements of the appropriate
combat missions. Veirification must be performed at each phase of system development. The methods used must be
consistent in level of detail wi~h the structural definition and sizing procedures used during each development phase.
The verification must incorporate the probabilities associated with impact location, damage size, material
performance, residual strength and stiffness capability, and external loading requirements. The elements defined
below must be addressed.

3.1.2.2 Design Threat Definition

A d-esign threat must be established for structural survivability assessment. The design threat is used to determine
the specific projectile induced effects which the structure will be designed to survive. Selection of the design threat
must be based on an assessment of the probable threats encountered in the intended operational environment of the
aircraft. However, this is not the only consideration. An additional consideration is the capability to quantitatively
define the effects of the threat. If there is insufficient available data to do this, the threat is unsuitable for use in
conceptual and preliminary design. It must be kept in mind that the threat specification is for use in design, and does
not represent a vulnerability level for the aircraft. For example, an aircraft structure designed using a single hit by a
.50 caliber bullet as the design threat will have some level of survivability against multiple impacts, and against
larger threats.

3.1.2.3 Mission Definition

The mission profile(s), defining aircraft altitude and air speed from take-off to base-return and landing, must be
established for structural survivability assessment.

3.1.2.4 Threat Encounter Definition

Using the design threat and the established mission prof ile(s), the following must be established-i.a. Mission segments where thie threatts) will be encountered, including the weapon deployment density and the
anticipated rate of fire at each encounter-point.
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b. Aircraft configuration at each projectile encounter point, including weight, distribution of fuel and depth of fuel
in each tank, description and location of ordnance and external stores.

c. Aircraft altitude, speed, and physical environment at each projectile encounter.

d. Probable obliquity, projectile striking velocity, and apparent yaw relative to the aircraft coordinate system.

3.1.2.5 Critical Structure Identification

A failure modes and effects criticality analysis (FMECA) of the aircraft structure must be conducted to identify
and classify all flight and mission critical structural elements with regard to level of criticality. Failure modes

, should be defined for each critical structural element relative to the damage mechanisms associated with the
threat(s) defined in 3.1.2.2.

3.1.2.6 Damage Size Determination

A damage prediction analysis must be performed to estimate the extent of damage to critical structural
elements resulting from the threat and encounter conditions determined in 3.1.2.2, 3.1.2.3, and 3.1.2.4. As a
minimum, the analysis should include:

a. An estimation of tle maximum damage, least damage, and mean damage, including their associated probabilities
S"of occurrence resulting from uncertainties in encounter conditions and the locations of the impact. The damage

estimates should include percent of section remeved and the corresponding effective flaw size for determining
residual strength for the primary loading conditions.

b. An assessment of the effects of projectile striking velocity and obliquity, structural material, configuration and
thicknesses. Sensitivity factors should be determined. Interaction between penetrator damages should be
considered if the analysis defined in 3.1.2.4 indicates a significant probability of multiple penetrator impacts.
Interaction between projectile impact and blast pressure loading should be considered when applicable.
Hydrodynamic ram effects should be assessed based on the results obtained from 3.1.2.4.

c. A consideration of the type of structure. Unless analysis demonstrates that the projectile damage will not
propagate, the entire damaged load path shall be assumed destroyed in multiple load path structure and the
damage shall be assumed to propagate to the next undamaged crack stopper for crack arrest type structure.

d. A consideration of the effects of impacting loaded structure. The damage size prediction should include the
potential damage augmentation associated with the specified load level at impact.

3.1.2.7 Residual Strength

For each design threat, mission, and encounter condition, the residual strength capability of the damaged

aircralt structure should be determined. The assessment results should be expressed in terms of probability of
structural survival given a hit as a function of load factor, incorporating the probability associated with striking
strength critical structure combined with the probability associated with the damage size resulting from the threat
encounter. An example of this presentation is shown in Figure 3-7. Redistribution of the internal loads in the
damaged structure should be determined where appropriate. The effects of transient and steady-state heating should
be included. Unless other criteria are specified by the procuring activity, aircraft damaged by the design threat
should sustain the loading requirements defined below.
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Figure 3.7. Typical Probability ofSurvlvel ofa Stnrcturul Component Irp•ted
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3.1.2.7.1 Strength Requirements At Impact

The aircraft should be capable of sustainilng a single impact by thc design threat without falling strength critical
structure when loaded at the time of impact to two-thirds of limit load,

3.1.2.7.2 Strength Requirements After Impact

The damageJ aircraft should be capable of sustaining limit load without failing ftrength critical structure during
the remaining mission proflile.

3.1.2.8 Cyclic Loading After Impact

The alteration or extension cf the projectile damage caused by the cyclic loading environment should be
determined for the mission segment between projectile impact and return to base or sortie completion, and the
effects of this alteration or extension should to- *,onsidered in determining the strength requirement of 3.1.2.7.2, and
the stiffness and rigidity requirements of 3.1.2.9.
3.1.2.9 Rigidity and Stiffness After Impact

After being damaged by the design threat, the aircraft should be free from flutter, divergence, aad other
aeroelastic instabilities at all speeds up to the limit speed for the remainder of the mission profile for each threat,
mission and encounter condition specified. Freedom from flutter, divergence and other aeroelastic instabilities of
the damaged aircraft should be verified for the minimum altitude at which the limit speed can be obtained and the
minimum altitude at which the maximum dynamic pressure can be obtained. The effects of transient and steady-
state heaing should be included. Verification should be based on measured vibration modes when available. A
sufficient number of nodes should be used to assure accurate representation of the important dynamic characteristics
of the damaged aircraft. Results should be expressed as a probability of structural survival, incorporating the
probabi lities associated with damaging stiffness critical structure cor,,bined with the probability of encountering
aerodynamic conditions sufficient to cause the unacceptable degradation.

3.- DESIGN TECHNIQUES FOR IMPROVING PROJECTILE IMPACT DAMAGE TOLERANCE

The previous paragraphs outlined procedures for assuring that the consequences oi projectile damage are
quantitatively considered in structural design. This section presents somne design techniques which are useful in
improving the survivability of structure to projectile impact. The designer can employ several techniques for
improving the capability of aircraft structure impacted by projectiles, including:'I ,a. Reducing the probability of hitting critical structural elements,
b. Improving the damage resistance of structure,
c. improving the damage tolerance of structure.

Reducing the probability of hitting critical structural elements can be accomplished by reducing the size of
critical elements, locating critical elements so that they are shielded by less critical components, or locating critical
elements so that they are removed from a probable projectile flight path. These techniques can be highly effective,
but they will not be discussed further here because they are ton dependent upon design configuration to permit
generalixation.

The damage resistance of a structural element, as shown in Figure 3-8, is measured by the extent of damage
inflicted by a given threat. The importance of damage size in the assessment of structural survivability cannot be
over -em phasi zed, since failure criteria for structure depends on damage size. This is in contrast to failure criteria
for many other aircraft system components that can often be rationally based solely on penetration. Material
properties and geometric configoration determine damage resistance. For example, 2024-T3 aluminum is more

- damage resistant (exhibits less cracking) than 7075-76 aluminum when exposed to projectile impact. In general, the
use of high-toughness materials will improve damage resistance.

Damage tolerance, on the other hand, is measured by the ability of the structure to contain or "tolerate" damage
of a given size while completing mission requirements. A damage-tolerant structure is obtained by careful attention
to both detail design and material selection. Multiple load paths, and multi-element configurations such as skin with
stiffeners capable of limiting or containing damage extension contribute to improved damage tolerance. Damage
tolerance should be considered in the design of every major primary structural component. Multtiple-load-paths
should be separated to minimize the possibility of critical damage from a single impact. Short load paths are
recommended to minimize total vulnerable area. Flammable and/or explosive components should not be placed near
primary load paths.

In areas where both members of a dual load path could be damaged by a single impact, and where design
(geometry) limitations restrict the use of redundant structure, special effort should be made to provide damage
resistance. This is achieved by minimizing the exposed area and using damage-resistant materials. Good damage
resistance will also enhance repair capability, since repair times are frequently proportional to damage size.

The above general design conhsIp4 rations are deceptively simple. Their application in specific circumstances is
complex, and requires both design awaroness end inventiveness. Designers need analytical tools in order to
implement the structural survivability design m_ýthodology. and t~tese tools must be formulated in terms of design4
parameters, so that the effects of design alterri-ttives can be evaluated. Basic design techniques which provide
survivable structure are-:' assuring that sufficient load paths remain after damage infliction, and 2) assuring that
the damage is contained at the maximum loading condition following damage infliction.

The second technique makes use of damage tolerance approaches which are also applicable to fail-safe design
relative to fatigue and/or initial defect damage, with the exception of inspection for damage, plus the additional need
to consider dynamic effects. The first technique, however, entails some analysis approaches that are more unique to
projectile damage, particularly when the design threat can impose large damage, causing significant internal load
redistribution. The development of projectile damage resistant/ tolerant load paths for a structural component might
proceed in the following way during preliminary design.
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D. Develop a damage size analytical model for the design threat impacting the structural materials being
considered for the component.

2. Using the damage size model, define the layout of primary load paths in such , way that the destruction of load

paths is minimized for a hit by the design threat. For example, spar spacing might be defined such that only one
spar can be destroyed by the impact.

3. Use a finite-element structural analysis model of the component to determine the distribution of internal loads
at the loading conditions corresponding to the projectile damage critical design requirements.

4. After the finite element model to incorporate the effects of the imposed projectile damage, and determine the

internal loads existing in the damaged configuration. Resize structural elements, if necessary, to assure
sufficient residual load-path capability.
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