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AVIATION APPLIED TECHNOLOGY DIRECTORATE POSITION STATEMENT

This revised edition of the Aircraft Crash Survival Design Guide (ACSDG)

was prepared to assist those design engineers responsible for the inccr- .
poration of crashworthiness into the design of helicopters, light fixed-wing Lo
aircraft, and tilt rotor aircraft. Also, this guide may be used ir the ;
evaluation of the level of crashworthiness design available in the various

types of aircraft,

This report documents the components and principles of crashworthiness
and suggests specific design criteria. In general, a systems approach

is presented for providing a reasonable level of aircrew and aircraft protec- i
tion in a crash, which is consider . the preferred approach. The original

Crash Survival Design Guide was published in 1967 as USAAVLABS TR 67-22

and subsequent revisions published as USAAVLABS TR 70-22, USAAMRDL TR 71-22, )

and USARTL-TR-79-22A thru E. This edition consists of a consolidation

of up-to-date design criteria, concepts. and analytical techniques developed
Lhrough research programs sponsored by this Uirectorate and others over

the past 27 years.

This document has been coordinated with other Government agencies and heli-
copter airframe manufacturers active in aircraft crashworthiness research

and development, and is considered to otfer sound design criteria and approaches
to design for crashwerthiness.

The technical monitors for this progi-am were Messrs. LeRoy Burrows, Harold
roiiand, and Keni Smiih of ihe Safely and Survivabiiity Technicai Area,
Aeronautical Systems Division, Aviation Applied Technology Directorate.

NOTE: All previous editions of the Aircraft Crash Survival Design Guide
are obsolete aind should be destroyed.
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The findings in this report are not to be construeqa s an official Uepariment of the Army position unless so
dosigreted by cother authorized doturnerts.

When Government drawings, specifications, or other Jsta sre used for any purpcse other than in connection with 3
definitely related Gosernment procurement onaration, the United States Governmant thereby incurs no responsibility o
nor any obligetion whatsoever; and the fre. ther the Government nmay have formulated, furnished, or in any way
supplied the ssid drawings, specifications, or othG cair is not to be regarded by implication or otherwiie as in any [}
mannar licensing the holder or any oth¢r person 0 somorEtion, or convaying any rights or permitsion, ty many-
factury, use, or seil any pstented invsntion that may in sny way be rslated thereto.

Trede names cityd in this report do not constitute an officisl endorsament or approval of the use of such
cormnmercial hardware or softwere.

DISPOSITION INSTRUCTIONS

Destroy this report by sny method which preciudes reconstruction of the document. Do not return it to the
originator.
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PREFAC

This report was prepared for the Safety and Survivability Technical Area of
the Aviation Applied Technology Directorate, U.S. Army Aviation Research and
Technology Activity (AVSCOM), Fort Eustis, Virginia, by Simula Inc. under
Contract DAAJ02-86-C-0028, initiated in September 1986. This quide is a
revision of USARTL Technical Report 79-22, Aircraft Crash Survival Design
Guide, published in 1980.

A major portion of the data contained herein was taken from U.S. Army-
sponsored research in aircraft crash resistance conducted from 1960 to 1987.
Acknowledgment is extended to the U.S. Air Force, the Federal Aviation Admini-
stration, NASA, and the U.S. Navy for their research in crash survival.
Appreciation is extended to the following organizations for providing acci-
dent case histories leading to the establishment of the impact conditions in
aircraft accidents:

(] U.S. Army Safety Center, Fort Rucker, Alabama.
(] U.S. Naval Safety Center, Norfolk, Virginia.

(] U.S. Air Force Inspection and Safety Center, Norton Air Force Base,
California.

Informaticn was also provided by the Civil Aeronautics Board, which is no
longer in axistence.

Additional credit is due the many authors, individual companies, and
organizations listed in the biblicgraphies for their contributions to the
field. Tha contributions of the following authors to previous editions of
the Aircraft Crash Survival Design Guide are most noteworthy:

b. F. Carrell, R. L. Cook, S. P. Desjardins, J. K. Drummond, J. L. Haley,

Jr., A. D. Harper, H. G. C. Heanebherger, N. B. Johnzon, G. Kourpuklis,
D. H. Laananen, W. H. Reed, S. H. Robertson, J. Shefrin, L. M. Shaw,
G. T. Singley, IIT, A. E. Tanner, Dr. J. W. Turnbow, and L. W. T.

Weinberg.

This volume was prepared by Richard E. Zimmermann, James C. Warrick,

Alan D. Lane, and Norman A. Merritt of Simula Inc., and Akif 0. Bolukbasi of
McDonnell Douglas Helicopter Co. Technical review and comments were provided
by S. P. Desjardins of Simula Inc.
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INTRODUCTION

For many years, emphasis in military aircraft accident investigation was
piaced on determining the cause of the accident. Very little effort was
expended on the crash survival aspects of aviation safety. However, it
became apparent through detailed studies of accident investigation reports
that significant improvements in crasn survival could be made if consider-
ation were given in the initial aircraft design to the following factors that
influence survivability:

1. Crash Resistance of Aircraft Structure - The ability of the aijrcraft
structure to maintain living space for occupants throughout a crash.

2. Tiedown Strength - The strength of the linkage preventing occupant,
cargo, or equipment from breaking free and becoming missiles during
a crash sequence.

(93]

Occupant Acceleration During Crash Impact - The intensity and
duration of accelerations experienced by occupants (with tiedown
assumed intact) during a crash.

4. Occupant Crash Impact Hazards - Barriers, projections, and loose
equipment in the immediate vicinity of the occupant that may cause
contact injuries.

5. Postcrash Hazards - The threat to occupant survival posed by fire,
drowning, entrapment, exposure, etc., following the impact sequence.

Early in 1960, the U.S., Army Transportation Research Command* initialed a
long-range program to study all aspects of aircraft safety and survivabilty.
Through a series nf contracts with the Aviation Safety Engineering and Re-
search (AvSER) Division of the Flight Safety Foundation, Inc., the problems
associated with occupant survival in aircraft crashes were studied to deter-
mine specific relationships among crash forces, structural! failures, crash
fires, and injuries. A series of reports covering this effort was prepared
and distributed by the U.S. Army, beginning in 1960. In October 1965, a
special project initiated by the U.S. Army consclidated the design criteria
presentec in these reports intc one technical document suitable for use as a
designer’s guide by aircraft design engineers and other interested person-
nel. The document was to be a summary of the current state of the art in
crash survival design, using not only data generated under Army contracts
but also information collected from other agencies and organizations. The
Crash Survival Design Guide, 1R 67-22, published in 1967, realized this goal.

Since its initial publication, the Design Guide has been revised and expanded
four times to incorporate the results of continuing resecarch in crash resis-
tance technology. The third edition, published in 1971, was the basis for

*Now the Aviation Applied Technology Directorate, Aviation Research and
Technoloay Activity of the U.S. Army Aviation Systems Command (AVSCOM).




the criteria contained in the original version of the Army’s military stan-
dard MI1.-STD-1290 (Reference 1). The fourth edition, punlished in 1980,
entitled Aivcraft Crash Survival Design Guide, expanded the document to five
volumes, which have been updated by the curvent edition to include
information and changes developed from 1980 to 1987.

This current edition, the fifth, contairs the most comprehensive treatment of
all aspects of aircraft crash survival now documented. It can be used as a
general text to establish a basic understanding of crash impact conditions
and the techniques that can be employed to improve chances for survival. It
also contains design criteria and checklists on many aspects of crash sur-
vival and thus can be used as a source of design requirements.

The current edition of the Aircraft Crash Survival Design Guide is also pub-
1ished in five volumes. Volume titles and general subjects included in each
voiume are as follows: '

Volune J - Design Criteria and Checklists

Pertinent criteria extracted from Volumes II through V, presented in the
same order in which they appear in those volumcs.

Volume Il - Aircraft Design Crash Impact Conditigons and Human Tolerance

Crash impact conditions, human tolerance to impact, military anthropo-
metric data, occupant environment, test dummieg, accident informatiorn
retrieval.

Volume III - Aircraft Structural Crash Resistance

Crash load estimation, struclural response, fuselage and landing gear
requirements, rotaor requirements, ancillary equipment, cargo restraints,
structural modeling.

Velume IV - Aircraft Seats, Restraints, Litters, and Cockpit/Cabin Delethali-
zation

Operational and crash impact conditions, energy absorption, seat design,
Titter requirements, restraint system design, occupant/restraint system/
seat modeling, delethalization of cockpit and cabin interiors.

Volume V - Aircraft Posicrash Survival

Postcrash fire, ditching, emergency escape, crash locator beacons.

This volume (Volume III) contains informalion on aircraft structural crash
resistance. Following a general discussion of aircraft crash resistance in
Chapter 1, a number of terms commonly used in discussing crash impact con-
ditions and aircraft structures are defincd in Chapter 2. Although Volime 11
discusses crash impact condilions in detail, Chapter 3 summarizes crash im-
pact information pertinent to aircraft structural design. Chapter 4 presents
performance requirements for airframe crash resistance; retention of ancil-
lary equipment, occupant, and cargo; and special tilt-rotor considerations.
Mission constraints and general configuration design considerations are




dic~ussed in Chapter 5, Design of the fuselage, landing gear, and other

ex rnal subsystems is covered in Chapter 6. Anaiytical techniques for evalu-
ating structural crash resistance zre presented in Chapter 7, while Chapter 8
concludes this volume with a discussion of full-scale and scale-model

testing.

The units of measurement shown in the Design Guide vary depending upon the
units used in the referenced sources of information, but are mostiy USA
units. In some cases the corresponding matric units are shown in parentheses
following the USA units. For the convenience of the reader a conversion
table of some commoniy used units follows:

USA Unit Abbr. or Symbol Metric Equivalent Abbr. or_Symhol

Weight

Ounce oz. 28.35 grams g

Pound b or # 0.454 kilogram kg

Capacity

(U.$. 1iquid)

Fluidounce fl oz 29.57 millt1iters ml

Pint pt 0.473 liter 1

Quart at 0.545 Jiier 1

Gallon gal 3.785 liters 1

hength

Inch in. 2.54 centimeters cm

Foot ft 30.48 centimeters om

Yard yd 0.9144 meter m

Mile mi 1.609 kilometers km

Area

Square Inch 5q in. or 1n.? 6.452 square sq cm or e
cent imeters

$quare Foot sq ft or ftz 0.093 square meter sq m or m2

Yolure

Cubic Inch cu in. or 1n.3 16.29 cubic Gu cm or cm3
cent imeters 2

Cubic foot cu ft o1 ft3 0.028 cubic meter cumorm

Force

Pound b 4 448 newlons N

4.448 x 105 dynes




1. BACKGROUND DISCUSSION

The overall objective of designing for crash resistance is to eliminate in-
juries and fatalities in relatively mild impacts and mirnimize them in severe
but survivable mishaps. A crash-resistant aircraft will also reduce aircraft
crash impact damage. By minimizing personnel and material losses due to
crash impact, crash resistance conserves resources, is a positive merale
factor, and improves the effectiveness of the fleet both in peacetime and in
war. Results from analyses and research during the past several years have
shown that the relatively small cost in dollars and weight of including crash
resistance features is a wise investment (References 2 through 13). Conse-
quently, naw generation Army rotary-wing aircraft are being procured te .
stringent, yet practical, requirements for crash resistance.

It might seem sufficient to simply specify human tolerance requirements and
an array of vehicle crash impact conditions and then develop the aircraft
with the necessary crash-resistant features. However, available structural
and human tolerance analytical techniques are not sufficient to support such
an approach; neither is it practical to test complete aircraft sufficiently
early in the development cycle to permit evaluation of system concepts.
Therefere, specific performance criteria have been established to assure
adequate system performance.

Current crash resistance criteria for U.S. Army Tigni fixed- and rotary-wing
aircraft are stated in MIL-STD-1290 (Reference 1). These criteria and their
origins are described in Volume II. Testing requirements are based on ensur-
ing compliance with the strength and deformation requirements of these
criteria.

To previde as miuch occupant protection as possible, a systems approach to
crash resistance must be followed. This means that the landing gear, air-
craft structurc, and occupant seats must all be designed to work togethe:r to
absorb kinetic energy and slow the occupants to rest without injurious
loadiny, as shown in Figure 1 (Reference 14). In addition, the occupants
must be restrained in a protective structural shell. Weapon sights, con-
trols, instrument panels, and other objects must be delethalized if they lie
within the strike envelope of the occupant. Postcrash hazards, suchk as fire,
drowning, entrapment, emergency egress, and rescue must alse be considered in
an effective crash-resistant desigr. In addition to a system requirement,
minimum criteria are also specified for a number of crash-critical compon-
ents. For example, minimum crash energy-absorption requirements for landing
gear are specified.

The systems approach dictates that the designer consider probable crash condi-
tions wherein some subsystems do not perform their desired functions. For
example, the landing gear may nct absorb its share of the impact energy
because of aircraft attitude. The composition of the earth’s surface being
impacted must also be considered early in the design phase, when decisions
concerning the relative energy-absorption of the landing gear, structure, and
seats are made. When impacting on relatively hard surfaces, landing gear

with high energy-absovbing capacity can protect the fuselage from damage
during low-velocity impacts and help provide occupant protection during
higher-velocity impacts. Hewever, during impacts with soft surfaces, such as
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FIGURE 1. ENERGY MANAGEMENT SYSTEM. (FROM REFERENCE 14)

water or marsny ground, or uneven surfaces caused by rocks, trees, etc., the
force acting on the landing gear may not be great enough to activate its
energy-aksorption function, and 1t will contribute 1ittle to occupant protec-
tion. Thus it is usually not practical to design a2 system that relies only
on one or two of the three energy absorption features available (landing
gear, structure, and seats).

Although nore difficult to design, an energy-absorbing fuselage structure is
as important as the cther components in the system. In additien, the intro-
duction of composite primary structure into modern aircrafi presenits speciai
problems for the designer dealing with crash resistance. The brittle failure
modes of many composites makes the design of energy-absorbing crushable struc-
tures more difficult, but not impossible.

Although crash resistance can be most efficiently achieved during the develop-
ment of new aircraft, the crash resistance of existing aircraft may be signi-
ficantly improved by retrotitting them with crash-resistant components. This
may even be achieved while expanding the combat effectiveness of the aiv-
craft. An example of this is the successful program to retrofit all U.S.

Army helicopters with a crash-resistant fuel system that was also self-
sealing (Reference 15).




While the definition of an adequate crash-resistant structure may appear rela-

tively simple, many parameters must be considered for an optimum design.

A

complete systems approach (as summarized in Figure 2) should be employed to

include all parameters influencing design, manufacture, performance, and

cost.

most closely meets specifications.
ferent emphasis in the parameter mix,

Trade-offs may be required in order to arrive at a final design that

Each type of aircraft may require a dif-
Table 1 summarizes major crash-

resistance criteria that should be considered during the preliminary design

phase.

probable Crash
Environment

Takeoff
Landing
Cruise
Stall

Collision
with ground

Collision with
ohstacle

Terrain type

fInput

Require-

ments —\

More severe
Analytical method Structure Occupant environment
to determine jOutput| response ves | response Yes
structure and
occupant responses < cCriteria <criteria Reduce
weight
No No l Yes

New structure

Lincar and
Nonlinear
Characterigﬁigé
Fuselage

Seat

Gear

Engine

Wwing
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Impact surface
gggabilitx
Bending

Shear
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Acceleration
Duration
Volume change
Delethalization

structure
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Moment
Deflection
Deformation
Failure mode
Energy

o) load-deformation

P P N
LilaraCceriscics

Incremental
weight change

No Acceptable
weight and
space change
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e el
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and slope

} (Less severe environment
L

sAttitude

eTerrain type and slope

FIGURE 2.

PROCEDURE FOR EVALUATION OF STRUCTURAL DESIGNS

WITH RESPECT TO CRASH RESISTANCE.




TABLE 1. CRASH-RESISTANCE CRITERIA FOR THE PRELIMINARY DESIGN PROCESS

Postcrash
Crash Scenarips Primary Structure nergy Absorption _ Reguirements
o MIL-STD-1280 e Support of large e Landing gear e Emergency egress

def ines predom-
inant impact
conditions

Single axis and
combination of:

Vertical impact

Lorngitudinal
impact

- Lateral impact

- Post impact
Rollover
?itchover
Nose plowing

mass items

e Support of sys-
tems

# Occupant support
and protection

e Cargo contain-
ment and tiedown

e Support of land-
ing gear loads

e Space consistent
with occupant
strike envelope

e Emergency exit
structure

o Controlled struc-
tural collapse

o Crash-resistant
energy-absorbing

seats

e Shedding of large
mass items:

- Engines

- External stores
- Tail boom

(Shed items must
not impact occu-

pied areas)

o Controlled
displacement of:

- Transmissions
- Rotor heads

o Impacted surface

{soft ground etc.)

- Occupant release
from seats

- Duor/exit
opening

- Accessibility
and i1lumination
of exits

® Minimization of

postcrash fire
hazards

Fuel containment

0i1 and hydraulic
fluid containment

)

Fuel modification

Ignition source
control

Reduced material
flammability,
SMOKE and

toxicity




2. DEFINITIONS

2.1 AIRCRAFT COORDINATE SYSTEMS AND AITITUDE PARAMETERS
o  Aircraft Coordinates

Positive directions for velocity, acceieration, and force components
and for pitch, roll, and yaw are illustrated in Figure 3. When re-
ferring to an aircraft in any flight attitude, it is standard prac-
tice to use a basic set of orthogonal axes as shown in Figure 3,
with x, y, and z referring to the lTongitudinal, Yateral, and verti-
cal directions, respectively.

<

X
NOTE: RIGHT-HAND RULE DOES NOT APPLY.

FIGURE 3, AIRCRAFT COORDINATES AND ATTITUDE DIRECTIONS.




However, care must be exercised when analyzing ground impact cases
where structural failure occurs, aircraft geometry changes, and reac-
tion loading at the ground piane takes place. In the simulation of
such impacts, it is often necessary to use more than one set of
refgreccezaxes, including the earth-fixed system shown in Figure 3

as A, ¥, L.

Flight Path Angle

The angle between the aircraft flight path ard the horizontal at the
moment of impact.

Terrain Argle

The angle between the impact surface and the herizontal, measured in
a vertical plane. The algebraic sign of the Terrain Angle is posi-
tive when the direction of flight is uphill, and negative when the
direction of flight is downhill.

Impact Angle

The angle between the flight path and the terrain, measured in a
vertical plane. The impact angle is the algebraic sum of the flight
path angle plus the terrain angle.

ate
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Attitud mpac

The aircraft attitude with respect to the aircraft coordinate sys-
tem, in degrees at the moment of initial impact. The attitude at
impact is stated in degrees of pitch, yaw, and roll (see Figure 3).

2.2 ACCELERATION-RELATED TERMS

Acceleration

The rate of change of velocity. An acceleration is required to pro-
duce any velocity change, whether in magnitude or in direction,
Acceleration may produce either an increase or a decrease in velo-
city. There are two basic types of acceleration: Tlinear, which
changes translational velocity, and angular (or rotational), which
changes angular (or rotational) velocity. With respect to crash im-
pact conditions, unless otherwise specified, all acceleration values
are those at a point approximately at the center of the floor of the
fuselage or at the center cf gravity of the aircraft

Deceleration
Acceleration in a direction to cause a decrease in velocity.

Abrupt Accelerations

Accelerations of short duration primarily associated with crash
impacts, ejection seat shocks, capsule impacts, etc. One second is
generally accepted as the dividing point between abrupt and pro-
longed accelerations. Within the exiremely short duration range of
abrupt accelerations (0.2 sec and below), the effects on the human
body are limited to mechanical overloading (skeletal and soft tissue
stresses), there being insufficient time for functional disturbances
due to fluid shifts.

The Term G

The ratio of a particular acceleration (a) to the acceleratio

(g) due to_gravitational attraction at sea level (32.2 ft/sec® or
9.81 m/secz); G = a/g. In accordance with common practice, this
report will refer to accelerations measured in G. To illustrate, it
is customarily understogd that 5 G represents an acceleration of

5 x 32.2, or 161 ft/secc.

2.3 VELOCITY-RELATED TERMS

Velocity Change in Major Impact (4v)

The decrease in velocity of the airframe during the major impact,
expressed in feet per second. The major impact is the one in which
the highest forces are incurred, not necessarily the initial impact.
For the acceleration pulse shown in Figure 4, the major impact
should be considered ended at time t,. Elastic recovery in the
structure will tend to reverse the direction of the aircraft

10
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FIGURE 4. TYPICAL AIRCRAFT FLOOR ACCELERATION PULSE.

velocity prior to t;. Should the velocity actually reverse, its
direction must be considered in computing the velocity change. For
example, an aircraft impacting downward with a vertical velocity com-
ponent of 30 ft/sec and rebounding with an upward component of

5 ft/sec should be considered to experience a velocity change

Av = 30 - (-5) = 35 ft/sec

during the major impact. The velocity change during impact is
further explained in Section 7.2.

j jnal Velogi hange

The decrease in velocity during the major impact measured along the
Tongitudinal (roll) axis of the aircraft. The velocity may or may
not reach zero during the major impact. For example, an aircraft
impacting the ground at a forward velocity of 100 ft/sec and slowing
to 35 ft/sec would experience a longitudinal velocity change of

65 ft/sec during this impact.

11




) Vertical Velocity Change
The decrease in velocity during the major impact measvred along the
vertical (yaw) axis of an aircraft. The vertical velocity generally
reaches zero during the major impact and may reverse if rebound
occurs.,

° Lateral Velocity Change
The decrease in velocity during the major impact measured along the N
lateral (pitch) axis of the aircraft.

2.4 FORCE TERMS ,

. 05 tor
A crash force can be expressed as a multiple of the weight of an
object beiny accelerated. A load factor, when multiplied by a
weight, oroduces a force which can be used to establish static
strength (see Static Strength). Load factor is expressed in units
of G. Crash load factors are ultimate load factors.

o forwar
Loading in a direction toward the nose of the aircraft, p: allel to
the aircraft longitudinal [roll) axis.

) Aftward ioad
Loading in a direction toward the tail of the aircraft, paraliel to
the aircraft longitudinal (roll) axis.

) Downward Load
Loading in » downward direction parallel to the vertical (yaw) axis
of the aircraft.

& Upward Lcad
Loading in an upward direction parallel to the vertical (yaw) axis
of the aircraft,

e lateral load
Loading in a direction parallel to the Tateral (pitch) axis of the
aircraft.

] Combined Loa
Loading consisting of components in more than one of the directions
described in Section 2.1.




9 Crash Force Resultant

The geometric sum of horizontal and vertical crash torces: horizon-
tal and vertical velocity components at impact, and horizontal ard
vertical stopping distances. The Crash Force Resultant is fully
defined by determination of both its magnitude and its direction.
The algebraic sign of the resultant crash force angle is positive
when the line of action of the resultant is above the horizontal,

\ and neqative if the line of action is below the horizontal.

RESULTANT
. CRASH FORCE

VERTICAL

Gy CRASH FGRCE
RESULTANT ASH FORCE
ANGLE

HOHIZONTAI
CRASH FORCE

9 Crash rorce Angle

The angle between the resultant crash force and the longitudinail

axis of the aircraft. For impacts with little lateral component of
forcn. tha crach forcae gnn1n jc the :1gnhw:1r cum of tha crach force
nt

resultent angle plus the aircraft pitch angle.

AIRCRAFT LONGITUDINAL AXIS

HORIZONTAL

AIRCRAFT
PITGH ANGLE — 4

CRASH FORCE

ANGLE 4 CRASH FORCE ANGLE =

. RESULTANT ANGLE +
4 PITCH ANGLE
RESULTANT GvERTICAL
CRASH FORCE
i RESULTANT ANGLE

GHORIZONTAL

2.5 DYMAMICS TERMS
. ¢  Rebound

Rapid return toward the original position upon reiease or rapid
reduction of the deforming load, usually associated with elastic
deformation.




2.6

2.7

Dynamic Overshoot

The amplification of decelerative force on cargo or personnel above
the floor input decelerative force (ratio of output to input). This
amplification is a result of the dynamic response of the system.

Jransmissibility

The amplification of a steady-state vibrational input amplitude
(ratio of output to input). Transmissibilities maximize at resonant
frequencies and may increase acceleration amplitude similar to
dynamic overshoot.

CRASH SURVIVABILITY TERMS

Survivable Accident

An accident in which the forces transmitted to the occupant through
the seat and restraint system do not exceed the limits of human
tolerance to abrupt accelerations and in which the structure in tha
occupant’s immediate environment remains substantiaily intact to the
extent that a livable volume is provided for the occupants through-
out the crash sequence.

Survival Envelane

The range of impact conditions, including magnitude and direction of
pulses and duration of forces occurring in an aircraft accident,
wherein the occupiable area of the aircraft remains substantially
intact, both during and following the impact, and the forces trans-
mitted to the occupants dv not exceed the Timits of human tolerance
when current state-of-the-art restraint systems are used.

It should be noted that, where the occupiable volume is altered
appreciably through elastic deformation during the impact phase, sur-
vivable conditions may not have existed in an accident that {from
postcrash inspection) outwardly appeared to be survivabie.

CCUPANT-RELATED TERMS

Hum rdinat

In order to minimize the confusion sometimes created by the termi-

nology used to describe the directions of forces applied tec the .
body, a group of NATO scientists compiled the accelerative termi-

nology table of equivalents shown in Figure 5 (Reference 16). Ter-

minology used throughout this guide is compatible with the NATO

terms as illustrated.




Headward
(+G ) Direction of
z accelerative force

% vertical
Headward - Fyeballs-down
Back to chest Tailward ~ Eyeballs-up
(sternumwarg) Lateral right
(+G, ) (+g ) Transverse
Y Lateral right - Eyeballs-
left
Lateral left - Eyeballs-
right
Back to chest. - Eyeballs-
in
Lateral left Chest Chest to back - gﬂiballs-
(-G, ) to back
b4 " (spineward) HNote:

Tailward -6, The accelerative force on
(-G_) the body acts in the same
z direction as the arrows.
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Anthropomorphic Dummy

A device designed and fabricated to represent not only the appear-
ance of humans but also the mass distribution, joint locations, mo-
tions, geometrical similarities such as flesh thickness and lcad/
deflection properties, and relevant skeletal configurations such as
iliac crests, ischial tuberosities, rib cages, etc. Attempts are
also made to simulate human response of major structural assemblages
such as thorax, spinal column, neck, etc. The dummy is strapped
into seats or litters and used to simulate a human occupant in
dynamic tests.

Human Tolerance

For the purposes of this document, human tolerance is defined as a
selected array of parameters that describe a condition of deceler-
ative loading for which it is believed there is a reasonable proba-
bility for survival without major injury. As used in this volume,
designing for the limits of human tolerance refers to providing
design features that will maintain these condilions at or below
their tolerable levels to enable the occupant to survive the given
crash impact conditions.
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Obvicusly, the tolerance of the human body to crash impact condi-
tions is a function of many variables includirg the unique charac-
teristics of the individual person as well as the loading variables.
The loads applied to the body include decelerative loads imposed by
seats and restraint systems as well as localized forces due to
impact with surrounding structures. Tolerable magnitudes of the
decelerative loads depend on the direction of the load, the orien-
tation of the body, and the means of applying the load. For
example, the critical nature of lvads parallel to the occupant’s
spine manifests itself in any of a number of spinral fractures, but
typically the fracture is an anterior wedge, or compressive failure
of the front part of a vertebra. Forces perpendicular to the
occupant’s spine can produce spinal fracture through shear failures
or from hyperflexion resulting, for example, from jackknife bending
over a lap-belt-only restiaint. The lap belt might inflict injuries
to the internal organs if it is not retained on the pelvic girdle
but i5 allowed to exert its force above the iliac crests in the soft
stomach region. Excessive rotational or linear acceleration of the
head can produce concussion. Further, skull fracture can result
from localized impact with surrounding structure. Therefore, toler-
ance is a function ¢f the method of occupant restraint as well as
the characteristics of the specific occupant. Refer to Chapter 5 of
Volume II for a more detailed discussion of human tolerance.

2.8 STRUCTURAL TERMS

Airframe Structural Crasy Resistance

The ability of an airframe structurc to maintain a protective sheli
around occupants during a crash and Lo minimize accelerations ap-
plied to the occupiable portion of the aircraft during crash im-
pacts.

r ral rit

The ability of a structure to sustain crash loads without collapse,
failure, or deformation of sufficient magnitude to cause injury to

personnel.
Static Strength
The maximum or ultimate static load that can be sustained without

structural failure, often expressed in terms of ultimate static load
factor.

strain

The ratio of change in length to the original length of a loaded
component.

Collapse

Deformation or fracture of structure to the point of loss of useful
Toad-carrying ability or useful volume,

16




Eailure
Loss of functional capability or collapse.

Limit Load

In a structure, 1imit load refers to the load the structure will
carry before yielding. Similarly, in an e¢nergy-absorbing device, it
represents the load at which the device deforms in performing its
function.

Uitimate Load

The maximum load restrained by a structure progressively loaded
until fracture or collapse occurs.

These are interchangeable names of devices used to 1imit the load in
a structure to a preselected value. These devices absorb energy by
providing a resistive force applied over a deformation distance
without significant elastic rebound and without failure.

specific Fnerqy Absorbed (SEA)

The energy absorbed by an energy-absorbing device or structure
divided by its weight.

Bottoming

With respect to energy-absorbing structure, bottoming is a condition
in which the deforming structure or material becomes compacted and
the load increases rapidly with 1ittie further deformation.

Bulkhead

A structural partition extending upward from the floor and dividing
the aircraft into separate compartments. Seats can be mounted on
bulkheads instead of the floor.
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3. CRASH IMPACT CONDITIONS

3.1 INTRODUCTION

This secticn describes general impact conditions, failure modes of aircraft
structure in a crash impact, and resulting injury mechanisms. It aiso
describes the energy present at and after impact and possible ways that it
may be dissipated.

halicopters are often used in areas where fixed-wing aircraft cannot function
and, of necessity, spend time maneuvering at low forward velocities. Under
such conditions, power failure at low altitude results in a predominantly
vertical impact. However, L ide or fuselage impact with ground obstacies,
such as overhead wires, trees, or buildings, can generate aircraft rotation.
Fixed-wing aircraft can impact with high vertical velocity if a stall occurs
at JTow altitude.

Impacts with a predominantly longitudinal velocity vector occur wher aircraft
are flown into inclined surfaces, mountains, ground obstacles, or when ground
impact occurs with the aircraft in an extreme nose-down diving attitude.

When an impact aeccurs with an obstacle located near the ground, i.e.,
overhead wires, trees, or buildings, the subsequent rotational motions can
result in ground impact occurring at almost any attitude.

Although the major impaci generally produces the most severe hazara for
pants, additional hazards can be enccuntered during the remainder of the
crash scquence. Items such &s rotor blades, transmission assemblies,
engines, and external stores may become detached from the aircraft and impact
occupied sections or cause the release of flammable fluids. External objects
such as trees and ground equipment may also penetvate occupied aircraft sec-
tions and present a hazard.

3.2 STRUCTURAL DAMAGE THAT FREQUENTLY RESULTS IN QCCUPANT JHJURY

Although the distribution of accident types may vary considerably for fixed-
wing conventional aircrafl and vertical takeoff and landing aircraft, they
tend to experience similar structural loading for similar impact conditions.
Therefore, the structural damage that produces occupant injury is generally
the same for both.

Usually, the structure that first contacts the impact surface is the first to
deform. As deceleratlive forces increase, deformation continues and more
structure becomes involved. CEventually, buckling may cccur throughout the
aircraft. The protective shell is then compressed between the impact surface
and masscs aft or above the protective sheli. If parts of the aircraft, such
as wings and tail sections of fixed-wing aivcraft, break free from the cabin
section during the impact, this may Timit cabin detormation; however, it may
also produce a higher acceleration level within the cabin.

The following subsections describe frequently occurring impact conditions and

injury-causing events., The aircraft invelved were not designed to be crash-
resistant in accordance with current specifications.
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3.2.1 Longitudinal (Crushing) Loads cn Cockpit Strusture

During an impact with high longitudinal velocity on soft earth, the aircraft

nose structure is sometimes deformed sc that it scoops earth as it slides

along the ground. This prcduces high forces that may collapse the forward

cockpit structure and cause entrapment of occupants and/or injury to their

Tower extremities. In addition, the high forces produce high aircraft accel-

erations, resulting in high loads on personnel and cargo restraint systems. ]
A similar effect may be experienced on water. i

A combination of nose structure crushing and friction between the structure
and the terrain (particularly in "long-nose" aircraft) may cause the forward
structure to be pulled beneath the rest of the aircraft. This type of damage
causes rupture of the cockpit floor and higher longitudinal acce eration than
would be experienced if a smooth "skid" were maintained under the nose.

Longitudinal crushing also occurs if a high angle of attack exists between

the aircraft and the obstacle against which it crashes. This can result from .
a shallow-angle impact with terrain features such as a hillock or bank, from K
a steep-flight angle impact with respect to reiatively flat terrain, or from o
a nose-on impact into vertical walls, such as revetments. The resuiting

crushing may be sufficient to destroy occupied areas of the cockpit or cabin

and reduce chances for occupant survival.

3.2.2 Vertical (Crushina) loads on Fuselage Shell

Ccollapse of the protective shell due to vertical loading often occurs in
high-sink-rate accidents or rollover accidents. The collapse is often
aggravated by the large masses above the fuselage structure such as engines,
transmissions, and rotor mechanisms in rotary-wing aircraft and high wings in
fixed-wing aircraft. This damage aiso results in loss of occupiable volume.

Also, if the underfloor structure collapses without absorbing sufficient
energy, the energy-absorbing capacity of stroking seats may be exceeded in
the impact. The seat will then bottom out, and high loads transmitted to the
cccupant may then cause spinal injury.

3.2.3 Lateral (Crushing) Loads on Fuselaye Shell

Lateral impact of utility helicopters occurs frequently. A 1971 study showed

that over half of severe utility helicopter crashes result in rollover or

side impact (Reference 17). Eyewiinesses of side impact crashes in which -
landing or hovering helicopters caught rotor blades on trees or other obhsta- g
cles report that the helicopters tend to flip on their sides and may rise to ]
& height of approximately 15 ft before crashing.

If the sides of the fuselage are not designed for crash proiection, severe in- Ry
juries can result from relatively miner accidents. Occupants are placed i
close to the sides of the fuselage, and often their restiraint systems, such 1
as lap belts used alcne or with gunner tethers, are not adequate to restrain

the occupants laterally. On cccasions, the doors have been removed previous-

1y or are lost during the crash. The occupant is then exposed to a variety

of additional hazards.
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3.2.4 Transverse (Bending) Loads on Fuselage Shell

Rupture or collapse of the protective shell often occurs due to the high bend-
ing loads during rapid pitch change associated with longitudinal crashes at
moderate-to-high impact angles. Rupture of the protective shell exposes
occupants to injury through direct contact with the impact surface, contact
with jagged metal, and loss of restraint. Miscellaneous equipment also may
strike occupants after breakup ¢f the aircraft.

3.2.5 Deformation (Buckling) of Floor Structure

In most aircraft, occupant and cargo restraint depends h2avily upon the in-
tegrity of the floor structure. When this structure fails, restraint is
lost. Often floor fajlure is caused by crushing and warping of underfloor
supporting structure. Localized damage is frequently caused when fuselage-
mounted landing gear are driven into the fioor structure.

3.2.6 Landing Gear Penetration of Fuselage Shell

Landing gear failures often result in perscnnel injuries, either directly (as
mentioned above) or indirectly, through fire exposure caused by rupture of
flammable fluid lines and tanks. .

3.2.7 Helicopter Lateral Rollover

in helicooter accidents, rollover invariably causes the main rotor blades to
strike the ground. This contact involves two potential hazards: displace-
ment of the transmission and intrusiorn of blades into occupied areas.

Transmission displacement is controlled basically by the strength of the
mounts. In aircraft with fully articulzted main rotor hubs, the blades tend
to destroy themselves without transferring excessively high loads to the
transmission. For rotor craft with a high inertia main rotor, blade impact
Toads will be transferred to the transmission mounts. However, a high
inertia main rotor may afford some additional margin during an autorotation,
thereby veducing the frequency and severity of accidents,

The UH-60A Black Hawk mishap experience and ithat of other helicopters with
similar transmission/rotor and engine retention strengths have shown that the
high-mass-item retention strengths required by MIL-STD-1290 effectively
prevent separation of the transmission.

3.2.8 Rupture of Flammable Fluid Containers

Rupture of structure surrounding flammable fluid containers or transfer lineg
is often an indirect cause of occupani injury as a result of postcrash fire,
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3.3 ENEXGY CONTENT OF AIRCRAFT AT IMPACT

The total energy which the complete aircraft system possesses immediately
prior to impact is dissipated in the crash sequence. This energy includes
the following:

] Translational kinetic energy, (K.E.)t.

() Retational kinetic energy, (K.E.)p.

(] Potential enevqy, P.E.

(] Strain energy, S.E.
The total energy input during the crash sequence, T.E., is
T.E. = (K.E.)7 + (K.E.)g + P.E. + S.E. (1)

3.3.1 Translational Kinetic Energy, (K.E.)y

This energy component is a direct function of the aircraft mass and the vel-
ocity of the mess center at impact.

If Vg = resultant velocity of mass center
iG = longitudinal component of velocity
96 = lateral component of velocity
éG = vertical component of velocity
Then:
(K.E.)p = 3 mvgl
=5 txd +ygh v 7)) (2)

The total K.E. of the aircraft is the summation for all mass elements of the
aircraft.

3.3.2 Rotational Kinetic Energy, (K.E.)p

Rotational kinetic energy may be associated with the total aircraft and with
aircraft elements such as engines or rotor systems. In a helicopter, major
sources of rotational energy are the rotor head system and the rotating

machinery elements, such as engines and transmissions. During a crash, the
rotating element may impact external agents and/or the helicopter structure.

21




However, if, for example, gas turbine engines are not severely damaged, it is
1ikely that there will be no appreciable change in the angular velocity of
the rotational elements during the crash ard no structural deformation.

Selective assessment of rotational kinetic energy contributions to the crash
energy balance must be made.

Basically, (K.E.)g = %10 8% + %1¢ #° + 3P (3)

where é = angular velocity component in x-z plane (pitch)
é = angular velocity component in y-z plane (roll)
& = angular velocity component in x-y plane {yaw).

and 1y, I4, I,, are the mass moments of inertia of the vehicle with
respect tg pi%ch, roll, and yaw axes, respectively, at its mass center.

3.3.3 Potential Enerqy, (P.E.)

For the crash sequence, the total potential energy input into the system
equals the summation of the vertical displacement, AZ, contribution of
each mass from the time of impact until the time of completion.

P.E. = T(mgAZ) (4)

The large mass items, such as transmissions and engines, are major contribu-
tors to the energy balance.

3.3.4 Strain Enerqgy, (S.E.)

Structural sirain energy may exist due to in-flight loading. In addition,
pressurized systems may have stored energy. However, such energy is usually
insignificant.

3.4 POSTIMPACT ENERGY DISSIPATION

After initial impact, there are sevaral ways of absorbing energy to bring the
vehicle to a stor while providing survivable conditions for the occupants.
Possible major contributors in the energy-absorption process are the fol-
lTowing:

1. Energy-Absorbing Landing Gear - The landing gear may provide a high
level of energy absorption, depending on design criteria for the
aircraft and the impact surface.




[aN ]

Structural Deformation - Structural deformation can provide another
major means of energy absorption. Compression, tension, bending,
torsion, and shear from low levels up to ultimate conditions all
contribute to energy absorption. Vertical loads may be limited by
crushing and deformation of the structure, while the frame and
bulkhead members still support large mass items. Longitudinal loads
are likewise limited by structural crushing.

3. Breakaway of High-Mass Jtems - The breakaway of high-mass items

causes an instantaneous mass change and a corresponding reduction in
kinetic and potential energies to be absorbed by the remaining struc-
ture. A major prcblem involved is designing the vehicle to ensure
¢lean breakaway characteristics with adequate clearance between each
free item and the occupied area. If potential hazards from
impacting occupied areas or generating fires can be identified, it

is better to retain the large mass items.

4. Ground Friction and Nose Plowing - Longitudinal deceieration is pro-
vided by ground friction and/or nose plowing depending on the type
of impacted surface. Impact with ground obstacles such as rocks,
trees. stumps. and poles, could be included in this category of
energy absorption. However, these types of obstacles usually absorb
small amounts of energy because of their relatively smail size,

wn

Dicplacoment of Soft Farth Durina Vertical Impact - Vertical deceler-
ation may be limited by compacting and displacing soft earth (or
loam, sand, mud, water, etc.). Forces are very high when a large
flat portion of the fuselage contacts the earth all at once, and
forces are more moderate when rounded corners of the fuselage pene-
trate the earth.

6. Energy-Absorbing Seats - The seat is the final link between an air-
craft occupant and the ground. Because the human body has a rela-
tively Tow tolerance to decelerations paralliel to the spine, it is
usually necessary that energy 2bsorption be included in the seat
design. Crash-resistant seat design is described in detail in V¢l-
ume IV.

3.5 CRASH KINEMATICS

The motion of the c.g. of the aircraft is relatively easily characterized in
terms of velocities and stopping distances if appropriate assumpticns about
the impact acceleration can be made. These calculations may not be used
often by the aircraft designer, but they are useful in crash reconstructions
and the development of performance criteria. A complete development of these
kinematic relationships and numerous examples of stopping distance calcu-
lations for a vairiety of deceleration pulses are included in the chapter on
analytical methods.




4.1 INTRODUCTION

A crash can involve 2 wide range of dynamic conditions, from a simple uni-
directional impact to a complex combination of rotational and multidirec-
tional impacts. Historically, accident data from severe survivable crashes
were used to define velocity changes occurring in the major impact. In
addition, estimates of accelerations experienced on the cabin floor were made
for use in the design of seats and carg: restraints. The data were obtained
from investigations of 1ight fixed- and rotary-wing aircraft accidents from
1960 to 1965 and from 1971 to 1976. The aircraft did not contain crash-
resistant structures, energy-absorbing seats, or crash-resistant landing
gear. More recently, crash data have been utilized along with operational
and coest constraints to arrive at an optimal set of design impact conditions
for Army aircraft. The current crash design impact conditions for Army light
fixed- and rotary-wing aircraft in accordance with MIL-STD-1290 are summar-
ized in Table 2. Table 3 shows corresponding performance requirements under
these impacts and Table 4 lists other design requirements specified by
MIL-STD-1290.

4.2 GENERAL REQUIREMENTS

Aircraft should be designed to prevent fatalities and minimize the number and
severity of injuries during crash impacts of the severity defined in Table 2.
In a severe crash, the service life of the aircraft is usually ended, anc the
only structural requirement is to provide occupant protection. In order to
accomplish this, structure must be allowed to crush and deform in a control-
led, predictable manner so that forces and accelerations imposed upon
occupants will be minimized while still maintaining the protective shell.
This means that any analysis for crash resistance should consider the large
deflections of structural members and joints as well as loading in the
plastic range of stress. Excessively strong airframe structure is no more
acceptable than understrength structure for crash resistance. Not only will

unnecessary strength result in an unacceptable weight penalty but on 1mpact

h‘l(]h acceleration that dnnrarinc occupant survivability may be uenerawd In

crashes of lesser energy content, which could be called hard landings, the
intent is to avoid expensive damage to the aircraft and mission equipment.
Energy-absorbing landing gear is the primary means of achieving this.

The probability of occupant survival will be increased if proper attention is
given to the following features during initial design:

] Airframe protective shell around occupants

o Adequate tiedown strength for occupants, cargo, and eguipment
) Noninjurious occupant acceleration environment

0 Noninjurious occupant environment hazards

] Elimination of postcrash fire

¢ Adequate emergency escape and rescue provisions.
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TABLE 2. CRASH IMPACT DESIGN CONDITIONS, WITH LANDING
GEAR EXTENDED, MIL-STD-1290

Condition Impact Direction Object Velocity Change
—No, (Aircraft Axes) impact sV (ft/sec)
1 Longfitudiral 20
(cockpit) Rigid -
2 Longitudinal vertical 40
(cabin) _barriers
3 Vertical* Rigid 42
4 Lateral, Type [** horizontai 25
9 Lateral, Type JI*** surface 30
6 Combined high
angle* Rigid
Vertical . horizontal 42
) Longitudinal surface 27
7 Combined tow
angle Plowed
_VYertical Soil 14
Longitudinal 160

*For the case of retraciwd landing gear the seat aid airframe com-
bination shall have a vertical crash impact design valocity change
capability of at least 26 ft/sec.

**Type 1 - Light fixed-wing aircraft.
***Type 1] - Rotary-wing, including tilt-p: sp/rotor aircraft.
Note: See Volume Il for vehicle attitude.

4.3 DETAIL REQUIREMENTS

4.3.1 rane Cras

The aircraft structure should provide a protective shell and deform in a pre-
dictable manner so that forces imposed upon the occupants will be limited.

In areas where large structural deformations are anticipated, joints and
attachments should be designed to withstand large angular defiections and/or
large linear displacements without failure. ATl structure likely to be in
contact with the impact surface should be constructed of malerials which
resist abrasion-induced sparking.

Unless otherwise stated, the aircraft design gross weight (DGW) should be
used for the vehicle weight in the analyses described below. Directions are
assumed with respect to the aircraft (Figure 3) uniess ctierwise stated.




TABLE 3. PERFORMANCE REQUIREMENTS UNDER CRASH IMPACT CONDITIONS PER TABLE 2

Condition Impact Percentage Volume
No. _Direction Reduction Qther Reguirements
1 Longitudinal No serious hazard to Does not imp=de postcrash
{Cockpity pilot/copilot egress. Engine trans-
missien, rotor system
remain intact and in place
2 Longitudinal 15 maximum length re- Inward buckling of side
(Cabin) duction for passenger/ walls should not pose
troop compartment hazard to occupants or
restrricl their evacuation
3 Vertical 15 maximum height re G loads not injurious
duction in cockpit and
passenger/troop
compartment
445 Lateral 15 maximum width Lateral ccllapse of occu-
reduction pied areas not hazardous,
no entrapment of 1imbs
6 Combined No serious hazard to
High Angle occupant due to cockpit/
cabin reduction
7 Comb ined No serious hazard to
Low Angle nccupant

4.3,1,1 Longitudinal Impact

4.3.1.1.1 Impact Conditions. The basic airframe should be capabie of im-
pacting longitudinally into a rigid abutment or wall at a contact velocity of
20 ft/sec without crushing the pilot and copilot statioens to an extent which
would either preclude pilot and copilot evacuation of the aircraft or other-
wise b hazardous to the Tife of the aircraft occupants. For such an impact,
the engine(s), transmission, and rotor system for helicopters should remain
intact and in place in the aircraft except for damage to the rotor blades.
The basic airframe of passernger-carrying helicopters should be capable of
impacting longitudinally into a rigid abutment or wall at a contact velocity
of 40 ft/sec without reducing the length of the passenger/troop compartmant
by more than 15 percent. Any consequent inward buckling of walls, floor,
and/or roof should not be hazardous to the occupants and/or restrict their
cvacuation. The aircraft should aiso be desigred to withstand impact fol-
Towing a low angle missed approach. 7This impact in plowed soil (Figure 6)
can result in a rollover and side impacts which may crush and/or separaie the
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TABLE 4.

OTHER STRUCTURAL PERFORMANCE REQUIREMENTS

Velecity Vehicle Percentage
Impact lmpacted Differential Attitude Volume Other
Direction Surface (ft/sec) Limits Reducr ion Requirements
Rollover Earth - 30° sideward or Minimal {door Forward fuselage buried to
180° inverted hatches etc. depth of 2 in. (inverted
or any inter- assumed to be or on side). Load uni-
mediate angle nor.-load carrying) formly distributed over
forward 25% of occupied
fuselage length. Can sus-
tain 4 G without injury
to seated and restrained
occupants. A1l loading
direct ions between normal
and parallel to skin to be
considered.
Rollover {Post- Rigid Two 360° 15 maximum volume re-
impact) Rolls (maximum) duction (5 percent
ssired)
Earth Plowing Earth - - - Preclude plowing when for-
& Scooping ward 25% of fuselage has
uniformly applied vertical
load of 10 G and rearward
Tcad of 4 G or the ditch-
ing loads of MIL-A-008865,
whichever is the greatest.
Landing Gear Rigid 20 :10° Rol None. Plastic Aircraft deceleration at
+15° to -5° deformation of normal G.W. for impact
Pitch gear and mounting with no fuselage to ground
system allowable corntact. A1l other A/C
structural parts, except
blades, should be flight-
worthy following crash.
Landing Gear Sod 100 long.c* -52 Pitch 15 maximum volume No rollover, or if roll-
14 vertical 1100 Ro1l reduction (5 percant over occurs, two 360°
:200 faw desired) rolls without fuselage

crushing.

* Velocity at impact. not differential,
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! IMPACT CONDITIONS

. SOIL OF CALIFORNIA BEARING RATIO =25
. AIRCKAFT PITCH (8)=5° NOSE DOWN

. AIRCRAFT ROLL (8)=+10°

. AIRCRAFT YAW (7)=120 *
. FLIGHT PATH ANGLE (a)=—8' DOWN

. GROUND IMPACT SPEED =100 FT/SEC
. IMPACT SINK SPEED =14 FT/SEC

NN b LN -

LS

X Y.

B__—§ ,
X-“""‘/ X /
/c,\“/pﬂ/“

GROUND LEVEL 1

FIGURE 6. LOW-ANGLE IMPACT DESIGN CONDITIONS (SIMULATED APPROACH
WITH ANTITORQUE LOSS UNDER POOR VISIBILITY).

fuselage. The volume of the cockpit or the occupied passenger/troop compart-
ment should not be reduced by more than 15 percent (5 percent desired).
Static loads for rollover analysis are described in Section 4.3.1.4.

4,3.1.1.2 Earth Scooping Effects. Earth scooping effects encountered in

longitudinal impacts should be minimized as follows:

A large, reiatively flat surface should be provided in those areas
which could gouge or plow, thereby increasing the aircraft’s
tendency to slide over the impacted terrain.

o Inward buckling of the fuselage nose or engine nacelle should be
minimized to maintain skid surface integrity.

® The nose section should be designed to preclude any earth plowing
and scooping tendency when the forward 25 percent of the fuselage
has ¢ uniformly applied Tocal upward load of 10 G and an aft load of
4 G, as shown in Figure 7.
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10 G

FIGURE 7. NOSE SECTION DESIGN CONDITIONS.

4.3.1.1.3 Buckling Effects. To minimize hazards created by buckling, the
aircraft should be designed to:

] Provide sufficient structural strength in the protective shell
around the occupants to prevent bending or buckling failure of the
fuselage.

6 Have the fuselage buckle outward rather than inward if it does col-
lapse.

(] Have the cargo restraints to be effective even when ‘uselage bending
failure occurs.

4.3.1.1.4 Floor. The floor structure should possess sufficient strength
and ductility to carry, without failure, loads applied by the occupants and
cargo restraint systems even when deformation and substructure crushing
occurs.,

4.3.1.2 VYertical Impact.

4.3.1.2.1 Impact Conditions. With the landing gear extended and the rotor/
wing 1ift equal to design gross weight (DuW), the aircraft should withstand a
42-ft/sec vertical impact, without reducing the height of the cockpit or cabin
by more than 15 percent and/or causing the occupants to experience injurious
accelerative loading. Support of all mass, including troop seats attached to
overhead structure, must be provided. For this analysis, the aircraft atti-
tude should be within +15/-5 degrees of pitch and +10 degrees of roli, in
accordance with MIL-STD-1290. Criteria for combinations of pitch and roll are
defined by Figure 2 ef MIL-STD-1290. For the case of retracted landing gear,
the seat and airframe combination should have a vertical velccity change
capabiiity of at least 26 ft/sec.




4.3.1.2,2 Design Application. Design features for accomplishing the above
goal may include the following:

] Locate high-mass items so that they will nct intrude into occupied
areas during the crash

(] Provide sufficient vertical crushing strength to prevent more than
15-percent crush

] Provide lead-Timiting structure beneath the floor

LS

. Provide load-1imiting landing gear
® Provide Toad-limiting seating for all cccupants.

4.3.1.3 Lateral Impact. Light fixed-wing and rotary-wing aircraft should
withstand a lateral impact of 25 and 30 ft/sec, respectively, into a rigid
barrier without reducing the width of occupied areas by more than 15 per-
cent. The design of the vehicle should minimize the chance of the occupant
being trapped between the structure and any impacting surface following
failure of doors, canopies, or hatches.

4.3.1.4 Roljiover Impact. The aircraft should be designed tc resist an

earth impact loading as occurs when the aircraft impacts the ground and rolls
to a Q-degroe (cideward) or 180-degree (inverted) attitude. A rollover
should not cause structural failure or major intrusion into occupied areas.
It should be assumed tnat the forward fuselage roof is buried to a depth of
2.0 in. in soil for the inverted attitude and that the load is uniformly
distributed over the forward 25 percent of the occupied fuselage lengith. It
should aiso be assumed that the forward fuselage side is buried to a depth of
2.0 in. in s0i! for the sideward attitude and that the load iz uniformly
distributed over the ferward 25 percent of the occupied fuselage length. The
fuselage should be capable of sustaining a 4-G (i.e., 4.0 x aircraft DGW)
load applied over the area(s) described for either the inverted or sideward
attitudes shown in Figures 8 and 9, respectively, without structural failure
or more than 15-percent loss of 1iving space. For both cases in Figures 8
and 9, the 4-G distributed Toad should be anaiyzed for any angie of joad
application ranging from perpendicular to the fuselage skin (i.e., compres-
sive loading) to parallel to the fuselage skin (i.e., shear lToading). W¥hen
designing for this condition, it should be assumed that all doors, hatches,
transparencies, and similar openings carnot carry any lecading. However, the
mast, wings (if applicable) and tail boom are assumed to be intact.

4.3.1.5 Wings and Empennage. For fixed-wing aircraft, wing design
should possess frangible characteristics to allow wings to break free from
the fuselage under high longitudinal inertia loads for distributed impact

loads caused by striking a barrier such as an earth mound. Empennage struc- .
%ure may also be designed to collapse or break away during longitudinal crash
mpact.

For rotary-wing aircraft, wings used to support external stores prevent rolil-
over of the helicopter in many accidents and should not be frangible, but
should allow the steres to separate under high-G loads while maintaining the
structural integrity of the wing. However, the wing should break off before
the fuselage structure itself collapses.
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2-in, depth
of terrain

- (i.e..either
earth or wafer)

4 ny

(parallel to
x+y plane)

_\><T
7
NOTES:

1. Pressure on ruof Lo bLe appllied
uni formly over ares resulting
from immersio:. in soil or water
to a 2-in. depth,

2., L ia the total lenyth of fuselage
without either main or tail rotcr —
blades, Shaded area ig structusal area

over which 4-G load is applied

{perpendicular to x-y plane

FICGURE 8. ROLLOVER, ROOF IMPACT DESIGN CONDITIONS.

4,3.1.6 Enaine/Transmission Mounts. Engine mounts should be designed to
keep the engine attached to the basic structure, even though large distor-
tions of the engine mount and support ctructure occur.

On helicopters, the transmission, rotor mast, rotor hub, and rotor blades
should not displace in a manner hazardous to the occupants during the fol-
lowinyg impact conditiens:

) Rollover about the vehicle’s roll or pitch axis on sod.

() Advancing and retreating blade obstacle strikes that occur within

the outer 10 percent of blade span, assuming the obstacle tc be an
8-in.-diameter rigid cylinder.
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4 G_

(perpendicular
to x-z plane)

4 ze (parallel to x-z planc)~_

Shaded area is
gstructural area
over which 4-C
load is applied

Terrain or water e~
NOTES : T
1. Pressure on gides to be applied uniformly over area
resulting from immersion in soil or water to a 2-in. depth.

2. L is the total lengih of fuselage without either main
or talil rotor Llades.

2-in. dépth

FIGURE 9. ROLLOVER, SIDE IMPACT DESIGN CONDITION,

Unless otherwise specified, all engines. transmissions, rotor masts, fuel
tanks, armament systems, external stores, and vrotor hubs that could be hazard-
ous to the occupants should be designed to withstand the following ultimate

load factors (G} in the directions ihat cause those hazards and reimain re-
strained:

) Applied Separately
Longitudinal 420
Vertical +20/-10
Lateral +18

. Applied Simultaneously

Resian Conditicns

—1_ —_— —_—
Longitudinal 120 +10 +10
Vertical +10/-5 +20/-10 +10/-5

Lateral 49 +9 +18




4.3.1.7 Landing Gear. The landi.:a gear should be capable of ground
taxi, towing, ground handling, takea’f and landing roll, and landings in-
ciuding autorotative landings at design sink speeds in accordance with
AMCP 706-201 (Reference 18). \Unless otherwise specified, strength and rigid-
! ity requirements should be provided in accordance with MiL-S-8698 (Rafer-
ence 19). An analvticai casting factor of 1.25 <hould be applied for the
design of all castings which will not be static tested tc failure, or which
v a;e ?gtbpr?cured to MIL-A-21180 (Reference 20). The yield factor of safety
shoui e 1.0,

4.3.1.7.1 Landing Gear Location. The landing gear subsystem locaticn

should minimize the possibility that a part of the gear or support structure
will be driven into an occupiable section of the aircraft, or into a region
containing a fiammable fluid tank or line. If this cannot be accomplished by
Tocation, the gear should be designed to break away under longitudinal impact
conditiens, with points of faiiure located so that damage to critical areas
is minimized.

Failure of the landing gear should not result in a failure of any personnel
seat/restraint system or seat/restraint system tiedown. Also, failure of the
Tanding gear should not result in blockage of a door or other escape route or
prevent the opening of any door or other escape routs

s A T I N 2t Puank l"n.. &
4.35.1.7.2 Vertical Crash roe Attenuation. Lan Snoui g

rofy ca U
the 1cad-1imiting type and should be capable of dec ating the aircraft at
DGW from a vertical impact velocity of 20 ft/sec onto a level, rigid surface
without allowing contact of the fuselage proper with the ground. Plastic
deformation and damage of the gear and mounting system are acceptable in
meeting this requirement. The aircraft should be capable of meeting this
requirement in accidents with simultaneous roll and pitch of +10 degrees and
+15 to -5 degrees respectively.
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The landing gear should provide energy absorption at sink rates up to

42 ft/sec onto an impact surface with 410 degrees roll and +15 degrees to
-5 degrees nitch. The gear should continue to absorb energy even after
fuselage contact has been made to maximize the protection afforded by the
gear.

4,3.2 Ancillary Equipment Retention

Ancillary equipment is all removable equipment carried inside the aircraft
. that could constitute a hazard if unrestrained during a crash.

Typical items are:
¢  Emergency Equipment

Oxygen bottles

Fire axtinguishers
First-aid kits
Portable search lights
Crash axes




® Aircraft Subcomponents

Pancl-type consoles containing control circuitry
Radio and electironic equipment

Auxiliary power units

Batteries

Special equipment

[} Survival Eguipment

Survival kits
Life rafts

Life jackets
Locator beacons
Special clothing
Food and water

] Miscellaneous Equipment

Navigation kits
Briefcases

Log books
Flashlights
Luggage
Toolboxes.

A1l ancillary equipment frequently carried aboard an aircraft should be pro-
vided with integrated restraint devices to ensure retention of the equipment
during any survivable c¢rash. Stowage space should be provided for nonre-
strained items that are not regularly carried. This space should be located
50 that the items stored in it cannot become hazards in a survivable crash.
Stowage under energy-attenuating seats is not acceptable.

4.3.2.1 Strength. Restraint devices and supporting structure for ancil-
Tary equipment should be designed for static loads of 50 G downward, 10 G
upward, 35 G forward, 15 G aftward, and 25 G sideward. Load-limiting devices
are recommended for restraini of heavier equipment. However, ioad-iimiter
stroking shotuld not allow equipment to enter an occupant strike envelope.

4.3.2.2 Emergency and Survival Equipment Stowage Location. Equipment

should be: (1) located close to the primary crew chief station, if applic-
able; (2) stowed in easy view of crew and passengers; and (3) easily and
reliably accessible in an emergency. Equipment should not be placed in areas
where cargo shifting or fuselage distorlion will prevent or impair accass to
it. Extreme temperatures, abrasion, and contamination should be minimized.

4.3.2.3 Release of Emergency and Survival Equipmcat. Retention devices

used to restrain emergency and survival equipment should be capable of quick
release without the use of tools by one person using one hand. Release
should be effected by a single motion actuating one device and should not
require more than 5 sec from time of contact with the actuating device to the
time when the equipment either falls free or is lifted free. If equipment is
stowed in an enclosure, no more than 5 sec should be required for opening the
enclosure and removing the equipment. Aircraft attitude should not adversely
affect release device operation. It should be possible to see the latch
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position (open or closed) of the release device. The release device actu-
ating handle should be of a color that contrasts with the surrcunding area
and be easily discernible in poor light or smoky conditiens.

4.3.3 Occupant Retention

Seating and litter systems should ensure that occupants are retained in their
precrash positions within the aircraft. Seating and litter systems design
should be coordinated and interfaced with the design of the other surrounding
aircraft areas to achieve a completely integrated and efficient crash-
resistant aircraft system design. Seat and litter design should provide the
greatest practical amount of support and contact area for the occupants in
the directiors of the most severe and 1ikely impacts. Seats should provide
an integral means of crash force attenuation. Occupant comfort should not be
compromised to the extent that flight safety and/or crew efficiency is ad-
versely affected. Volume IV contains a detailed discussion of occupant reten-
tion.

4.3.4 Garqo Retention

Cargo restraint should:
] Be as light as possible.
[ Require minimum storage space.
° Be easy tov install and remove.

. Be easily and reliably adjustable for different sizes and shapes of
cargo.

. Provide sufficient restraint of cargo in all directions to prevent
injury to personnel in a survivable <rash.

If the structure of the fuselage and ficor is not strong enough to withstand
the longitudinal loads, load limiters should he used. Cargo restraints
should be capable of maintaining their integrity under longitudinal loads of
16 G peak with a longitudinal velocity change of 43 ft/sec. Lateral and for-

ward strength-deformation characteristics are discussed in Section 6.2.7.4.

If Toad-limiters are used, low-elcngation restraining lines should be used to

ensure the most efficient energy absorption.

Nets used to restrain smali buik cargo should be constructed of material with
low-elongation characteristics in order to reduce dynamic overshoot to a mini-
mum. Restraining lines without load limiters used for Targe cargo, as de-
fined in Table 5, for longitudinal restraint should be so arranged that maxi-
mum load in all lines is reached simultaneously. Restraining lines having
different elongation characteristics should not be used on the same piece of
cargo.
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TABLE 5. AIRCRAFT CARGO CATEGORIES

Small Bulk Cargo Large Rigid Cargo
(Net Restraint] (Line Restraint)

This ¢lass ingludes all boxes This class includes all rigid
or unpacked cargo of approxi- cargo of 3 ft“ or more in size.
nately 3 ft~ or less in size.

+&

Examples: Examples:
1. Ammunitinn boxes 1. VWheeled or tracked vehicles
2. Foodstuffs 2. Aircraft engines
3. Medical supplies 3. Fuei barrels
4. Clerical supplies 4. Artillery pieces
5. Vehicle maintenance 5. Special weapons
components {priority cargo)
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5. GENERAL DESIGN CONSIDERATIONS

5.1 INTRODUCTION

An aircraft design requires a number of distinct features for crash survival,
some of which are indicated in Figure 10. First, and most important, the
structure surrounding occupiable areas must remain reasonably intact, without
reducing occupant living space to the point of creating a hazard. If occu-
pants are injured because the protective shell collapses around them, then
efforts to improve survivability through other methods are futile. An air-
craft which does not provide the protective shell can never be considered
crash-resistant, Second, the structure and the seats should be designed to
attenuate occupant accelerations to survivable levels and to retain large
mass items, interior equipment, seats, and cargo. In addition, cabin pene-
tration should be minimized.

BREAKAWAY STRUCTURE
TO REDUCE MASS

RETAIN TRANSMISSION, ENG.MES,
LANDING GEAR, AND SEATS

ELIMINATE STRIKE HAZARDS
WITHIN OCCUPANT
ENVIRONMENT

___—— MAINTAIN PROTECTIVE
CAGE ARQUND
OCCUPIED AREA

PROVIDE FOR POST-CRASH
EMERGENCY EGRESS

/

{

DESIGN FORWARD LOWER
FUSELAGE TO PREVENT
PLOWING OR EARTH SCOOPING

PROVIDE ENERGY~-ABSORBING
STRUCTURE TO REDUCE CRASH
LOADS ON OCCUPANTS

AND LARGE MASSES

FIGURE 10. DESIGN FEATURES FOR CRASH SURVIVAL.
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Survival is achieved by controlling acceleration magnitudes, durations, and
rates of acceleration change actually experienced by the body, rather than by
the aircraft impact velocity. Since deceleration Toads are a function of the
'strength of the structure, a systems analysis should be performed to estab-
1ish the distribution of energy-absorbing properties to the gear, fuselage,
and seats. For new aircraft, the elements can then be designed to provide
the required properties. For older aircraft undergoing retrofit, certain
elements cannot be changed. Thus, those that can be chanyed should be modi-
fied as much as possible within practical Timits to provide some compensation
for those items that cannot be changed.

5.2 MISSION CONSTRAINTS

The type, mission and size of an aircraft can affect the degree of crash sur-
vival which can be achieved. Therefore, an understanding of mission con-
straints may be useful to the designer.

5.2.1 Combat Support Requirements

Army aviztion supports the Army’s ground combat function in both peace and
war in the following areas:

] Command, Control, and Communications. Army aviation support in-
cludes courier and liaison missions, control of vehicular columns,
message irop and pickup, command and control of airmobile oper-
ations, wire laying, and radio relay.

) Intelligence. Army aviation is an important means of gathering
intelligence. It provides aerial "eyes" over the battlefield and
conducts missions in support of aerial survey operations, aerial
radiological survey, and target acquisition.

) Mobility. By airlifting troops and combat equipment, Army aviation
provides an additional means of maneuver to the ground commander.
Using Army aviation’s airmobile capability, weapons may be emplaced

Mmrnu and trecpc may ha carriad qunnb'l\l ovar phetaclag,

0 Firepower. Army aviation, which provides aerial adjustment of in-
direct fire, is expanding the use of Army aircraft as weapon plat-
forms to fill the gap between the support provided by conventional
ground fire and fixed-wing aircraft.

. Training. This includes flight training of crews in both peactime
and war.

. Combat Service Support. Army aviation supports logistical cpera-
tions by providing delivery of troops and equipment and evacuation
of casualties and damaged equipment within the Army combat zone.

To conduct the combat support mission, Army aviation utilizes a variety of
aircraft with mission specific characteristics, Several types of aircraft,
including helicopters, fixed-wing, and tilt-rotor are described in the fol-
lowing sections.

38

XS




5.2.2 Helicopters

The U.S. Army inventory of helicopters can be divided into five types by
mission:

) Observation (OH) o Carygs (CH)
) Attack (AH) e Training (TH)
. Utility (UH)

Figures 11, 12, and 13 show side elevations for typical helicepters to indi-
cate comparative sizes and layouts. When considering a design for orcupant
protection, it becomes apparent that each type of helicouyter poses different
problems. The size, proximity of occupied areas to ihe ground impact plzne,
distribution of mass items and external stores, and the location of trans-
parencies and cutouts for exits combine to provide the designer with major
challenges in the efficient allocaticn of the primary structure.

Figure 14 shows a helicopter whose design considzred ihe parameters listed
above. Notations indicate several major design features necessary in a pri-
mary aircraft structure to satisfy the crash resistance reguirements of
MIL-STD-1250.

5.2.3 Fixed-Wing Aircraft ]

Side elevations of these aircraft types are shown in Figure 15. A1l except
the OV-1 are military versions of commercial aircraft. The maximum capacity
of any listed aircraft is a crew of two with 20 passengers.

5.2.4 Tilt-Rotor Aircraft

Tilt-rotor aircraft share operating characteristics with both helicopter and
fixed-wing airplanes. A typical tilt-rotor configuration is shown in Fig-
ure 16. The tilt-rotor is a recent development, and there is no service expe-

A PO B, R T ThL ecalLainn sram | . Sk -
riente availiatie. Theéretoire, <rasn resistance features for thom must he

based on similarities with helicopter and fixed-wing aircraft coupled with
analytical evaluation of potential hazards. Special considerations for
tilt-rotor aircraft are presented in Section 6.4.4.

5.3 GENERA] CONFIGURATION

The design of an aircraft structure invoives a series of compromises with re-
spect to payload, performance, aerodynamics, strength, simplicity of fabrica-
tiorn, economics, etc. The additional requirement that crash resistance be-
come an important structural consideration brings a need for further com-
promise and good judgment. As more attention is directed toward airframe
crash resistance throughout the design stages, methods and techniques of con-
struction will improve so that adequate crash resistance will be achieved
with acceptable weight, cost, and performance penalties.
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FIGURE 13. SIDE ELEVATION OF TYPICAL U.S. ARMY TRAINING HELICOPTER.

HIGH-STRENGTH
RETENTION QF
MAIN TRANSMISSION

HIGH-STRENGTH
RETENTION OF
ROTOR HEAD
ASSEMBLY -

HIQGH-STRENGTH
RETENTION OF
ENGINE (2)

ROLLOVER
S8TRUCTURE

JETTISONABLE
EXTERNAL STORES
(WING MOUNTED)

4&31374“41

GUNNER SEAT
{ARMORED)

CRASH-RESISTANT
LANDING QEAR

CRASH-RESISTANT
PILOT SEAT
(ARMOQRED)

CRASH-RESISTANT
STRUCTURE

FIGURE 14, SELECTED HELICOPTER CRASH-RESISTANT FEATURES.
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FIGURE 15 (CONTD). SIDE ELEVATIONS OF TYPICAL U.S. ARMY
FIXED-WING AIRCRAFT.
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FIGURE 16. TILT-ROTOR -AIRCRAFT.

Often, the upgrading of crash resistance will not result directly from an
increase in strength. Consideration of the deformations which are 1ikely to

occur, and ensuring that several parallel load paths are available to keep
the structure intact even though localized damage occurs, will also improve
crash resistance. Failure mode control will require much more consideration
when designing for crash vesistance.

An excessively strong airframe structure is no more acceptable for crash
resistance than an understrength structure. Not only will unnecessary
strength impuse a highly undesirvable weight penalty but it may also develop
high floor accelerations that reduce survivability. This is particularly
true of underfloor structure, which must be designed not only to support
normal flight and landing loads but to ahsorb energy when subjected to
vertical crash leads.

Fabrication techniques and structural configurations, especially for areas
where severe damage is probable, should be selected after consideration of
the overall effects of structural failure on cccupant protection. Wherever
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possible, multiple structural members should be used instead of larger single
structural members, so that localized impact damage will not resulc in com-
plete Toss of structural integrity. Multiple Toad paths also aid in main-
taining uniform fo''ce transmission charcteristics throughout structural
collapse.

When designing for the use of corposites in the primary fuselage structure,
it is desirable to corduct representazive substructure crush tests as part of
the design process te evaluate the energy-absorbing properties of proposed
structural concepts.

The aivframe structure should, of course, be designed for normal airloads,
ground handling Tnads, and fazigue 1ife, while considering the details of the
aircraft specification with respect to size, range, performance, space enve-
Topes, etc. After tihe basic structural layout has been defined, the effects
of crash loeds muct be considered to determine where structural modifications
are needed to improve «iash resistance. Concurrent with this process, space
allocations musc be m3 #ﬂ for critical systems, such as landing gear, equip-
ment vacks, szats, car~go tiedowns, and emergency exits, to ensure an inte-
grated approach to crash-resistance .

5.3.1 Failure Mndes
The following failure modes should be avoided:
0 Occu;ted area penetrations by failed structural elements.

. Inward buckling structures, such as sidewalls, bulkheads, and
flooers,

. Feilures of members such as frames that result in jagged, failed
¢~ds pyotruding into occupied space or fuel tanks.

° Fa-tener failures that may produce structural discontinuities and

projectiles.
) Grittie fractures thatl suddeniy unioad, causirg impulse effects in
adjacent structures with potential for progressive failures and

generation of projectiles.

] Emergency exit surroundings that distort excessively and preclude
the opening or removal of doors or windows.

° Flammable fluid container penetrations.

Alsc, predeterwined failure points can be introduced into a design to help
control structural response under dynamic loading conditions. These points
may be plastic hinges that allow earlier plastic yielding and rotations in
weaker sections. Alternatively, joints may be designed to fail progressively
to allow rotation of structural elements with subsequent load redistri-
bution. A final joint condition of effectively pin-ended members will quite
often be more desirable than member breakaway.
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Typical examples of failure modes discussed in this section are shown in Fig-
ures 17 through 24, demonstrating, in particular, the requirements for fail-
ure away from occupied areas and prevention of potentially damaging projec-
tiles and structural elements. These photographs were taken after a vertical
impact of a test vehicle onto a concrete ground plane at a velocity of more
than 42 ft/sec. The structural failures, in general, did ncc¢ result in
unacceptable intrusions into occupied space. The resulting sharp-edged
elements could have been eliminated by using materials with better fracture
toughness properties and/or increased dimensions.

F

AN :BEFOF\‘E

CONTROLLED WING FAILURE ALLOWS MASS RELIEF.
PREVENTS FUSELAGE COLLAPSE.

AFTER™

CQOMPGOSITE BLADES HAVE
BENIGN FAILURE MOQDES

|

TN —

N -

DIRECTION OF ROTATION CAUSES PYLONS/ROTORS
TO BE DRIVEN AWAY FROM FUSELAGE SHQULD
BLADE STRIKE OCCUR.

FIGURE 17. WING/ROTOR/FYLON CRASH FAILURE MODES.
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FIGURE 18. COMPRESSIVE BUCKLING AT BASE OF BUTTLINE
BEAM STRUCTURE ON A MEDIUM CARGO HELICOPTER
FOLLOWING VERTICAL IMPACT.

Other structural factors that can influence human survival in a crash impact
are presented in Table 1.

5.3.2 Impact Parameters

The design of a crash survivable aircraft is heavily dependent upon the
impact parameters specified to be survivable. Impact velocity (speed and
direction) and attitude as illustrated in Figure 25 are critical. Design
criteria for these values are specified in MIL-STD-1290 and are discussed in
Section 4 of this volume of the Design Guide. Attitude is especially criti-
cal, since energy-absorbing features, such as landing gear or underfioor
structure, may be orly partially effective if the aircraft is pitched or
rolled at impact. As illustrated in Figure 25, oaly one gear may function
during a major portion of the initial deceleration prior to fuselage impact
in the case of a 10-degree roll.
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FIGURE 19.

TYPICAL BUCKLING COLLAPSE OF VERTICAL BULKHEAD AND BUTTLINE
BEAM ON A MEDIUM CARGO HELICOPTER FOLLOWING VERTICAL IMPACT.
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FIGURE 20C. TYPICAL FRAME FAILURE AWAY FROM QCCUPIED
SPACE IN THE COCKPIT AREA OF A MEDIUM
CARGO HELICOPTER FOLLOWING VERTICAL IMPACT.

5.3.3 ]Initial Layout

Structurally, the aircraft should be capable of performing its mission of car-
rying the required payload. Initial layouts should consider the volume re-
quired to carry the requisite crew, passengers, and cargo after allocation of
space for aircraft systems. The structure needed to carry and/or house the
systems and occupants should be laid out to adequately support all systems
and to provide basic structural protection during a crash,

Figure 26 shows a structure designed to protect the occupants in a crash.
Adequate space for allowing the structure to stroke and/or collapse to absorb
energy in the support of large mass items should be provided. At the same
time, seated occupants and cargo should be restrained and G levels limited to
provide a survivable crash impact condition. Crash-resistant seats should be
supported by an integral part of the primary structure. Sufficient space
should be provided around the seats to ailow them to opera.e properly when
under load and deformed. Proper seat stroking loads and sufficient stroking
distance should be provided.
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FIGURE 21, TYPICAL FRAME FAILURE AWAY FROM OCCUPIED
SPACE IN THE CABIN AREA OF A MEDIUM CARGO
HELICOPTER FGLLOWING VERTICAL IMPACT.

5.3.4 Analysis and Simulation Iterations

Once the preliminary design is established, computer simulations, such as de-
scribed in Chapter 7, are used to model primary structure, large mass items,
systems, occupants, and cargo. Then, potential impact conditions are simu-
lated to investigate the aircraft’s dynamic response, structural collapse,
and acceleration.

An iterative process is used to optimize energy-absorption concepts, struc-
tural distributions, failure modes, mass retention concepts, landing gear
Tocations, etc. This process;conducted concurrently with inputs from design,
stress, and performance, ensures design optimization. Further modifications
are made to control weight and weight distribution, producibility, maintain-
ability, safety, and cost. Several cycles of iteration should be expected in
the evolution of the cptimum design, adequately satisfying the requirements
of the basic helicopter specification.




[ XY

FIGURE 22. FAILURE MODES RESULTING IN JAGGED ELEMENTS PROTRUDING
INTO OCCUPIED SPACE IN THE CABIN AREA OF A MEDIUM CARGY

HELICOPTER FOLLOWING VERTICAL IMPACT.
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FIGURE 23. ROTATIONAL JOINT FAILURE WITH COMPRESSION AND BENDING
IN A MEDIUM CARGO HELICOPTER FOLLOWING VERTICAL IMPACT.

FIGURE 24. FAILURE OF FRAME MEMBER AND JOINT WTH FRAGMENTATION,
COMPRESSION, AND BENDING IN A MEDIUM CARGO HELICOPTER
FOLLOWING VERTICAL IMPACT.
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ATTITUDE

MPACT SURFACE

FIGURE 25. DIRECTION AND ATTITUDE OF IMPACT.

§.2.5 Margins of Safety

Safety margins of 0.0 based upon the crash load factors presented elsewhere
in this volume will qgenerally be considered satisfactory. Safety factors may
be fncreased as necessary to ensure performance in critical areas, particu-
larly in load paths for occupant retention.

Designs allowing the structure to remain more nearly intact through improved
compliance or improved progressive, yet predictable, deformation are some-
times more effective than direct increases of strength. Plastic yielding can
relieve stress concentrations before tie ultimate strength of members is™
reached.
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5.3.6 Joint Concepts

The joints and attachment fittings of a crash-resistant airframe structure
must be able to withstand large deformation without failure and connect items
such that structural failure or separation occurs before the joint fails.

0f the two considerations, the first imposes the greater constrsint on a |
joint constructed of composite materials or, for that matter, on a metallic

fitting manufactured from a casting or a forging. Joint concepts which can-

not themselves meet the above criteria should have redundant or backup load

paths to satisfy the above considerations while relying on the airframe struc-

ture to absorb the energy and redistribute crash loads. Many composite

joints ccatain some metal for this purpose and are considered hybrids.

e

Figure 27 shows an example of a joint concept which has been used success-
fully for transmission retention. It utilizes cemposite parts which fail
progressively in bearing to allow energy absorption without structural separ-
ation.

5.3.7 Materials

Most helicopters in the Army inventory are constructed primarily of metaliic
materials. Some secondary and fairing components are made from nonmetallic
materials or composites. However, all composite or largely composite air-
craft are in development. Therefore, both materials are applicable for
crash-survivable design.

Subsequent sections discuss these requirements with reference to both metal-
1ic and composite structures.

5.3.7.1 General. The kinetic energy of an aircraft subjected to a crash

is absorbed in a number of ways, includinc deformation of aircraft structure.
Absorption of energy through structural deformation can work effectively as

an occupant protective device if the surrounding structure is allowed to de-

form, thus attenuating the forces transmitted to the occupant. The use of
surrounding structure as a buffer can be accomplished more efficiently if the

impact causes crushing without cemplete rupture of structural members. Mater-

ial praoperties can greatly affect the degree to which this is actually

achievad. Material ductility is required to ensure that crushing, twisting,

and buckling can occur without rupture. Y

5.3.7.2 Material Strength and Elongation Characteristics. Material

strength and elongation characteristics are described in applicable military
handbooks. MIL-HDBK-17 (Reference 21) and MIL-HDBK-5 (Reference 22) contain '
basic design data for composite and metallic materials, respectively. In
using these properties, one should bear in mind that for some materials, such
as steel, handbooks present only guarantecd minimum strength and elongation
data; for other materials, such as aluminum, values are presented indicating
both minimum guaranteed strength and the strength values which statistics
show will be met or exceeded by 90 percent of the materials under consider-
ation. The 90-percent probability values are normally somewhat higher than
the guaranteed values. The selection of the strength value should be based
upon the ronsequences of failure. For design of structural members, such as
members supporting heavy overhead masses, where failure could result in a
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severe loss of occupant protection, the use of minimum guaranteed values
woulc be reasonable. For design of structures likely to be subjected to
massive crushing, such as airplane nose structures, the use of statistical
values would be justified.

5.3.7.3 Composite Materials. Composite materials offer certain advantages
over metallic in some areas of helicopter structure, primarily the advantage
of reduced weight. However, most composite materials cannot tolerate large
strains without fracture as can ductile aluminum. Because of this, crash
energy absorption with composites must come from innovative design to enhance
matevial stress-strain behavior.

At present energy-absorbing behavior of composites is not easily predicted.
Thus, substructure testing will usually be required in order to verify that a
proposed configuration will actually perform as i1ntended.

Figdre 28 compares typical stress-strain curves for an aluminum alloy and &
graphite/epoxy composite in tension. The shaded areas indicate the potential
energy absorption capabilities; the difference between the two materials
should be noted: i.e., the ratio Ajgyg5/Agp = 12.3.
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FIGURE 28. STRESS-STRAIN RELATIONSHIP FOR ALUM.NUM ALLOY (7075)
AND 0-DEGREES GRAPHITE/EPOXY COMPOSITE.
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However, if properly designed assemblies of composite materials are progres-
sively crushed, they can exhibit high energy absorption. Figure 29 shows a
comparison of Specific Energy Absorption (SEA) for a number of devices with 2
composite tube having the largest value (Reference 23). In addition to SEA,
the failure modes of composite materials should be considered. Typically,
graphite/epoxy has poor postcrushing integrity and exhibits fracture and
separation during crushing. On the other hand, Kevlar/epoxy typically has
good postcrushing integrity.
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FIGURE 29. SPECIFIC ENERGY ABSORPTION COKPARISONS.
(FROM REFERENCE 23)

Table 6 presents values for ultimate strengths and elastic moduli for severai
typical structural compesites.

Much design and development test work has been conducted to find composite
geometries that will serve the dual purpose of carrying nonikal light and
landing loads as well as proviling energy abscrpiion when subjected to crash
loads. Detailed information way ke obtained from Referenzcs 24 viirough 32.

Additicnaliy, much informaticn concerning the im.lusion of crash vesictance
in composite aircraft, using the technigues presentzd in References 24
through 42, is available from the uU.S. Army-sponsored Advanced Comnesite
Airframe Program (ACAP). Resulis from thesc programs arz available ip
References 36 and 43 through 46. Twe U $. Army ACAP helicopter drop tests,
reported in References 47 and 48, have demonsirated the feasibilrty of
crash-resistant composite stivuctuves.




TABLE 5. ULTIMATE STRENGTH AND ELASTIC MODULI
FOR TYPICAL STRUCTURAL COMPOSITES

Uit imate )
Tensile Modylus of tlasticity
Stress Longitudinal Transverse
. 2 2
Composite llbjin.zl {(b/ip. ) 1b/in Y
Boron/epoxy [0] 152,000 30 x 10° 2.7 x 10°
-30 x 10 2.7 x 10° .
Graphite/epoxy [0) 110,000 25 x 10° 1.7 x 10°
(high modulus graphite) -25 x 10° 1.7 x 10
Graphite/epoxy [0] 180,000 21 x 105 1.7 x 10
(high strength graphite) -21 x 10° -1.7 x 10G
Puren/aluminum 160, 000 34 x 10° 20 x 10°
-30 x 10% -19 x 108
Borsic/aluminum 140,000 32 x 108 22 x 102

an .. 1:\6 atfn .
TV A AW 4 A

Another available method of energy absorption that may achieve adequate per-
formance is incorporation of filler materials, such as honeycombs and struc-
tural foams. For longitudinal and lateral impacts, it is feasible to incor-
porate energy-absorption features of this type; for the support of large mass
items with high energy content, other techniques are probably necessary.

Limitations on the use of energy absorption techniques will be dependent on
the size and overall layout of the aircraft needed to saticfy mission require-
ments. For a given aircraft, optimization studies may indicate that some
major primary structural elements need to be manufactured from metallic mate-
rials, whereas composites may find use in cther areas. If construction tech- o
niques are mixed, the effect of thermal stresses during manufacture and oper- ¢ B
ation must be fully investigated. If curing of the bonding agent at elevated ;
terperatures is required, warpage of the finished product may result.

Table 7 gives values of thermal expansion coefficients for composite and
metallic materials. Other useful design information can be found in Refer-
ence 44,

If the composite crash-resistant primary structure is not designed carefully,
it may be less effective than anticipated. If a composite structure with an
energy absorption capability less than that of a metallic structure is used,
a survivable deceleration environment must be created by the use of landing
aear with greater energy-absorbing capacity, energy-absorbing seats, and
possibly some forms of floor load attenuation other than through primary

L
pra
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TABLE 7. THERMAL COEFFICIENTS OF EXPANSION FOR COMPOSITE
AND METALLIC MATERIALS (REFERENCE 48)

Coefficient of Thermal
Expansion

19°° in./in /%)

Material ngitydinatl ransver

Boron filament 2.7 NA
Epoxy matrix resin 2.7 27
Graphite fiber -0.05 NA
E-glass filament 2.8 NA
Boron/epoxy [0) 2.3 10.7
Goron/epoxy [02/:453 - 2.4 7.7
Graphite/epoxy [0] 0.3 14.4
Graphita/epoxy [0/+45/90] 1.9 1.8
E-glass/epoxy (0] 4.8 -~
E-glass (18_1 style weave)/opo;y 5.5 6.7
PP_ZD-49/epoxy [0} -6.0 --
PRD-49 (181 style weave)/epoxy 0.0 --

Altminem 13

Steel 6

Titaniuwm 5.6

structural deformation. This may introduce additional weight and require
extra installaticn space to allow adequate stroking distances. Reference 50
presents a survey of crash impact characteristics of composite structures and
suggests possibie design concepts.

5.3.7.4 Spark Generation. Two types of sparks should be considered
potential ignition sources. The friction spark {s a particle abraded from a
parent material through contact with a moving surface. Initially, the par-
ticle is heated by friction. 1f the friction is great enough, the materizi’s
combustion temperature will be reached, causing the particle to ignite.
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Electrostatic sparks result from the discharge of an electrostatic charge ac-
cumulated on parts during normal operation. The discharge may be triggered
when crash forces cause separation of the parts. This section is concerned
only with material selection to minimize friction spark generation.

Friction sparks become possible ignition sources when portions of aircraft

structure scrape along the ground. While all common metals can be abraded, )
not all sparks are sufficient to ignite spilled fluids; rather, ignition is
dependent on the thermal energy of the spark. Thermal energy is a function

of the following parameters:

vy

. Bearing pressure of structure on ground.
° Sliding velocity of structure relative to ground.
) Metal hardness.
) Temperature at which metal particles burn.
Table 8 gives some results of research conducted by NASA to determine the min-

imum conditions under which friction sparks from metallic materials typically
used in aircraft construction will ignite (References 51 and 52).

TABLE 8. MINIMUM CONDITIONS UNDER WHICH CERTAIN ABRADED
MEYAL PARTICLES WILL I!GNITE (REFERENCES 51 AND 52)

Minimum
Bearing Pressure Drag Speed

__Mgta) (1b/in.2) —(mi/br)
Titanium 21-23 less than 5
Chr oine=ing Tyboanum stea) 30 0
Mzgnesium 37 10-20 .
Stainless steel 50 20

!

Aluminum 1,455" 40

*Ignitiorn was not obtained with aiuminum.

Aluminum alloys are the least likely to cause ignition of spilled fuel; how-
ever, the abrasion rate for aluminum is high, which can result in rapid vear
and subsequent tearing. This, in turn, exposes other structures that may be
manufactured from materials prone to generate sparks. To minimize the prob-
ability of belly skin loss, relatively thick skins made of ductile materials
are recommended.
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Particular attention should be given to attachment peirts for hoists, landing
gears, boarding steps, and other components located in anticipated impact
areas., Also, particular attention should be given to steei nuts, bolts, and
washers that can contaminate otherwise spark-free areas.

Composites included in aircraft structures have not been considered as poten-
tial ignition sources. However, if the aircraft belly primary structure is
constructed from composites, the high bearing pressures and sliding veloc-
ities may generate sufficient heat for hot spots to ignite spilled flammable
fluids. The relevant properties to ensure that ignition temperatures cannot
be developed should be fully investigated for any composite located in such
an area of sliding contact.

$.3.7.5 Strain Rate Effects. During a crash, rapidly increasing loads,

not instantaneous loads, are applied. In most cases, a minimum of 10 msec is
required for loads to reach maximum values. Under such conditions, inertia
effects may be of importance, but strain rate effects in materials are prob-
ably insignificant.
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6. SUBSYSTEM DESIGN

6.1 INTRODUCTION

This section offers specific suggestions for achieving the most crash resis-
tance from fuselage, landing gear, and other subsystems. However, it must be
recognized that systems integration is essential for optimizing aircraft

crash performance. The specification for the performance of each subsystem

is presumably created from an aircraft systems model that considers the inter-
action between subsystems. Conversely, the totai systems model requires in-
put about achievable subsystems capabilities. Development of optimum crash
resistance performance therefore requires an iterative approach.

Many crash conditions must be considered for a crash resistant aircraft de-
sign, inciuding those for which the landing gear cannot be effective as an
energy absorber, In such circumstances, the crash performance of the fuse-
lage is most important; for this reason, the fuselage is presented first.
Following sections treat the Tanding gear and other subsystems external to
the fuselage (rotor blade, wing, empennage, engine pods, etc.), some of which
may be employed as energy absorption devices in a crash or may be shed to
reduce kinetic energy.

6.2 FUSELAGE
6.2.17 Geieral

Improved crash resistance begins with improvements in fuselage design, since
the fuselage p:ovides the occupants’ protective shell and can appreciably con-
trol accelerations applied to the seats. In this section, principles for
improving fuselage structure and methods foy accomplishing these improvements
are presented.

A graphic example of cabin collapse is shown in the sequence of photographs
shown in Figure 30. These photographs, taken during a NASA fuselage drop
test, illustrate how an occupied volume can be briefly reduced to the point
where human survival is unlikely even though the postcrash deformations may
be small.

Fuselage crash performance can be improved through the following design
techniques:

1. Alteration of the structure that makes initial contact with the
ground to reduce gouging and scooping of soil, hence limiting
accelerations.

2. Reinforcement of cockpit and cabin structure to prevent collapse and
to provide adequate tiedowns for occupants and cargo,

3. Modification of fuselage structure to provide energy absorption
through controlled deformation.
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4. Resistance of fuselage penetration by selective structural reinforce-
ment or by modification of components such as the antitorque rotor
blades, empennage boom, support system for the external stores, and
the Yanding gear to ensure that if these parts fail, they fail
safely.

5. Provision for component breakaway to effect a reduction in the mass '
of the aircraft, and reduce the fuselage strength requirements.

Potential benefits from each method depend upon the structural characteris-
tics of each aircraft design and it’s mission constraints.

Figure 31 illustrates an approach to maintaining a protective shell and
absorbing vertical crash energy. This can be accomplished by providing
rollover strength in the form of stiffened ring frames on the top and sides
of the fuselage. The crushable webs of the subfloor beams contribute
strength and stiffness to satisfy the normal airworthiness criteria; they
also function as energy absorbers to attenuate the vertical crash impact
forces.

The sections that fcllow discuss the design of crash resistant fuselages.
Load-1imiting strategies are discussed first. They are used to reduce the
forces on the occupants and to reduce loads within the fuselage, thus pre-
serving the protective shell with minimum weight. Next are methods to avoid
unnecessary failures of the protective fuselage shell or blockage of emer-
gency escape vroutes by cracsh-induced fuselage deformation. Last, attention
is directed to structural interfaces with other subsystems: ergines, trans-
missions, fuel tanks, seats, cargo, and ancillary equipment. Although
landing gear, wings, empennage, externai engine pylons, and external stores
are also mounted to the fuselage, these major external subsystems and their
structural interfaces are described in other sections.

6.2.2 Load-Limiting Fuselage Structure

6.2.2.1 General. A basic difference exists between the dissipation of
kinetic energy in crashes which are primarily longitudinal (high velocity,
Tow angle) and those that are primarily vertical.* In longitudinal impacts
onto relatively flat surfaces, a high percentage of the kinetic energy of the
aircraft is dissipated in displacement of earth and in friction between the
aircraft and the earth. Consequently, in this type of crash, a relatively
low percentage of the kinetic energy is absorbed by structural deformation.
In primarily vertical impacts, longitudinal impacts into barriers, and
lateral impacts, much more of the kinetic energy must be absorbed by the
structure. This leads to separate design concepts for improving crash .
resistance under primarily longitudinal impact conditions and under other
impact conditions.

*As used here, "longitudinal" refers to the orientation of the velocity
vector with respect to the impact surface, i.e., parallel to the impact
surface. The impact surface is presumed to be relatively firm and
unobstructed. "Vertical" impact refers primarily to the autorotation type
impact for rotary-wing aircrart.
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In a jangitudinal impact, the main consicerations are to easure the inteqrity
of the structural shell, to minimize earth scoopino or plowing of the lower
fuselage, and to provide sume energy-absorbing material forward of tne
occupied area to limit rorces due to impact with obstaclas cuch as earth’
berms.

for a primarily vertical impact (or for the vertica! component of any im-
sact), structural energy-absorption requir-—ents differ appreciably from
these of a longitudinal impact. In a vertical impact against rigid surfaces,
there exists no possibility of low-force-level (and hence low-acc.leration-
level) energy absorption exterior to the aircra‘t comparable tc :the fric-
tional energy absorption in a longitudiral skid. The velocity change *n the
vertical direction must be accompl:shed in a <hort time. Conseguently, when
the vertical veloc‘ty component is high, crashes are jenerally characterized
=y large structural deformation and high floor acccleraticns. The floor
acceleration can be reduced by 1ncorporating crushable underflicor structure.

The difference in typical vertical and longit:dinal impacts is graphically il-
lustrated in Figure 32. The vertical impact in Figure 32{a) shows a constant
Tow level acceleration for an extended period of Lime as the gear strokes.
This is followed by fuselage impact which occurs at a much higher G level fur
a shorter time. (The gear may still bte stroking and contrituting tu the load
during this time.) Seat strcke coincides with fuselay2 crush and continues
afterward until the seat and occupant’'s energy is expeadad. Corresponding
velocity and displacement are also shown tc clarify the dynamics of the

system interactions.

Longitudinal impacts are usually relatively simpler with acceieration pro-
files as shown in Figura 32(b). An initial slide is followed by a higher
acceleration pulse with fuselage crush due to impact with an obstacle or
earth plowing followed by a long low-level acceleration slide-oui period.
Impacts with barriers, of course, lack the slide-out period. Usuclly, there
is negligible energy absorption 1n structure other than the fuselage.

The limiting of loads on the fuselage is directly beneficial since it reduces
the decelerations experienced by the seat structure and occupants. Equally
important, it is indirectly beneficial by reducing loads on the structure and
thus helping to preserve the protective fuselage sheil.

6.2.2.2 Vertical tperyv Absorption. To e 1luate potential improvements

in crash resistanze of rabin structure for sertical impacts, two idealized
extreme configurations are presented. First, consider a fuselage sectioa in
which the aircraft mass is concentrated at the top of a fuselage section.
Thi.s model {s schematizally illustrated in Figure 33, The fuseiage acts as a
nonlinear spring which is 1nitially elastic and remains so for a moderate
de‘ormation; thereafter, the spring force reaches a critical value that pro-
duces a plastic deformation. For such a model, a vertical impact requires
that substantially all of the kine.ic energy of the mass bz converted to
deformction energy of the structure,

Tha concepts shown schematically in fiqure 34 include 3 crushable region
“plow the cabin floor that deforms pla.tically at forces belaw the critical
"had for the upper fuselaqge sidewalls. To provide further dereleration
distance for the overhead mass, an energy-absorbing structure may be placed
between the mass and the fuselage (Ffigure 34) C-re must be taken in using
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this concept to ensure that nonuniform deformation of this structure does not
lead to rotor blade intrusion into the cockpit. :

The opposite extreme consists of an aircraft with the mass concentrated at or
near the bottom of the fuselage. Figure 35 illustrates this configuration
schematically. The light upper structure in the cabin would be unlikely to
collapse even for high-energy impacts. [f crushable subfloor structure were
included in the model, it could serve to attenuate the floor acceleration.

Actual conditions generally fall between the two extremes presented above.
To the extent that large masses and sometimes floor/cetling-mounted troop
seats are secured to the upper fuselage, the possibility of cockpit/cabin
collapse should be carefully considerad in the cesign process.

The fuselage underfloor structur can help practect occupants from high decele-
rations by absorbing energy d*- ing the crushing process that occurs during
vertical impacts. This st-icture chould demonstrate large plastic deforma-
tion during the crash. Meca)l structures generally accomplish this through
the process of instabil.ty failures, followed by large plastic deformations.
Some components are .lso capable of absorbing energy following compressive
coilapse. Some. concepts for energy-ansorbing structure are shown in Sec-
ticns 5.3.1 and 5.3.6.3. Methods for calculating the amount of energy
absorption capability required are presented in Section 7.3.3. References 53
through €1 provide additicral intormation concerning the mechanics of
large-deformation structural energy absorption.
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Figure 36 summarizes the design requiresments for proper vertical energy ab-
sorption design. The load-deformation curve should exhibit a relatively
uniform crushing load to provide efficient energy absorption. The stroke-to-
Tength ratio of the involved structure should be such that the useful stroke
is sufficient to provide the necessary energy absorption. The crushable
structure should not have a high peak load at the initiation of stroking that
could cause the fuselage structure to collapse. Also, the underfloor design
should possass postcrash structural integrity and should function properly
under combined load effects resulting from varying impact conditions.

MIL-STD-1290 now requires that the fuseiage be designed to withstand a
42-tt/sec vertical impact with a pitch of +15 to -5 degrees and. a2 roll of
+10 degrees as shown by the crosshatched envelope in Figure 37a. Vertical
energy absorption capability is very much a function of impact attitude, and
this effect must bhe carefully considered by the designer. The effect of roll
and pitch attitude on survivable vertical impact velocity is illustrated by
Figure 37b which shows the resuliing 36 ft/sec envelope for an experimental
ACAP fuselage designed for the rectangular 42-ft/sec envelope represented by
the crosshatched area.

Methods of absorbing energy include the use of crushable matertal. Honey-
combs, expanded foams, or similar materiais share the major disadvantage of
occupying relatively large volumes. Such space usage can result in system
installation compromises, enlarged profiles, and increased primary structure
weight to accommodate such energy attenuation methods. They do, however,
still provide a method warranting consideration.
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Considerable work has been done to investigate various underfloor structural
geometries capable of sustaining normal flight and landing loads while provid-
ing significant energy absorption during a crish with vertical velocity.
Examples of such structure are shown in Figures 38 and 39. Other concepts

are presented in References 62 through 64. These concepts, when used under-
neath a strong floor structure, result in the desired combination of a
continuous strong floor and an energy-absorbing understructure.

The beam and bulkhead concepts shown in Figure 38 are designed to react to
the vertical, longitudinal, and lateral impact loads; however, the most
efficient direction for providing a progressive collapse is vertically. In
each of the concepts shown, it is assumed that the floor structure would also
be designed to react the crash impact forces without failure. The concepts
shown are directly applicable to many current fixed- and rutary-wing air-
crart, because their structural arrangement is similar.
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Concepts 1, 2, and 3 are web designs for floor beams made of composite mate-
rials. These webs may be designed so that crushing is initiated at the
desired load and the beam absorbs energy through progressive crushing of the
web. The sine, circular and square tube features provide emhanced specific
energy absorption. Peformance can be analyzed based on a single cell or
section of the web, and extensive performance characterization studies have
been made for various materials, layups, and dimensions. Further information
on the perfcrmance of these crushable beam webs is contained in Reference 31.

Concept 4 in Fiqure 38 chows rib-stiffened floor beams constructed in a man-

ner very similar to metal beams. However, their webs are designed to crush

and absord energy when they are subjected to high vertical loads. The stif-

feners provide the buckling resistance necessary to insure that the webs will

zrush rather than bend laierally under load. Component test resuits for this
v configuration are given in Reference 27.

Concept S in Figure 38 is a soiid laminate approach that utiiizes the high
strenqgth of graphite fibers to provide the strony load-carrying portion cf
the floor structure. The crushable portion of the floor takes advantage of
the ravoradle crushing mode of failure of Kevlar to provide the energy-
absorbig portion of thc structure. Test data and details are presented in
Reference 44.

Concent 6, shown in Figure 33, shows schematically a sandwich underfloor
construction that coasists of Kevlar/epoxy face sheets ind a honeycomb core
that crushes and provides energy absorpti.on when the beam is subjected to
crash loads. Details and further test data are presented in Reference 31.
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FIGURE 39. UNDERFLOOR BEAMS DESIGNED WITH POTENTIAL
ENERGY-ABSORBING CAPABILITY.
(FROM REFERENCE 62)

The energy-absorbing concapts shown in Figure 39 are of aluminum construc-
tion. Details of these and other metallic concepts may be found in Refer-
ences 56 and 62.

A fuselage concept using crushable composite sandwich underfloor structure to
absort the crash impact kinetic energy is shown in Figure 40. The light-
weight crushable underfloor structure is integral to the airframe and serves
a dual purpose by providing the structural strength to withstand flight,
landing, ditching, and floor loads as well as the energy absorption capacity
to dissipate crash-impact kinetic energy and decelerate the aircraft to

rest. As shown in Figure 41, the composite energy-absorbing underfloor was
developed in a systematic manner proceeding from design support testing to
full-scale cabin testing to incorporation in the design of an advanced
experimental aircraft (Reference 66). Details of the cabin test configur-
ation are shown in Figure 42. A mix of frangible and crushable structure was
used o control crash loads under various impact conditions.

The optimum energy absorption capability of underfloor structure is a direct
function of the available stroking distance between the cockpit/cabin floor
and uncdersice of the aircraft. This distance varies for different aircraft
types and results in differing landing gear-to-structure-to-seat energy-
absorption distribytions. This emphasizes the need for a crash-resistant
seat designed as an integral part of the aircraft.

6.2.2.3 Earth Scooping and Plowing. when the forward sections of an air-
crafe ceform so that a scoop is formed ard a large quantity of earth is impul-
sive'y accelerated, two adverse effects may cccur. First, high acceleration

7S Best Available Cenv
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of the aircraft may occur. Seccnu, the large forces required to accelerate
the earth mass may be concentrated in a small area and cause loczl collapse
of the cockpit protective shell.

The earth-scooping process occurs in a very short time interval; therefore,
the principle of conservation of momentum may be applied to the system, vhich
includes the mass of soil thit must be accelerated, referred to as the et‘ec-
tive mass of earth, and the aircraft mass. Accordingly, conservation of
momentum leads to the relationship

MaVo = (mA + mE) v (5)

-y

where my = mass of aircraft
mg = effective mass of accelerated earth
Vo = initial impact velocity of aircraft
v = velocity of combined system immediately after impact. :f"
Solving Equation (5) for v, we obtain :
.! i
Ve m +m Yo (6) .
A £ 4

To find the interaction force involved in the momentum exchange, an
impulse-momentum relaticnship may be applied to the earth mass as a free
body.

L,

d/” Fdt = eV (n

Y

where F = interaction force

t; = time just prior to impact

t, « time directly following momentum interchange.




By definition of the average force,

t,
f Fdt = F_ At (8)
Y
where At = tz - 4

Substituting Equations (6) and (8) into Equation (7) yields
m.m v
SR . g B (9)
av m, + m-/ At
A (3
Consequently, the average acceleration of the aircraft mass due to the

acceleration of the earth mass is

F L v
we - )i o
Also, mg = KAv At (11)

where K §s a constant and A i the cross sectional area of the gouge in the

earth.
Thus,
2
Kav
3, = — (i2)
My + KavoAt

which indicates that the deceleration of the aircraft varies with the square
of the initial velocity (where the scoop effect is a dominant factor and At
is small). Thus, at high impact velocities, the scoop phenomenon assumes a
greater significance. Experimental evidence substantiates the fact that
impact accelerations do increase with the increasing impact velocity; how-
ever, maximum aircraft acceleration due to impulsive acceleration of earth is
limited by the strength of the aircraft structure. Experimental evidence
also indicates that, under high rates of loading, the force transmission
ability of structures increases due to the stabilizing effect of lateral
inertia during buckling of the structural members.
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As an example of the use of Equation (12), assume tha: tne following condi-
tions exist:

Vo = 140 ft/sec
At = 0.02 sec

mg = 0.185my

Then

a 0.18%5 l40
A 1.185 0.02

ag = 1,092 ft/sec? = 3¢ 6

If the impact velecity, v,, and the time interval, At, remain unchanged
but the effective earth mass, me, is reduced to 0.10 my, the average
impulsive acceleration of the aircraft becomes

2

ay %f} %%%5 - 637 ft/sec’ = 19.8 G

Increasing the impact velocity, Vg, 10 160 Tt/sec (under the aforementioned
assumption that acceleration varies with velocity squared), when mg =
0.185my, results in an aircraft acceleratien

\2
ay = (%%%) 1.092 = 1,430 ft/sec’ « 44 G

And if a mass of earth equal to 0.1my is acceleraled under an impact
velocity of 160 ft/sec, the average acceleration is computed to be 25.8 G.

Figure 43 shows a family of curves relating impulsive aircraft acceleration
to the ratio of effactive earth mass to aircraft mass for various impact
velocities. The duration of the impulsive loading varies with impact velo-
city, although the curves are based on a single assumed value of 0.02 sec for
the 140-ft/sec impact.

in addition to the force associated with momentum exchange, soil penetration
by projecting structure g ves rise to a drag force, sometimes called the
"plowing effect.® The plowing force is to be distinguishec from the scooping
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FIGURE 43. IMPULSIVE AIRCRAFT ACCELERATION AS A FUNCTION OF VELQOCITY ANV
RATIO OF ACCELERATED MASS OF EARTH TO AIRCRAFT MASS (BASED
UPON ASSUMED TIME, t, FOR ACCELERATION OF EARTH MASS).

force because it is a steady-state force depending upon velocity, soil
strength and density characteristics, and projected area of interference.

However, a design which effectiveiy reduces the scoop effect aiso heips tu
reduce the plowing effect. As stated in Section 4 and illustrated in Fig-
ure 44, the design criterion for the plowing condition is a cumbination of
10 G up and 4 G aft.

Reduction of earth scooping can be accomplished by structurul design which
eliminates those surfaces that can gouge or dig into terrain. The structural
design should provide a large, relatively flat surface so that the aircraft
skids along on top of the terrain. Design techniques include rein“orcement
of underfloor structure and canting of major structural cemponents as
illustrated in Figure 45. If this reinforcement is to be effective, the
lower skin should be a ductile, tough material with enough thickness to re-
sist tearing. The skin should remain continuous to provide a skidding sur-
face. Additionally, the underbelly skins, made from thick sheet muterial,
are shingled in an aftward direction to preclude their picking up at the
front edge. These features are iilustrated in Figure 46. it is recommended
that the forward fuselage belly skins on aircrift weighing up to 3000 1b be
capable of sustaining leads of 1500 1b/in.; over 3000 1b but under 6000 1b,
2400 1b/in.; and over 6000 1b, 3000 1b/in. The above running loads are to be
applied over the forward 20 percent of the basic fuselage length,
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FIGURE 44. DESIGN CRITERIA FOR PLOWING CONDITION.

]
/// STIFFENED
5TRUCTURE
7 e
\ <
,g_&ir_n;\__> _FARTH
e e

—CANTED

BULKHEAD

KEEL BEAMS

UNSATISFACTORY SATISFACTORY

FIGURE 45. METHODS OF DESIGNING NOSE STRUCTURE
TO REDUCE EARTH SCOOPING.
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FIGURE 46. FEATURES OF HELICOPTER NOSE SECTION 7O PREVENT MOSE PLOWING.

This method for reducinag earth scooping increases the deformation strength of
the underfioor structure, thus increasing the deceleration levels at the
floor level due to vertical velocity components. Therefore, the reinforce-
ment should not be continued back any further than necessary under occupied
sections of the fuse'age. Modifications to reinforcing structure under
occupied regions are presented in Section 6.2.2.2.

Strong structural crossmembers can present abrupt contour changes during de-
formation, thus forming the 1ip on the scoop that tends to trap earth.
Forward underfloor frame members may be canted aftwards at the bottom to
provide an upward load component on the aircraft that tends to present, or
1imit, digging in of the structure. The longitudinal strength of the nose
section can be increased by the use of strong continuous structural members
running fore and aft in the underfloor section of the aircraft. These beams
can be used to support the crossmembers and act as skids to further reduce
scooping or digging-in tendencies. Figure 47 illustrates this type of
construction.
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FIGURE 47. TYPICAL UNDERFLOBR CANTED FRAME AND LONGITUDINAL
BEAM MEMBER TO MINIMIZE NOSE PLOWING.

In multiengine aircraft, the engine nacelles may present as much of an earth
scoop as the nose of the fuselage, and since the engines are often attached
to the strong, rigid wing center section, the forces produced by engine earth
scooping are transmitted to the fuselage cabin.

The results of full-scale experimental crash tests indicate that longitudinal
aircraft accelerations produced by earth scooping can be significantly
reduced by the application of the methods discussed above.

6.2.2.4 Energy-Absorption Capacity of Forward Fuselage. In accordance

with Section 4 and as illustrated in Figure 48, the fuselage should be
designed to preserve a survivable volume in the cockpit at 20 ft/sec and in
the cabin at 40 ft/sec for a longitudinal impact.

from a consideration of conservation of energy, the initial kinetic energy of
an impacting aircraft must be accounted for in energy dissipated during the
deformation of both soil and structure. Therafore, .

O SR T AR T (13)
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FIGURE 48. LONGITUDINAL IMPACT DESIGN CRITERIA.

iore iy = mass of aircraft
i

v, = initial impact velocity of aircraft

Vg = velocity remaining after impact

energy dissipated in soil deformation and ground friction

[y
o
(]

Ug = energy dissipated in structural deformation.

This equation states that the reduction in aircraft kinetic energy must be
equal to the energy absorbed by deformation of earth and structure and is
simplified by the assumption that there is no change of aircraft mass during
the impact,

As a simplified model, the structural energy absorption, Ug, may be
expressed as

US = Pavs + Ué + UC (14)
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where P, = average force developed in collapse of structure forward of

the cabin
S = linear deformation (reduction in length) of structure forward
of the cabin

Ué = deformation energy in structure other than in the cabin or
structure forward of the cabin
Uc = energy to be absorbed in cabin deformation.

The cabin deformation energy, Ue, represents the quantity of energy
absorbed by deformation of cabin structure and may be obtained from Equa-
tions (13) and (14):

(15)

This eqguation for cabin deformation energy is valid if conditions reach or
exceed the point of onset of cabin deformation.

Assuming a fixed mass and velocity and ignoring control cver energy dissipated
outside the aircraft, the factors that are controllable in Eguation (15)
are pav’ S, and Ug. Consequently, Uc, the energy which must be absorbed

in cabin collapse or collapse of the protective shell, may be reduced by:

[ Increasing P,,, the average crushing force acting during ccllapse
of structure torward of the cabin. P,, may be increased by provid-
ing a forward structure which will maintain a force as nz2arly uni-
form as possible. In addition, P y may be further increased by
increasing the maximum force. Tﬁ1s latter option is limited, how-

ever, by the existing strength of the cabin.

() Increasing the availabie deformation distance, S, by maximizing the
length of the nose on the aircraft.

] Increasing the deformation energy absorbed in aircraft structure
other than forward structure or cabin structure.

Application of any of these principles to the airframe design, with a given
cabin structural configuration, will make it possible for the aircraft to
withstand impact at increased velocity without collapse of the protective
shell.

87




6.2.3 Fuselage Protective Shell

6.2.3.1 General. 7The fuselage *s expected te provide many important

functions during a crash, among them:
° Maintaining a livable volurz around occupants

© Shielding occupants from contact with outside hazards, such as
trees, rotor blades, flying debris

() Providing hard points for attaching seat, cargo, etc.

° Preventing rotorcraft main transmissions from shifting to such an ex- .
tent that the rotor blades may penetrate occupied areas

° Reacting and distributing point loads from landing gear
) Avoiding rupture of subsysiems containing flammable fluid

] Preserving structure around emergency egress openings, to facilitate
postcrash egress.

The threat of fuselage collapse under vertical impact may be reduced in any
of several ways: first, a transferral of mass from the top of the fuselage
to the floor would be beneficial. Second, 2 general strengthening of cabin
structure may be effected including localized strengthening at iocations of
Targe concentrations of mass attached to upper structure. Third, elastic
energy and plastic energy absorption may be increased at loads less than the
coliapse load. Fourth, increased energy ahsorption in the subfioor structure
at1}oad levels beiow the fuselage collapse 1oad further protects against
collapse.

The design of floor structure and the floor support structure also has a con-
siderable effect upon the protection offered by the cabin structure as a pro-
tective shell. The floor structure should be strong enough to carry the
Toads which will be applied to it by passenger and cargo restraint systems
(see Sections 6.2.6 and 6.2.7) without the need for supports which carry
through to the lower fuselage skin and stiffeners. Such suppcrts transfer
crash loads applied at the outer fuselage surface directly into the floor.
Buckling of the floor produced by such a load transfer can reduce the bending :
strength of the fuselage and also reduce the effectiveness of restraint
systems which depend upon fioor integrity. Evacuation of the aircraft can
also be impeded by interruptions in the floor surface.

In some situations, such as longitudinal impact with a barrier, the entire
fuselage is not expected to remain intact, but rather to progressively crush
from the front. In other words, even when partially failed, the fuselage is
expected to protect as many of the occupants as possible.

The shape of the fuselage has an inherent influence on survivability. Rectan-
gular cross sections provide more usable interior volume but must be more
carefuily designed to provide the same crash-resistant characteristics as
spherically, cylindrically, or elliptically shaped fuselages. Rectangular-
shaped fuselages can provide resistance to rollover after gear failure and
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added energy-ahsorbing structure in zn impact with a roll attitude. Fig-
ure 4% shows a light observation helicopter shape and component layout
advantageous for providing crash impact protection (Reference 67).

{

Integral seats cannot 11
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FIGURE 49. OBSERVATION HELICOPTER - LAYOUT OF CRASH-
RESISTANT FEATURES. (FROM REFERENCE 24)

Most aircraft crashes occurring at impact angles up to 30 degrees involve a
rapid change in pitch attitude to quickly align the aircraft fuselage with
the impact surface. The resulting angular acceleration produces a fuselage
bending moment which usually causes a compression of upper members of the
forward fuselage. This compressiorn is combined with compression of the
fuselage due to the longitudinal forces of impact. The result may be a
compressive buckling Tailure.

It is sometimes possible to provide sufficient strength to prevent fuseiage
bending failure. If this is not practical, it is desirable to determine the
‘ probable failure points and to position passengers away from those locations.
d Cargo tiedewn attachments should be designed to prevent loss of cargo re-
straint, should fuselage bending failure cccur.

6.2.3.2 Structural Concepts. The major structural elements of a heli-
copter designed to satisfy crash resistance requirements are emphasized in
Figure 50 for the nose section and in Figure 51 for the cabin/center sec-
tion. The nose section structure is basically a propped cantilever with the
underfloor structure being the cantilever and the props being the windshield
posts that extend upward to the transmission support buttline beams. Longi-
tudinal loading is reacted primarily by underfloor beams that resist bending
and secondly by windshield posts that transfer loads to the transmission butt-
Tine beams. Underfloor frame members and the outer skin assemblies provide
lateral stability for the longitudinal members.
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FIGURE 50. LONGITUDINAL IMPACT AND BLADE STRIKE PROTECTION IN NOSE
SECTION.

THE FIGURE DELINEATES THOSE MEMBERS REQUIRING
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FIGURE 51. LONGITUDINAL IMPACT PROTECTION IN CABIN SECTION.

90




The cabin structure; by virtue of specific aircraft mission requirements for
rapid troop ingress and egress, contains a large area of cutouts necessi-
tating & longitudinal beam system for carrying major loads. In the upper
vertical structure, two buttline beams continue into the cockpit section to
provide continuous paths for crash loads in the longitudinal direction. Fig-
ures 52 and 53 show details of typical beams. Loading at and balow the floor
level is transferred from the cockpit through the cabin by longitudinal floor
beams.

Figure 26, Section 5.3.2, shows a typical structural layout for a single
rotor, utility-type helicopter with large mass items mounied overhead and
large door cutouts for rapid ingress and egress. To prevent excessive
intrusion into the occupied cabin, the support of large mass items is of
primary importance. This is achieved by using deep longitudinal buttline
beams and built-up box-frame members. The box-frame structure is achieved by
adding skin to the inboard and outboard profiles of two adjacent frame
members, thus producing a closed-box structure. Such a section is stronger
and more stable under compressive loading conditions than two individual
frame sections acting together. Figure 54 shows typical sections through box
frames of this type; section variation can be tailored to the anticipated
loading conditions at any point in the structure. When using this type of
construction, care should be taken to provide adequate inspection capability
in enclosed areas where corrosion may occur.

Alternatively, adequate protective coating must be used and wei assembiy iech-
niques employed to provide protection against corrosion for time periods
equivalent to major structural overhaul intervals.

Widely spaced frames that are skinned on the inside profile may be fitted
with detachable skin panels to allow the location of equipment and system
elements in the space between the frames. However, only nonhazardous
equipment should be located in such areas: combustibles and potential
ignition sources are not to be installed in such locations.

The load-carrying members indicated for vertical and rollover protection in
figuie 26, in general, provide protection 2gainst lateral impacts and must be
designed for this function. Rollover protection must be adequate to support
the aircraft during rotation and also after the aircraft has come to rest in
any attitude.

Figure 55 indicates one apprecach to providing the primary load-carrying struc-
ture needed to resist the effects of a post-impact rollover. The structural
elements needed for similar protection in the cockpit area are emphasized in
Figure 50.
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FIGURE 952. TYPICAL LONGITUDNAL BEAMS ADJACENT TO COCKPIT FOK

LONGITUDINAL CONTINUITY OF OVERHEAD STRUCTURE.

" e 0 & a s
P‘_ 20 W e OIS AS,
- - - » . e

FIGURE 53. TYPICAL FULL-DEPTH LONGITUDINAL BEAMS FOR OVERHEAD
SUPPORT OF LARGE MASS ITEMS AND LONGITUDINAL
CONTINUITY OF STRUCTURE.
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FIGURE 55. PROTECTION FROM OVERHEAD HASS AND ROLLOVER
IN CABIN SECTION.

Rollover protectiion in the cabin section is provided by ihe buttline beams,
longitudinal floor beams, and main box frimes. The cockpit of the helicopter
shown in Fiqure 26 is protected by a mesh of structural elements, the major-
1ty of which are door and transparency support members. These are shown in
Fig. e 50; details of the sections and materials used are shown in Fig-

ure 56. Reference 68 contains more detailed informat.on or lateral rollover
protection.

Prevention of main rotor blade entry into the cockpit is an extremely diffi-
cult task due te the conflicting requirement of good pilot visibility. Struc-
tural members that can deflect a main rotor blade will have to be large in
size, thus restricting the pilot’s visibility. A roll cage type cockpit that
could minimize blade intrusions would include large structiral beams overhead
and on the outboard sides. High-strength wirndshield posts and door posts .
that attach the overhead structure to the floor beams provide the remainder .
cf the roll cage.

Figure 57 shows details of the overhead protection provided by structural ccs- .
tinuity of the windshield posts and Tongitudinal beams mating with the cabin
section.




*nagxe@ [I199L-5L0¢

pelo
9L-SL0L 050°

.~

T

TRAIXI 9L-SL0L

|

N --S5P1D

Y
T
1S, Atd-g

L

.S, Atd-g

"NOILJ3S 3SON ¥0d SNOILO3S

SR -LIER IR

£€90°

PeTD 9L-5L0¢
ST0°

\32“_ 9L-§LOL

€LL-SL0L
j1ed pauTyory

\‘

PeId> 9i-GLoL

£90°
——>

IVINRLONYLS TVIIdAL  °HS 38N914

PRID 9L-6.0L
PeI> 9L-GL0L

A TRIIXD GL-GIGL
e
oro* =

AL=-SLO0L
cen* ovo”
‘HIIXI 9.L-C20.

|- o02o*

TNIIND TTSIL-5L0L

Kﬁﬁ zee:®
=
PEIO 91-GLOL ZEO® J\

(43N

ssetb g,
K1d-g

T

95

1 A 7 PR R




FIGURE 57. TYPICAL COCKPIT OVERHEAD LONGITUDINAL BEAM MEMBER.

High-strength deflector beams might be installed forward of the windshield
rather than as windshield posts, as shown in Figure 58. Moving the beams fur-
ther away from the pilot will minimize the pijot’s visibility restriction.
Such external deflector beams could also deflect wires up over the cockpit.

6.2.3.3 Emergency Exits. The structural framing should he rigid enouch

to prevent deformation to such a degree that emergency exits are inoperable.
It is desirable that the emergency exit closure be expelled or released by
the structure when structural damage does occur.

Exits should be placed in Tocations which are favorable for rapid egress. If
compenents near exit locatiuns are likely to be damaged to the extent that
the exit will be blocked, allowances should be made to compensate for it. An
example is the location of an emergency exit near a landing gear attachment.
Upon vertical impact, the landing gear could be driven upward into the floor
structure, causing severe distortion of the floor structure. Therefore, the
floor should be reinforced near the exit or the relative locations changed.

96

S




DEFLECTORG-

FIGURE 58. EXTERNALLY MOUNTED BLADE STRIKE CEFLECTORS.

To prevent ccllapse of emergency exits, the hatches could be reinforced with
a filament-wound composite tube that wouid provide the necessary strangth and
stiffriess. This local reinforcement could aiso serve as a framing member
that would redistribute the airloads around the cutouts.

6.2.4 Engine HMounts

For Type I (light fixed-wing) aircraft, engine mounts should be designed to
keep the engines attached to the basic structural members supporting the
mounts (nose section, wing, aft fuselage section, etc.) under the crash con-
ditions cited in Table 2, even though considerable distortion of the engine
mounts and/or support structure may occur. The basic structure supporting
the engine should fail or separate before engine mount failure occurs. This
will reduce the fire hazard and the localized damage to other structures
whichk occurs when engines break free and are traversed by the aircraft.

For Type Il (rotary-wing, including tilt/prop rotor) aircraft, mounting of en-
gines, transmissions, fuel tanks, rotor masts, and other high-mass items
should be designed to prevent their displacement in a manner that would be
hazardous to the occuvants under the crash conditions cited in Table 2. The
transmission and rotor hub shouid not displace in a manner hazardous to the
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occupants during the following impact conditions: (1) rollover about the
vehicle’s roll or pitch axis and (2) main rotor blade obstacle strike that
occurs within the outer 10 percent of blade span assuming the obstacle to be
an 8-in.-diameter rigid cylinder.

6.2.5 Fuel Tank Installation

MIL-T-27422 (Reference 69) and Volume V define the requirements for the
design and installation of crash-resistant aircraft fuel systems.

Tank location is an important factor in minimizing postcrash fire hazard.
The Tocation must be considered with respect to occupants, ignition sources,
and probable impact areas. Greater distance between occupants and the fuel
supply tends to increase potential escape time. The tank aiso should be
separated from probable ignition sources. Whenever possible, tanks should
not be installed in or over the engine compartment, trz battery, or other
primary ignition sources. An extremely important consideraticin is the
location of tanks with respect to probable impact damage. The possibility of
penetration by aircraft hardware, such as landing gear, or ground obstacles
require that the tank be located where there is minimal probability of
penetration.

Tank installations must provide fuel containment for high-G impacts. There
should be sufficient distance between the belly of the aircraft and the tank
to allow for fuselage crushing and to minimize the petential for tank wall
penetration by rocks, tree stumps, posts, etc. Fuel tank supports and system
hardware attachments should be designed to aliow major siruciural deformation
without tearing the tanks. Structurally generated jagged edges in the area
of the tank should be minimized. Fuel tanks should be regular in shape,
cylindrical or rectangular, to minimize the effects of internal pressure due
t? structural compression and to reduce the propensity to snag on structural
elements.

Structural deformation around the tank should not exceed the compression capa-
bility of the fuel tank under survivable crash impact conditions. Large mass
ftems should be located away from fuel tanks wherever possible to prevent
excessive compression of tank volume and/er penetiration.

In addition, tank distortion due to inertial loads acting on the contents
should be carefully considered. Relatively iarge fuel masses may cause tank
buiging. Extensive damage to adjacent structure and compromised fuseiage
integrity may result. This cffect is discussed further in Reference 70.

Figure 59 shows a typical interior support structure for a fuel tank.
Closely spaced frame members are interconnected to provide a uniform support.
malrix to minimize tank compression and distoriion under severe impact
conditions.

6.2.6 Seat Instaliation

Three major categories of seals are used on U.S. Army helicopters: crew
(pilot/copilot), gunner, and troop scats. Crash vesistance critertia in
MIL-STD-1290 require that each seat occupant be provided with a survivable
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FIGURE §9. TYPICAL INTERIOR SUPPURT STRUCTURE FOR FUEL CELL.

enrvironment when the aircraft is sibjected to the dosig
tions. To meet this requirement, energy must be absorbed in the
direction and living space maintained as the total aircraft system is
decelerated. Seats must act as part of the decelerating system and comple-
ment the landing gear and deforming fuselage structure. Ideally, each
occupant nmust be brought to a state of rest without incurring debilitating
injury that might preclude timely egress. Various energy-absorbing seat
concepts are illustrated in Figure 60.

ign crash im

Whichever seat type is used, the total system must be considered when the
seatl -to-structure interface is evaluated. As extreme examples, if the
landing gear and structure could always provide vertical deceieration near
the 14.5-G human tolerance limit, the seat-to-structure loading weuld he
moderate, and less seat energy absorption would be needed. Alternatively, if
the landing gear and structure combination were either too rigid or too
flexible, the seat would need to provide the major portion of the protection
to the occupant, and a much longer seat stroking distance would be needed,
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When assessing the seat installation, it is necessary to know the design
impact conditions, the total energy content, and the predicted energy-
absorption capability of the landing gear and primary structure.

Where crash-resistant stroking seats are used, the increased occupant strike
envelope due to the seat stroke must be considered. The strike envelope is

dependent upon whether the seat has the capability for uniaxial, biaxial, or
triaxial stroking. Wherever possible, uniaxial stroking in the vertical or

near vertical direction is recommended for this reason.

Because availability of energy-absorbing stroke in the vertical direction is
mandatory, items that surround the seat, such as consoles and collective con-
trols, should be placed to permit that stroke, even in the presence of for-
ward and lateral displacement. The required clearance will vary depending on
the specific seat design and whether the lateral and longitudinal motion
results from intentional energy-absorbing stroke or from elastic or plastic
deformations of the structure. Three inches of dynamic lateral deflection is
commen even in an elastic structure designed for vertical stroke alona,

A minimum of 12 in. of vertical seat stroke is recommended (from the lowest
vertical adjustment position), as discussed in Volume IV. Because of the de-
sired positioning of the seat in the aircraft, 12 in. may be difficult to pro-
vide between the seat bucket and the floor. In these cases & hole, or well,
in the aircraft floor should be provided under the seat. Whenever pcssible,
at Teast 1 in. of clearance should be maintained between the outer edaoes of
the bucket and the innermosti paris of the sides and front of the well. HNets
or frangible membranes should be employed to prevent flight equipment ¢r per-
sonal articles from being stored in the well, where they could interfere with
seat stroking.

The underfloor or bulkhead structure, depending on where the seat mounts, and
the aircraft attachment hardware should be designed to withstand the loads and
moments generated by the seat. The loads and moments should be those applied
by the specific seat for all design loading conditions and for all positions
in the aircraft. In other words, the design of the aircraft structure and the
seat should proceed concurrently, with reaction loads and moments calculated
for ihe specific seal used in designing the aircraft stviucture. The highest
floor reaction loads invariably result from combined loading conditions, that
is, dynamic tests 1 and 2 per MIL-5-58095 (Reference 71) and MIL-5-85510
(Reference 72).

6.2.7 Cargo and Egquipment Retention

6.2.7.1 General. Cargo should be vrestrained to enhance survival of the
crew and passengers in survivable crashes. 7To determine the types of cargo-
restraining devices neaded for U.S. Army aircraft, it is important to con-
sider the type of aircraft, the probable crash modes, and the type of cargo
being carried. Crew and passenger locations relative to cargoe and cargo
tiedown provisions are also significant.

The type of aircraft and its predeminant crash mede should dictate the selec-
tion of appropriate restraint criteria. The types of cargo to be flown and
the restraint criteria will determine the availabhle tiedown clearance. An
awareness of aircraft structural response to impact will help to identify
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realistic clearance envelopes for specific personnel locations. Consider-
ation shouid also be given to restraint integrity in the event of local
structural deformation, discontinuities and/or secondary or tertiary impacts.

6.2.7.2 Cargo and Cquipment Retention Guidelines. Cargo should be re-

strained to longitudinal loads of 16-G peak with a longitudinal veloci'y

change of 43 ft/sec. Forward and lateral strength deformation characteristics

should be in accordance with those indicated in Figures 61 and 62, respec- ‘
tively. I¥ the structure of the fuselage and floor is not streng enough to

withstand the cargo crash loads, lcad limiters should be used to attenuate the

loads transmitted to the structure. If load limiters are used, restraining 4
Tines should be of a material with low-elongation characteristics to ensure
the most efficient energy absorption. Nets used to restrain small bulk cargo
should be constructed of material with high stiffness characteristics, in
crder to minimize dynamic gvershoot. Restraining lines without load limiters
used for large cargo (3-ft* or more) longitudinal restraint should be so
arranged that maximum load in ail Tines occur as simultaneously as possibie.
Restraining lines having different elongation characteristics should not be
used on the same piece of cargo.

6.2.7.3 Cargo Cateqgories and Pallet Systems. U.S. Army cargo has tradi-
tiona]]y been divided into two categories, based primarily on size, as listed

in Tabie 5 (Section 4.3.4). This includes small cargo which is usually trans-
ported stacked on a pallet and large or bulky cargo which can hest he re-
strained individually by cables, ropes, or chains that are attached to the
floor or sidewalls of the aircraft. :

Both categories of cargo (including, for example, packs, rifles, rations, and
wheeled or tracked vehicles) will often be carried along with troops. Crash
protection should then be provided for the troops as well as the crewmembers.
Where aircraft are dedicated to cargo shuttle missions, cargo crash restraints
should be provided primarily for flight crew protection,

Small cargo (up to approximately 3 £t3 in size) is routinely transported on

wooden Army paliets to expedite handling by fork 1ifts. Army warehouse pal-

lets provide no restraint; carygo may be loose or only lightly secured to the

pa]1et by band1ng (a 1-G restraint). These loads can best be restrained by

iets attache aircraft flgor f‘,tt’.ngs.

Cargo netted to 463L pallets (References 73 and 74) are restrained only to

USAF flight load criteria (Reference 75). The USAF cargo tiedown criterion ’
requires cnly 3 G forward. Another deficiency of the present 463L net,

however, is its elasticity. The designer should be aware of the basis for the
different USAF criteria. Analyses of USAF accidents have suggested that the .
risk of passenger fatality above the 3-G forward restraint criteria is statis-
tically rare (Reference 76). The same is not true for Army aircraft.

Both pallet systems must be given additional restraint to meet U.S. Army crash
resistance criteria.
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FIGURE 62. CARGO LATERAL LOAD-DISPLACEMENT REQUIREMENTS.

6.2.7.4 Strength. Czrgo carried 2longside, forward, or aft of troops

should perhaps also be restrained to the same G lcvel as are the seats. How-
gver, thn waight of a restraint syziem capable of keeping a maximum cargo
1oad in place at such load iz2vels would be hign. Several factors other than
the expected floor pulses affect Lhe retention strength level required for
cargo, ir particular the type of cargo, where it is located, and how it is
restraired in the aircraft.

Most small cargo prebably will be restrained by a single net siratched over
any number of items. Thersfore, statistically, a net designed for a given
Toad wili be loaded to a Tower value in most accidents. Furthermore, failure
of a cargo’s net restraint is not likely to be as large a threat to human sur-
vivil as the feilure of an occupant’s seat restraint would be. Foi example,
failure of a single net midway in a row of nets would not become Tethal until
other nets also failed. Theretore, for practical reasons--i.e., ithe jow
actual probability of injuries caused by displaced cargo and the structural
problems involved in restraining cargo to levels equal with personnel
restraint--it is concluded that the cargo restraint level can reasonably be
less than that for occupants.

In the case of large cargo carried behind troops, the above reasoning does
not apply. However, a detailed cargo restraint study conducted for the U.S.
Ariny (Reference 77) inuicates that most items of large cargo are carried
outside the helicopter by sling.

6.2.7.5 Encrgy Absorption. The use of load limiters for cargo restraint
is recommended, provided the cargo cannot stioke into space occupied by
personnel. For the aircraft 16-G, 43 fi/sec triangular cabin pulse
calculations have been made to show the requirel restraint G level and the
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corresponding stroke for load-limiting restraint systems. The required
G-level-versus-displacement relationship, shown in Figure 61, results from
minimizing the restraint systems’ structural strength (and hence, their
weighc) and establishing an acceptable load displacement. These results
neglect any restraint system elasticity or longitudinal friction.

Recommended performance goals for such load-1imiting restraints are shown in
the forward longitudinal load-versus-displacement curve for the forward
direction (Figure 61) and the lateral load-versus-displacement curve for the
lateral (Figure 62).

To meet the necessary energy absorption requirements, restraint forces must
rise rapidly to the left of and above the lower base curve, terminating above
the minimum acceptable load (ultimate strength) curve.

Similar load-limiter calculations have been made for the lateral direction,
and the resulting values are shcwn in Figure 62. The lateral strength
requirements are based on a velocity change of 21 ft/sec and a 10-G
triangular pulse.

Figure 63 (Reference 78) shows the results of tests on two load-limited ex-
perimental Navy systems, each having different elastic deformation charac-
teristics.
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FIGURE 63. RESULTS OF INTEGRATED CARGO RESTRAINT/CRASH SIMULATION
TESTS USING ENERGY ABSORBERS AND LOW-ELONGATION TENSION
MEMBERS AND FORWARD LONGITUDINAL LOAD-DISPLACEMENT
REQUIREMENTS. (FROM REFERENCE 78)
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Identical metallic load Timiters were used in all tests. The first and third
tests employed an aramid, low-elongation restraint device (tension member),
and the second test used a polyester restraint (approximately double the
strength of the aramid capability to achieve equivalent strain).

Reference 79 describes a design study conducted to identify an advanced cargo
restraint system for the Navy Grumman C-2A aircraft. The NADC-sponsored study
explored numerous possible tiedown configurations and specific energy absorber
and attaching tension member requirements. Energy absorbers considered for
the application included the rolling helix, the inversion tube, and the wire
bender. In addition to metal-deforming devices, two nonmetallic devices were
considered: the plastic extruder and tear webbing. The wire bender (Fig-

ure 64) was selected as the optimum design for this application, based pri-
marily on size and weight. For tension members used to attach the energy
absorber to the load, both Kevlar and overstrength (low-elongatien) polyester
were considered. The Kevliar was identified as preferable, based primarily on
greater and more constant stiffness.
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The selection of design load levels for load limiters is important to ensure
stroking and Lo protect the aircrafi floer tiedowns from ultimate load fail-
ure, as evidenced by the results of the U.S. Army/NASA cargo experiment crash
test of a CH-47C helicopter (Reference 80). Floor attachments failed as a
result of two factors:

o Limiter design 1oad level was less than 2 percent below fitting ulti-
mate strength.

] Inadequate consideration was given to the variability in both the
limiter loads and the tiedown fitting strengths.

A load-limiter design that is too conservative, however, is counterproductive,
due to longer stroke requirewents. This may mean that higher fitting
stirengths should be considered for new aircraft designs and that old aircraft
fittings s<hould be upgraded. Load-limiter attachmenis and support structures
should tro designed with a Toad factor of at least 1.25. Even 1.33, as used in
the FAA requirements, may not be too high to cover the variations of perform-
ance and strength.

The design strength values for cargo along all axes of loading are summarized
in Table 9. The aftward and upward loads in Table 9 are based on expected re-
bound loads of approximately 30 percent of the peak input values. Hardware
designs should not allow disengagement of the restraint during a crash. Re-
straints usually slacken in the time period between initial impact Toading and
rebound, and a restraint hook without a keeper can become disengaged.

TABLE 9. CARRO RESTRAINT LCADS AND DISPLACEMENT REQUIREMENTS

Load Direction

Forward

and Combined

Lateral

See Figure 61

46

Item {With Respect Restraint Controlled

No. 1o Cloei) Load Displacoment

1 Forward See Figure 61 See Figure 61
M 2 Aftward 5G No requirement

. 3 Lateral See Figure 62 See Figure 62
) 4 Downward 16 G No requirement
. 5 Upward 56 No requirement

See Figure 61

No requirement




The 16-G downward loading shown in Table 9 1s recomiended to ensure that the
cargo does not significantly crush the floor, and pe.inaps destroy the longi-
tudinal restraint for personnel or cargo. This requirement should not be
difficult to meet for the net-restrained bulx cargo because this cargo will
probably be stacked on pallets that will assist in load distribution.
Shoring, hcwever, will be required to prevent floor penetretion by wheeled
vehicles. Deformation of the floor under the wheels is permissible so long
as it does not result in loss of restraint. Combined forward and lateral
loads are considered realistic; Item 6 in Table 9 is included to ensure that
the system wiil not fail under this tvpe of lc¢ading.

Displacement requirements are not suggested for the aftward, downward, and
upward loads shkovn in Table ©, because these loading directions are not con-
sidered to be as potentially hazardous as the loads in the forward and
lateral dircctions. Upward restraint is usually not a problem since all
restraints used act in unison for this direction.

For personnel located aftward of the cargo, a buffer spacing to allow for re-
straint system elasticity under the 5-G loading should be considered. Normal
preload is in the range of only 150 to 350 1b; therefore, cargo movement in
response t -t a.tward 5-G rebound Yoad can be expected.

6.2.7.6 . gesign. Nets should be designed to restrain the small

(buik) cargo up to the specific loads shown in Table 9 with a 1inimum of
clongation to reduce overchant. Stiff webbing materials such as polyesters
and aramids should be used. Their relative elongation and weight advantages
over nylon are shown in Table 10 {Reference 78). Present disadvantages
affecting the adoption of aramid fibers for tensicn member app’ication are
cost, low abrasion resistance, and fabrication technique development.

TABLE 10. CARGO NET MATERIALS - RELATIVEVCHARAC}ERISTICS

Elongat ion Breaking

at 5,000 b Weight Strength

Webbing Fibers (percent) b —{b) _
Nylon 7.5 3.0 1.1
Polyester (Dacron) 2.0 5.9 1.8
Aramid (Kevlar) 1.9 1.0 1.0

An example of an energy-absorbing cargo enclosure that was designed to
replace an existing metallic, non-energy-absorbing cargo cage is shown in
Figure 65 (Reference 81). The Tightweight, tlexible, energy-ahsorbing cargo
enclosure was designed fc» a crash pulse requirement of 17 G and a change in
velocity of 60 ft/sec. The new stowable structure consists of fore and aft
barriers and side neis fabricated of Kevlar webbing tensicn members and
ballistic membranes to contain smail objects. The forward barrier uses

12 load limiters (Reference 77).
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EXISTING METALLIC CARGO CAGE.

An example of a cargo barrier net using eighit Toad iimiters is shown in Fig-
ure 66. The eigiht straps attached to the four corners of the barrier net
have wire bending load limiters as shown in Figure 67. Crash test results
with these devices are described in Reference 80.

Nets should be designed for the most critical loading conditions, i.e., a
high stack with small boxes. Such a loading would tend to cause a Targer
diaphragm action on the net as the individual boxes siide over each other.
More concentrated loads may be encountered in restraining palletized loads on
floor rollers.

6.2.7.7 Cable, Rope, Strap, ovr Chain. iarge cargo of the type outiined in
Table 5 can be secured most easily by cables, straps, ropes, or chains
(1ines). In cases where the use of load-1imiting devices is not possitle,
retaining lines for the longitudinal direction should be arranged to simul-
taneously attain the maximum load in all lines. A combination of fabric
ropes and steel cables should not be used on the same piece of cargo because
of the difference in their elastic stiffnesses. Also, symmetrical restraint
configurations should be used to avoid coverloading individual tiedowns and,
eventually, failing the system (Reference 82).

With load-1imiting devices, it is desirable to use metal cables c¢r other low-
elongation tension members stressed below the yield point. Low elongation is
essential to ensure that the energy is absorbed efficiently. Metal cables
possess handling qualities that discourage their use. Nonmetailic fiber
materials are lighter in weight as well as more flexible and stowable.
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6.2.7.8 Ancillary Equipment Retention. Objects that are unrestrained or

dislodged from their attachment during a crash can cause injuries by striking
the occupants directly, or, in the case of larger masses, by striking seats
or other retention system components, causing failures of these items.
Therefore, all ancillary equipment carried within the occupiable portion of
the aircraft must be restrained.

A1l ancillary equipment frequently carried aboard the aircraft must be pro-
vided with integrated restraint devices or anchors. Stowage space for non-
restrained items that are not requiarly carried aboard the aircraft should

also be provided, preferably located where items stored in it cannot become
hazards.

To provide adequate protection during severe survivable crashes. As stated
in Section 4.3.2.7, restraint devices and supporting structure for ancillary
equipment must be designed to restrain the equipment during exposure to the
following static loads:

Downward: 50 G Aftward: 15 G
Upward: 10 G Sideward: 25 G
Forward: 35 G

It 's a relatively simple task to restrain small items of equipment to with-
stand the static loads specified above. For larger items, however, signifi-
cant weight penalties may be incurred or the available supporting structure
may not be capable of withstanding the loads. For these reasons, load-
limiting devices are recommended for tha restraint of heavier equipment. How-
ever, load-limiter stroking must not allow any equipment to enter an occupant
strike envelope. (Occupant strike envelopes are discussed in Volume II.)

6.2.7.9 Other Considerations. Wwhile the troop/cargo aix situation has
received the most attention in this portion of the design guide, special cargo

missions exclusively involving the aircrew may possibly require other design
solutions, i.e., emphasis on forward longitudinal restraint and crew isola-
tion. An extreme case of this nature, involving bov: crew and passemgers, is
the Navy C2-A CO0 fixed-wing aircraft where extremely tight quarters,
requirements for high utilization of the volume devoted to cargo, and a for-
ward longitudinal restraint of 20 G prevail (Reference 83). These conditions
have dictated the use of a structural locker for multidirectional restraint.

6.3 LANDING GEAR

Landing gear, normally the aircraft’s first energy-absorbing subsystes to coa-
tact the ground, can contribute significantly to the avoidance of damage to
the fuselage and mission equiprent in hard landings and to the survival of the
crew and passengers in severe survivable crashes. The conditions for this te
occur depend heavily on the impacted terraim, as well as on the aircraft veloc-
ity and attitude. Ground that is firm, smooth and level is conducive to the
proper performance of the landing gear, but only about 20 percent of surviv-
able crashes occur om surfaces that meet these conditions (References 84 and
85). Testing is typically conducted om solid surfaces to achieve repeatabil-
ity, but a wheel will be punched deeply inte soft earth, bog, er sand before
developing the resistive forces for which the system is designed.
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Landing gear designs optimized for performance on ideal impact surfaces while
neglecting the actual crash conditions do not satisfy the intent of the sys-
tems approach to crash resistance. The principles and concepts presented in
this section are related, whenever possible, to their utility under less-
than-ideal conditions.

Optimization of designs must consider both the load profile gererated and the
associated stroking of the landing gear. These parameters are discussed in
the ensuing paragraphs. Aiso, other design contraints, such as troop step-up
height or cargo aircraft ramp angle may place constraints on the landing gear
height. In these cases, the systems approach should be used to design compen-
sating energy absorption in the fuselage.

6.3.1 Landing Gear Loads

Landing gear load factors must be selected as a result of a series of trade-
offs that consider all system parameters. Feor each sink rate, landing gear
peak load should ideally be selected to enhance crash survival through maxi-
mum energy absorption at acceptable levels of acceleration. However, landing
gear loads are limited by the strength of the aircraft structure. Within
practical ranges, landing gear loads may usefully increase with increasing
sink-rate-at-ground-contact (SRAGC). Also, plateaus in the load versus SRAGC
curve are useful just below certain damage threshholds. An example of the
way peak landing gear loads may vary with SRAGC is showm in Figure 68
(adapted from Reference 86). This curve is qualitative and should not be
scaled.

For any given SRAGC, the load should be as constant as possible throughout
the stroke of the gear to maximize energy absorption. This is not easy to
achieve, due to elasticities and inefficiencies in the components of the
system. Examples of achievable load versus stroke curves and the cor-
responding efficiencies are shown in Figure 69.

As suggested by Figure 68, the SRAGC spectrum may be usefully divided into
three landing regimes: normal, hard, and crash. The normal landing regime is
shown tc make the point that design for the other two regimes must still pre-
serve the soft landing characteristic at low sink rates.

"Normal operation® ranges from slow ascent rates (ground resonamce mode) to
descent rates of about i0 ft/sec in tne battlefield environment or in auto-
rotative landing training (Reference 18). In this regime, relatively low
landing gear loads are able to maintain comfortable ground clearance during
landings encompassing a wide range of aircraft attitudes and ground condi-
tions.

In the hard landino regime, the issue is prevention of fuselage and mission
equipment damage due to either fuselage contact with the ground or loads that
exceed the design 1imit. This range extends from about 10 ft/sec to beyond
20 ft/sec, depending on aircraft attitude, forward velocity, drift, gross
weight, impact surface conditions, and other factors. A limited number of
landings is expected in this regime. At the low end of the range, the air-
craft is expected to be able to fly away with no damage. At the upper end
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of this range, MIL-ST0-1290 requires that helicopter landing gear (assisted
by rotor 1ift) be able to decelerate the aircraft from a sink rate of

20 ft/sec onto level, riqid surface without allowing the fuselage to contact
the ground and without exceeding the design limit load. Combinations of
pitch and roll attitudes for this sink rate are also given in MIL-STD-1290.
At the 20-ft/sec condition, plastic deformation of and damage to thea landing
gear is acceptable; the remainder of the aircraft, except possibly rotor
blades, should be flightworthy after the incident.

Landing gear loads producing peak fuselage accelerations of 3 to 6 G have
been considered appropriate for the hard laading regime (Reference 87).
Landing gear 1imit load for the flat impact attitude at ¢ 20-ft/sec sink rate
may be selected to deliver acceleratiom of the fuselage equal to the design
limit acceleration in the "pull-up® flight mamewver (Reference 18). But this
results in the effective fuselage acceleration being cut in half during
landings in which load i{s contributed omly by gear on one side of the fuse-
lage, such as during moderate-to-large roll attitude.
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As sink rates rise into the crash regime, damage to the fuselage and/or mis-
sion equipment becomes unavoidable, and concern shifts to protecting the occu-
pants from injury/death. This range extends from the hard landing range to
about 4z fi/sec. Al the high end of this vegiine, gear loads must approach,
but not reach, the ultimate load of the fuselage/landing gear. Landing gcar
loads creating fuselage accelerations of about 10 G have been considered prac-
tical on recent developmznt programs. The fuselage 1s expected tu contact

the ground in this regime, sometines with very high residual kinetic energy,
which must be absorbed by fuselage crushing. It is also expected that the
landing gear loads will damage the fuselage, but will not cause rupture of
essential Toad paths.

Discontinuities in the curve of peak load versus SRAGC in Figure 68 represent
passible "staging” cccurring in the <hock stirut. "Staging" refers to the
shift of load control within the air-oi1 oles frum one pressure relief valve
to another or from the primary oleo to a separate energy absorber in series
with it. The ideal curve shape depends on the aircraft size and configura-
tion, fuselage material (metal or composite), the mission equipment expense
and tolerance to acceleration, and the expected crash scenarios (including im-
pact surface). In general, the curve must gradually increase to account for
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the "ncreasing kinetic energy. However, two plateaus may be considered
usef.l: ‘

. A load plateau beyond the upper end of the hard-landing regime may
avoid unnecessarily exceeding the design limit of the fuselage and/
¢. mission equipment in low-energy crashes that do not result in
fuselage contact, such as low-roll, low-pitch conditions onto pre-
pared surface, a common example being a missed autorotation during
pilot training.

° A load plateau at the upper end of the crash regime ensures two out-
comes: first, during crashes with more than about 35 ft/sec sink
rate combined with roll attitude, the down-side landing gear will
deliver as much load as the fuselage can tolerate; and second,
during low-roll, low pitch conditions onto prepared surface, the
ultimate strangth of the fuselage/landing gear will not be exceeded
at (and even beyond) tha acsign survival sink rate of 42 ft/sec. It
is appropriate to do this at the high end of the survivable crash
spectrum where total loss of the aircraft and mission 2quipment is
expected; in this range, emphasis should be on protecting the
occupants by maximizing the energy absorption available to extend
the cccupant survival envelope.

6.3.2 Selection of Landing Gear Stroke

The ‘anaing condition that most strongly influences landing gear stroke is
the MIL-STD-12%0 requirement to avoid fuselage damage during a 20 ft/sec sink
rate wi:th roll and pitch. The required landing gear stroke i{s dependent
upon:

] Landing gear load (selected as discussed in previous paragraphs)
. Kinetic energy of the fuselage

) Aircraft attitude and rotational inertia that may result in only one
gear contributing to energy absorption throughout most of the dis-
placement

. Efficiency of energy absorption.

Analytical modeling using computer simulations, as well as crash tests, have
demonstrated little tendency for afrcraft roll to be corrected by the initial
ground contact of the down-side gear (References 87 and 88). As a result,
considerably more stroke is required to decelerate the fuselage during
Yandings with roll attitude. A description of useful computer simulation
tools and a quantitative example of landing gear stroke is presented in
Chapter 7.

Coupling the left and right main landing gear to one another has been consid-
ered to compensate for roll by delivering greater loads to the downside gear.
Mechanical, hydraulic, and electrical means may be considered. Mechanical
connection through a torque tube was investigated by Sen (Reference 88). The
conclusion was that the weight added by the torque tube and the stremgthening
of other components made the concept impractical.
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6.3.3 Fuselage Velocity Change Controliled by Landing Gear

The velocity at which the fuselage will strike the ground car conveniently be
found by applying conservation of energy methods. For instance, if a landing
gear can fully decelerate the fuselage without fuselage/ground contact for a
descent rate of 20 fi/sec with roll and yaw, the energy absorbed equals the
kinetic energy of the fuselage at 20 ft/sec. Assume now that the sink rate
of the above aircraft is 42 ft/sec, the stroke length of the landing gear is
the same, and the average landing gear stroking load is 50 percent greater ,
than it is at 20 ft/sec. The energy absorbed by the landing gear is then 50 b
percent greater, but the fuselage’s kinetic energy at 42 ft/sec is 4.4 times

what it was at 20 ft/sec due to the velocity-squared term in the kinetic

energy equation. The residual fuselage kinetic energy at ground impact can :
be found by subtracting the energy absorbed by the landing ge r from the

kinetic energy at 42 ft/sec.

2

1 2 2, _1
2 M (42° - 1.5 x 20%) = g MGy

KEimpact =

Therefore, the fuselage has a residual velocity of 34 ft/sec when the fuse-
lage strikes the ground. This approximation neglects the fact that some gear
stroke will Tikely occur after fuselage crush begins.

6.3.4 Wheel Versus Skid

Depending on the helicopter’s mission and performance requirements, a wheeled
gear or skid gear may be chosen. Predominate reasons may be cited such as
weight, cost, ground handling and taxiing, which are unrelated to crash resis-
tance. The crash-resistant characteristics are discussed in the following
sections.

Wheeled gear have the advantage of reduced drag force during landings with
forward velocity. Skid gear may offer higher rollover resistance than
3-point wheeled gear and superior soft-ground flotation characteristics,
important when considering the high percentage of accidents that occur on
terrain other than prepared, solid surface.

Both wheeled and skid gear may not absorb significant energy in a lateral .
impact. In a primarily vertical impact with significanrt sideslip velocity

and roll attitude, dioging-in of the gear can cause rollover and/or collapse

of the gear under the belly of the aircraft. ]

Most research to develop high-capacity energy absorption has been directed at
wheeled gear, while skid gear have historically been characterized by simpli-
city and iight weight. Thus, an opportunity may exist for the improvement of
skid gear energy absorption.

6.3.5 kheolod Gear

The gear may be distributed around the fuselage in three primary configura-
tions: four-point (quadricycle), three-point with nuse wheel, and three-
point with tail wheel. Each configuration has advantages and disadvantages.
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The quadricycle configuration puts gear near the corners of the fuselage, pos-
itioned well to react most combinations of pitch, roll, yaw, forward velocity
and side drift. The extra cost, weight, and aerodynamic drag may make such
"gear impractical on all but the largest helicepters. Examples ars the
Sikorsky S-55 and the Boeing Helicopter CH-47 Chanook. The gear can be made
retractable to reduce drag at the expense of increased cost and weight.

In the nose-wheel configuration, the two main gear are positioned near the
aft end of the fuselage where they share the initial impact in the prevalent
positive-pitch attitude. Careful design is necessary to prevent the nose
wheel, usually positioned below the cockpit, from being driven into the cock-
pit by high-sink-rate crashes or by encounters with obstructions during
crashes with ferward or lateral velocity.

In the tail-wneel configuration, a main landing gear is positioned on each
side of the forward fuselage. This is a good position to limit occupant
deceleration, prevent roliover, and avoid penetration of the livable volume
during high-energy survivable crashes. However, the single tail gear is the
first to contact the ground in the prevalent pesitive-pitch attitude.

The tail wheel can be located either at the junction between the fuselage and
tail boom or near the aft end of the tail boom. The disadvantage of the lat-
ter is the additional strength needed if the tail boom must react the
resulting loads. The more forward location enables the tail gear to absorb
more energy, due to its closer proximity to the aircraft c.g. The incorpor-
ation of such a design is shown in Figure 70, Note that the vertical stabil-
izerkis extended downward and equipped with a skid to avoid tail rotor
strikes,

T =

SHOCK STRUT-

f-ﬂwi TAILSKID
@D

TAIL GEAR

EbA__,,_.——ﬂ—-~"'

CMAIN GEAR AT SIDES
OF FUSELAGE

TRAILING ARN. ~

FIGURE 70. LOCATION AND GEOMETRY OF LANDING GEAR.
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It an extreme aftward location of the tail wheel is selected, the tail wheel
protects the tail rotor well, but is inefficient at decelerating the aircraft
due to its great distance from the c.g. Worse, tail wheel contact causes
for:ard pitching which may increase the sink rate at the front of the heli-
copter.

6.3.6 Weight of Landing Gear

The weights of different crash-resistant landing configurations have been
evaluated in References 87, 89, and 90. Weaights presented by Crist and Symes
in Reference 86 are summarized in Vable 11.

TABLE 11. UKINSTALLED WEIGHTS OF EQUIVALENT
CRASH-RESISTANT LANDING GEAR

Configuration and _Weight €ach Gear (1b) Percent
_Rollover Anqle  Forward  Aft  Total  BSDGW*
Tail Wheel (30°) 125 &0 330 4.13
Tail Wheel (25°) 120 €9 300 3.75
Nose Wheel (25°) 103 127 358 4.48
Quadricycle (30°) 107 113 440 5.50
Skid (30%) - - 267  5.24

*Basic structural design gross weight.
**Irncludes 83 1b for skid assemblies, which replaced
the wheels and tires on the gquadricysle gear.

6.3.7 Components and Load Paths

Wheeled gear may have the wheel motion guided by a swinging arm (drag link)
or by the shock strut (cantilever), or by some articulated linkage that may
be a combination of the two methods, as shown in Figure 71.

Long axle travel is required of crash-resistant Tanding gear: the Black Hawk
and Apache main gear wheels have 26 and 39 inches of vertical travel, respect-
ively. For such long travels, the drag link design may be more weight-
efficient than the cantilever, especially when encounters with obstructions
are considered.
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6.3.7.1 Drag Link/Shock Strut Attachment Geometry The locations of the
attachment points of the drag link and shock strut to the fuselage can be se-

lected to cptimize crash perfermance. The following principles should be
considered:

[ Location of the gear beside the fuselage, rather than under it, re-
duces the probability of intrusion of a failed gear into occupied
s volume and reduces roll-over danger,

) wheel motion during normal landing and kneeling may be required (by
the procurement specification) to be in the aircraft vertical direc-
tion, or to lie within a given vertical-lorgitudinal plane. This
avoids lateral motion of the wheel, with its resultant scuffing of
the tire. Thus, the pivot axis of the drag 1ink is usually parallel
to the pitch axis of the aircraft.

) Considering the high probability of forward velocity accompanying
the downward sink rate and the encounter of wheels with obstruc-
tions, a drag link geometry causing combined upward/aftward wheel
travel should be given preference.
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. Attachment of the drag link to the fuselage at about floor level,

slightly above the crush zone of the fuselage, will improve the prob-
ability of that critical pivot joint maintaining its integrity
throughcut the crash. This feature is illustrated in Figure 72.

) Landing gear stroke may usefully continue after fuselage impact and

during crushing of the fuselage as shown in Figure 72. The extra
stroke is also useful for 20 ft/sec impacts with roll attitude, which
require more stroke on the downside gear. (Achieving this may lead
to a long-stroke shock sty it, attached high on the side wall of the
fuselage, and substantially aligned with the vertical axis. By con-
tributing to the deceleration of the overhead masses throughout the
crash, such a strut may either reduce the load-carrying requirements
of the side walls or reduce the energy-absorbing structural alloca-
tion throughout the fuselage).

\
\ SHOCK STRUT
\\ FUSELAGE CRUSH
ZONE_,
\ WHEEL POSITION -
STRUT FULLY COMPRESSED
FLAT TIRE
PIVOT ABOVE ~.. RADIUS _
CRUSH ZONE N ¥
—_— 3 Y
J [
- -\ A
~
t ~ 1 3\ Yy
AXLE TRAVEL AVAILABLE
DRAG LINK—— N 3 1 FOR CRASH
R T STATIC GROUND
CLEARANCE
i
STATIC N ¢
~ _ Y

GROUND LINE

\\\\\-WHEELPOSHWON—

STATIC

N—WHEEL POSITION -
STRUT EXTENDED

FIGURE 72. GEAR GEOMETRY SELECTED TO CONTINUE ACSORBING
ENERGY DURING CRUSHING OF FUSELAGE FLOCR.
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) Overreliance on a landirg gear configured per the previous paragraph
to decelerate the overhead masses can result in an aircraft unsuit-
able for impact on water or soft earth, due to inadequate fuselage
strength and/or energy absorption.

° Length of the drag link must be selected to achieve the required axle
travel along a path that avoids extreme leads during all required
combinations of attitude, velocity, and wheel obstruction.

) Weight sensitivity analyses performed at Bell Helicopter suggest that
attaching the shock strut to an intermediate point on the drig link
results in a minimum weight system. Shock strut weight increases
more rapidly with increasing stroke than with increasing load.

[ Bottoming of the shock strut should result in benign failure of its
fuselage attachment pcint. The failure should not contribute to loss
of continuity in longitudinal beams or transverse bulkheads compris-
ing the roll-cage, must not penetrate the livable volume or fuel
tanks, and must not sever fuel lines.

. Similarly, attachment points between the drag link and fuselage
should be designed and Tocated se¢ that failure will avoid intrusions
into livable volume and fuel tanks/lines.

6.3.7.2 Landing Gear Configuration. When defining the Tanding gear config-
uration, the layout of the aircraft system and associated structure must be
considered. Aircraft type and associated mission constraints, large mass
locations, the protection of cccupants, and potentially hazardous filuid and
munitions should all be taken into account when optimizing landing gear geo-
metry and load path reactions. Additionally, aircraft shaping to minimize
signatures may also have to be considered.

By assessing geometrical Tayouts and varying landing gear track width, incli-
nation, stroke, etc., the most efficient aircraft system can be identified.
This not only results in a design that meets the pitch and roll requirements

for crash impacts, but also provides an efficient and lightweight aircraft
structure.

Such an approach is particularly applicable to small attack types of helicop-
ters when signature reduction, especially for the front, results in the need
for a very narrow fuselage. Figure 73 shows the optimization of the main
landing gear and structural frames to directly transfer gear lecads to frame
members for an attack type helicopter with narrow body requirements and some
shaping for signature reduction. This philosophy is less applicable to cargo
heiicopters, utility, medium, and heavy 1ift, where a rectangular "box" is
normally required for occupants and equipment and the opportunities to optim-
ize landing gear installations are restricted.

6.3.8 Skid Gear

The simplest form of skid gear, which offers advantages of low cost and
weight, is the bent tube attached to structural frame members. The skid gear
can also provide improved support in landings on soft or marshy terrain.
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FIGURE 73. POSSIBLE STRUCTURAL LAYOUT FOR ATTACK
HELICOPTER WITH SIGNATURE REDUCTION.

This type of gear provides Timited energy absorption. The skid system is
kasically a nonlinear structure providing a constant spring rate for small
uefiections only. Such a design provides a low-cost means of creating small
elastic deflections durirg normal iandings while providing energy dissipation
efficiencies comparable vo those of an olev strut. However, in a hard
landing or a crash the skids deflact appreciably and the nonlinear plastic
characteristics of such a system prevail. ODuring plastic bending the moment
arm increases, lowering the loads as the cdeflecticn increases untit the
fuseiage contacis the ground.

Improvenents to the fixed-skid concept have been designed in an attempt to
provids some level of energy absorption with rate damping. In addition, such
4 system can be tuned to minimize the effects of dynamic excitations that may
produce ground resonance. Figure 74 shows the basic skid system used on one
observation helicopter and an improved, pitch-interconnected concept (Refer-
ence 21). The improved design was iritiated to reduce the pitching respense
of the aircraft and minimize the incidence of blade-tail boom strikes.
Rlthough tail boom clearances were improved, the new concept did nol satisty
the MIL-STD-1290 requivement for no ground contact by the fuselage for a
20-ft/sec vertical impact (Reference 1). Only 17.5 ft/s=2c was reached befcre
fuselage contact.
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6.3.9 Shock Strut

The shock strut is a component of the wheeled landing gear system that is re-
Tied on to supply most of the spring rate and damping characteristics. A
skid gear may alsc be equipped with a shock strut or struts. For normal oper-
ations (other than crash situations), a conventional air/oil oleo, such as
shown in Figure 75, provides two useful load characteristics: load increases
with displacement and with rate of contracticn.

METERING PIN

PRIMARY ORIFICE

PISTON AREA Ap
SECONDARY
VARIABLE

VALVE

HYDRAULIC FLUID

PASSAGE AND EXTENSION
DAMPING CHECK VALVE — ANNULAR AREA Ag

AND PRESSURE P,

- FREE PISTON (SEPARATOR)

GA“/

t FORCE = P‘XAD - Pa x Ag
FIGURE 75. AIR/OIL OLEO SCHEMATIC.
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6.3.9.1 Load Versus Displacement. Load increases as a function of dis-
placement, due tu the compression of the gas. The spring rate is typically
tailored by the selection of the initial pressure and volume to satisfy air-
craft static ground clearance requirements for the required range of gross
weights.

Pressure in the gas chamber is calculated by the equation
Poas = Po X (Vo/Vs)K (16)

where Py and P = gas pressures at initial (fully extended) and
0 GAS » Ca s ;
final stroke conditions, respectively.

Vo and Vg = gas volumes at initial (fully extended) and final
stroke conditions (at stroke S), respectively.

k = a gas constant, which for air or nitrogen equals
1.0 under static (isothermal) conditions, such as
resting on the runway, and 1.4 under dynamic
(adiabatic) conditions during a landing or crash.

6.3.9.2 Load Versus Contraction Rate. Load increases as a function of

shock strut rate of centraction, due to the pressure differcntial required to
cause flow of hydraulic fluid through the orifice (or valve). Pressure drop
across the orifice is given by the equation

AP =P, - P, = (px Q%) / (2 x €2 x AD) (17)
1 2 D 0
where AP = pressure drop across the orifice
D anel D = nwvnecrnvac iinctwvaam and Anummctwvaasm af tha Avi€ficn
Il [Z ARV ll 'll\..).)ut ':J up.:\.l AL Gt WUMUTHII20L LU W1 wilG e " l\-‘,
respectively

p = fluid density
Q = fluid flow rate, expressed in volume per unit time
Cp = flow coefficient depending on the orifice shape

Ag = the area of the orifice. This area is necessarily
the sum of severnl fixed and variable orifices
(pressure relief valves) as explained below.

If the orifice area is fixed {(constant), pressure increases as the square of
the contraction rate, resulting in the undesirable pressure versus sink rate
curves such as those labled A and B in Figure 76. For curve A, initial sink
rates only a little greater than 30 ft/sec cause what has been described in
most literature as "lock-up", characterized by immediate bursting of the shock
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strut or failure in the fuselage/shock strut load path, Similarly, a larger

fixed orifice, sized appropriately for 42 ft/sec, wiil deliver undesirably Tow

load (hence, insufficient energy absorption) for all lesser sink rates, as .
shown by curve B.

Therefore, the hydraulic fluid flow path within the oleo must be equipped with
one or more valves capable of increasing the flow area as the flow rate in-
creases. In the extreme, a spring-loaded valve with very high preload and
very low spring rate achieves the load versus stroke characteristic shown as
curve C in Figure 7¢ (Reference 86). This characteristic is useful at very
kigh crash energies, but fmposes excessive loads onto the fuselage and mission
equipment at low-to-inrtermediate sink rates.
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With several parallei valves, each can be tailored to a different portion of
the sink rate spectrum. In general, fixed orifices and small valves provide
lTow pressure at low flow rates, and larger valves handle the high flow
rates. In this way, the desired load versus sink rate characteristic could
be achieved over the entire sink rate spectrum, such as was previously shown
in Figure 68.

A servo-operated valve has been considered that would be controlled automatic-
ally by a microprocesscr or other means. This has been described as an
"active control” landing gear. The concept was originally developed for
fixed-wing aircraft forced to taxi on rough or bomb-damaged runways and has
since also been applied to auiomotive suspensions. For repeated contact with
a series of chuckholes, such a system can improve ground clearance while
reducing shock loads. However, for the one-event shock of a helicopter hard
landing or crash, active control may present unnecessary cost and unreliabil-
ity.

A low viscosity o1l should be chosen to minimize temperature dependence. Vis-
cosity can generaily be neglected and is absent from Equation (17).

6.3.10 Shock Strut Qjeo Total Load

For dynamic adiabatic conditions, Equations (16) and (17) can be combined by
soiving Equation (17) for Py, and noting that P, = Paac for practical
vaiues of separator piston mass and friciion.

1.4

Py = (e x 09)/(2 x ¢ x A + Py x (Vv (18)

In Equation (18) the group of terms {(p x 02) / (2 x CD‘ x A 2)) is most
strongly dependent on aircraft sink yrate. Recall that Q is the volume rate
of flow through the orifice, a function of the piston area and shock strut
contraction rate. The shock strut contraction rate is itself dependent upon

the gogmotry of tho art icylated gear mochanism, Tho sguaring of the flow
e Yo 1 1 ge L0 Fquaring or Lt TiI0o¥

term makes the pressure a strong function of shock strut contraction rate,
unless compensated by a variable orifice.

The group of terms {Pg x (Vp/V )1 4) is exponentially dependent on the degree
of shock strut cqntract10ﬂ, un?ess at some predetermined pressure, gas from
volume Vg begins to be discharged to limit the peak gas pressure.

In the hydraulic fluid flow path, crifice arca Ay may most effectively be
the total of several fixed and variahle orifices:

® A fixed crifice, such as that suitable for normal, low-energy
landings

. One or more variable orifices (spring-loaded pressure relief valves)
that open with increasing pressure to compensate for rate
sensitivity




] A variable orifice that changes with degrec of contraction, such as
provided by a metering pin, most suitable for optimizing performance
in the norinal and hard landing regimes.

6.3.11 Shock Strut Load Transients and Failure Conditions

The load delivered by the shock strut olev has been shown in Eguation (18) to
increase with both increasing rate of contraction and degree of contraction.
Contraction rate tends tc be highest near the beginning of the gear stroke
and diminishes as the gear deceierates the fuselage. The degree that the
contraction rate diminishes becomes less as initial sink rate increases {for
energetic crashes, considerable residual velocity exists after all landing
gear stiroke is exhausted).

During the initial high contraction rate, a pressure-regulating orifice is re-
guired to dGischarge sufficient hydraulic fluid from the high pressure chamber
to avoid exceeding the ultimate safe pressure. Safe design pressure of about
8000 psi has been used in the shock struts of the AH-64A and UH-E€0A. An in-
adequate pressure-reguiating orifice will result in immediate failure of the
strut at high sink rates, before a useful amount of energy is absorbed

(curve A of Figure 76).

Assume now that an adequate pressure regulating orifice is installed in the
flow path of the hydraulic fluid, to avoid failure during high sink rates.
Another hazard exists in the latter portion of the stroke due to the buildup
of gas pressure, 17 this 15 combined with a high shock strut contraction

rate. This is the result of two circumstances:

1. Common practice has been to optimize strut performance for interme-
diate sink rates by utilizing the fact that the contraction rate
diminishes to zero before the stroke is complete. Figure 77(2)
shows an oleo optimized at an intermediate sink rate by adjusting
the rate and degree characteristics to make their sum as near con-
stant ac possible. A metering pin is sometimes also used to tune
the characteristics to achieve this.

2. This same oleo at high sink rates will ex-eed the ultimate load
before stroking the entire distance, as shown in Figure 77(b). The
reason for the failure is that the high contraction rate (thus high
hydraulic AP) {s maintained throughout the stroke, while the gas
pressure is also increesing.

Reference 86 suggests limiting the buildup of gas pressure tec some predeter-
mined maximum to avoid the overpressure condition shown in Figure 77(b).

When the threshold gas pressure is reached, the (inert) gas begins to be dis-
charged to the atmosphere through a pressure relief valve. The threshold at
which discharge begins should be selected high erough to avoid maintenance
after moderate hard landings.

126

-




PRESSURE DROP ACROSS
HYDRAULIC VALVE = AP

e~ TO/AL PRESSURE =P, = AP+ Py
———= GAS PRESSURE = Pgag ~ Py

FAILURE'*

MAX. SAFE PRESSURE

PRESSURE

100 0 100
STROKE % STROKE %
(a) 20-FT/SFEC INITIAL (b) 42-FT/SEC INITIAL
SINK RATE SINK RATE

FIGURE 77. RESPONSE OF A SIMPLE OLLO TO TWO TEST CONDITIOMS.

6.3.12 Containment of Flammable Hydraulic Fluid

Fire-resistant hydraulic fluid per MIL-H-83282 (Reference 92) is still flam-
riable, especially when vaporized by discharge at high pressures through an
orifice or vaive. Therefore, the 0il must be contained within the shock
strut or piped to a reservoir,

Containment of hydraulic fluid within the shock strut presents a design pro-

blem that must be solved for cach system. The obvious place to discharge the
fluid s into the space ordinarily occupied by gas; however, because the
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volume of gas must be selected by 1-G static spring rate considerations, the
gas volume is grossly inadequate to accept the large amount of fluid dis-
placed curing the full stroke. Piping the fluid to a reservoir in the
fuselage raises the problems of leakage, extra maintenance, and potential
severing of the lines in a crash,

6.3.13 Series Coupling of Shock Strut Energy-Absorbing Devices

The mismatch between gear performance characteristics required for normal

landings and crashes has historically been solved by building the shock stirut

as a stack of two, relatively independent, energy-absorbing devices (or

stages) in series with one another. The first stage is an air/oil oleo with

its gas velume and gas pressure sized to deliver the proper spring rate

needed to achieve the required 1-G static ground clearance. The variable .
orifices controlling flow of the hydraulic fluid in this first stage can be
optimized to deliver the required load characteristics for sink rates up to

16 or 15 ft/sec.

-

The second stage strokes during crashes to supplement the displacement of the
first stage and to avoid initial load spikes that would olherwise occur due
to rate sensitivity of the first stage. The second stage can bhe another air/
0il oleo, or a hydraulic damper, or a mechanical energy absorber, as shown
conceptually in Figure 78(a), (b), and (c), respectively. Each concept has
advantages and disadviatages.

AIR/OQN. HYDRAULIC MLCHANICAL
CLEOQ DAMPER
( ° @ Y

//—LXAMPLE&

* CRUSHABLE
HONEYCOMB

o TUBE CUTTER

2ND STAGL

= CRUSHADLL
COMPOSITE
TUBE

W

15T STAGE
AIR/QIL OLEQ

(a) (b) (c)

FIGURE 78. TWO-STAGE SHOCK STRUT CONCEPTS.
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In concept (a) of Figure 78 the second stage gas volume may, for instance, be
charged to 900 psi, while the first stage is charged to 30C psi. During nor-
mal Tandings the second stage will therefore not deflect untii the first has
compressed several inches. During hard landings, it is entirely acceptable
for the second stage to strcke somewhat to assist the first. After the
event, the gas pressure in the second stage reextends that stage, resetting
it automaticaliy. The primary advantage is the ability to fly away after
hard landings without service to the landing gear. Disadvantages include
relatively high weight and cost due to duplication of components in the first
and second stages.

In concept (b) of Figure 78 the first stage by itself must absorb the energy
in a1l normal landings. The second stage is normally held in its extended
position by shear rings, calibrated to avoid breaking until some predeter-
minad hard landing 10ad occurs. Once the shear rings have broken, the second
stage begins to contract, forcing hydraulic fluid through a valve(s). The
design has the advantage c¢f requiring no gas pressure to maintain the normal
degree of extension of the second stage, therefore avoiding the potential
failure mode caused by buildup of gas pressure near the end of the stroke.
Also, no separator piston is needed to prevent mixing of the fluid and gas.
One disadvantage is that the second stage must stroke during some hard
landings and will not reset itself automatically after that event; shear
rings, fluid, and valve need to be replaced and/or refurbished before the
helicopter can be fiown again.

Concept (c) of Figure 78 utilizes a mechanical energy absorber for the second
staye. Shear pins or rings may be used to maintain the fully extended posi-
tion of the second stage during normal landings. The energy absorbing device
can be selected for high energy absorption per unit weight and for high ratio
of available stroke to everall length. Attractive energy absorbing concepts
include crushable graphite tubes, crushzble aluminum honeycomb, and tube-
cutting devices. Properties of these materials (and others) and methods of
constructing energy absorbers may be found in Vclume IV. The primary advan-
tages of a mechanical energy absorber for the second stage are: 7light
weight, no maintenance as long as the stroking load is not exceeded, and
insensitivity of load to contraction rate.

A performance requirement unrelated to crash resistance is the need for mili-
tary helicopters to kneel for storage aboard cargo aircraft and ships. To
accomplish this, the shock strut can be shortened by ground personnel. Be-
cause of the iong stroke of the gear, both the first and second stag2s may
need to be shortened. Concept (a) facilitates this by enabling the pumping
of hydrauiic fluid to a remote reservoir. Concept (b) requires the shear
rings to be disengaged before the fluid is pumped out. Concept (c) may be
less amenable to shortening.

6.3.14 Transient Effects and Efficiency

At initial impact of the gear with the ground, the shock strut does not
instantly reach its peak contraction rate (thus delaying development of peak
Toad). Inefficient compression of the tire at comparalively Tow loads delays
the transfer of motion to the shock strut. Tires such as are used on the
AH-64A or UH-G0A deflect about 6 in. prior to wheel rim contact. Flexibility
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in the drag link further delays the transmittal of motion to the shock
strut. The compressibility of hydraulic fluid in the shock strut is aiso
significant especially during the initial motion.

After contraction of the oleo shock strut is finally underway, it does not
deliver perfect efficiency, although 90 percent efficiency can be exceeded
for selected conditions. Considering all factors, overall efficiency ot the
landing gear is expected to be only about 75 to 80 percent.

Flexibility of the fuselage should also be considered, especially if large
masses are located remote from the landing gear, such as in the case of the
engine nacelles on a tilt-rotor aircraft. In developing landing gear for the
V-22, the subcontractor discovered that landing loads predicted by a flexible
aircraft model were 20 percent lower than those predicted by a rigid aircraft
model (Reference 93).

6.4 SUBSYSTEMS EXTERNAL TO THE FUSELAGE OTHER THAN LANDING GEAR
6.4.1 General

Plastic deformation of aircraft elements outside the occupied area is an
additional method of absorbing aircraft energy. Elements such as rotor
blades, wings, tail sections, and even external stores can be bent, battered,
or destroyed in the process of bringing the occupied section to a success¥ul
halt. When trees, ground obstacles, or uneven tevrain are involved, impacts
with blades, wings, etc., often occur. Energy is expended in breaking the
impacted object and/or failing the aircraft element.

6.4.2 Rotor Blade

Re'or blades on helicopters can significantly contribute to energy absorption
if the aircraft impacts into trees. The rotating blades incrementally chop
the trees until rotor motion stops or until blade separation occurs. In
either case, an appreciable quantity of energy can be absorbed, providing
that the attachment strength to the basic fuselage is adequate to prevent the
blacdes from being detached or the rotor mast and transmission system from
being torn out of the aircraft.

s

Composite blades often offer a desirable degree of energy absorption. When a
composite blade impacts tree limbs, progressive delamination between the .
axial fibers occurs due to adhesive failure. This process, called brooming,

does not destroy the longitudinal load-carrying elements in the blade; these

elements can continue to flail the tree and dissipate energy.

An additional property of other composites that can be used to advantage is
the high modulus of elasticity achievable by using certain fibers, such as

graphite or boron. A stiffer blade that reduces deflections and reduces the
probability of a blade strike on the fuselage crown can thereby be designed.

When rotor blades with metal spars are subjected to tree impacts, successful
energy absorption takes place until a tree element too strong for the blade
to sever is impacted. Then the blade will fail by plastic bending or by

completeiy detaching from the rotor. During these failure sequences, blades
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may impact the fuselage. Titanium spars perform better than earlier aluminum
spar hlades, but some failures are unavoidable, and overhead fuselage struc-
ture should be designed to resist penetration.

Blade tips can be made frangible to crush upon impact. Deformation of the
tip should be as conirolled as possible. For example, if a frangible tip
with tip weight fractures and leaves the blade, the resultant main rotor
centrifugal unbalance may cause severe pyion damage. Therefore, the blade
should retain its balance during the blade tip strike. A replaceable
frangible blade tip concept (from Reference 94) is shown in Figure 79.

Tough tip spars
fold on impact

-——T j«— 2 in.

{‘ -TT=" ’;‘Jf
.
<= T T T el
[
21 in. ¥ i
i
[
{ !
Y le==—===- =)
7
CG of undeflected tip CG of 4/

deflected tip

Crushable tip stays

on rotor after damage
to prevent large rotor
imbalance. Tip is
replaceable.

FIGURE 79. FRANGIBLE MAIN ROTOR BLADE TIP.
(FROM REFERENCE 94)
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For future main rotor blades, it may be possible to design a blade that can
accept localized destruction during a blade strike such that harmful blade
strike loads are not transmitted to the mast. The blade should progressively
fail inward,starting at the blade tip. Filament-reinforced composite mate-
rials could accept the failure of the resin material, yet retain some of the
load-carrying capability of the fibers (Reference 68). Some means for blade
balance weight retention should be included.

6.4.3 Wing, Empennage, Engine, and External Stores

Wing impacts usually occur in one of two ways. Fitker a tree, pole, or "
similar object is hit, producing highly concentrated lvading, or the wing
strikes a barrier, such as an earthen mound or a dike, which produces loading
that is more evenly distributed along the wing’s leading edge. Crushing and
shear strength, for typical wings, will allow trees or poles to cut into the
wing as the aircraft moves forward, until the wing is cut off or until the
pole breaks. The fore-and-aft loads under these conditions are low in terms
of their effect on fuselage accelerations. In fact, even the more evenly
distributed Toads can produce fuselaye accelerations of perhaps only 5 G.

Wing failures in fixed-wing aircraft typically account for oniy 5 percent, or
less, of the total kinetic energy which may be present in a crash of moderate
velocity (Reference 95). Therefore, the use of the wing structure as an
effective energy absorber does not appear to be promising. Increasing this

energy absorption capability would involve adding material to structural

members which can already withstand novmal leading. 1In all likelihood, most

of the added material could not be used effect1ve]y for any particular crash.

However, the wings could be designed to break free from the fuselage struc-
ture under high longitudinal impact forces. This could reduce the mass con-
siderably, especially if the wings contain fuei. As discussed earlier, this
reduction could effectively reduce the energy absorption requirements for the
cabin structure. Wing removal may also provide the possibility of removing
flammable fluids away from the fuselage and occupants.

Empennage structure or, for that matter, any structure aft of the occupiable

cabin, seldom provides beneficial effects during a longitudinal crash. In-

stead, the mass tends to increase the loads which must be supported by ine
cockpit/cabin structure. Therefore, if empennage structures can be designed

to collapse during a longitudinal impact, the requirements for cockpit/cabin
structural strength and energy-absorption capability are reduced. .

Stub wing or sponsons can be designad to absorb lateral impact loads. In
addition, the stub wing/sponsons help keep the emergency exits off the ground ’
and thus useable when the aircraft comes to rest on its side.

A1l external systems should bhe designed so that their crash-induced failure
will not lead to penetration or rupture of the fuselage protective shell,

€.4.4 Special Tilt-Rotor Considerations

Crash resistance design considerations for tilt-rotor aircraft share many
common items with conventional helicopter and fixed-wing aircraft. These
inciude the items listed in Table 1.




On conventional helicopters, the main rotor pylons and engines generally are
located near the occupied areas, and adequate tiedown strength is required to
prevent potentially hazardous displacement of the large mass items into the
occupied areas. On tilt-rotor aircraft the pylons and engines may be located
near the wing tips, well away from the occupied areas. If so, allowing the
wings to fail in a controlled manner will reduce the aircraft mass, and less
material is regquired in the fuselage structure to absorb the reduced aircraft
kinetic energy (Reference 65).

For tilt-rotor aircraft with ving-mounted engines, the design appreach to con-
trol the wing, pylon, and rotor failure modes is illustrated in Figure 17.

By proper choice of the prop-rotor direction of rotation, rotor ground

strikes are directed away from the cccupied areas. Some debris from the
ground and rotor blade fragments may still impact the fuselage sidewalls in
the vicinity of the tip path plane. The seating arrangements and the design
of the structure in those areas adjacent to the tip path plane should con-
sider this possibility (Reference 65).

To maintain the occupied voiume within the fuselage, the fuselage should be
designed stronger than the wings. Similarly, the wings should be designed
stronger than the pylon. Consequently, the pylon and wing should fail prior
to the fuselage, preventing collapse of the occupant compartment (Refer-

ence 65). A tilt-rotor design using fuselage-mounted engine{s) would be more
1ike a helicopter as far as crash resistance is concerned.




7. ANALYTICAL METHODS

7.1 INTRODUCTION

The compiexity of dynamic structural deformation makes analysis both diffi-
cult and essential to the design process. In this chapter are presented
basic dynamic analysis techniques as well as material which directly supports
the aircraft design process, such as discussions of energy absorption trade-
offs for the preliminary design phase, semiempirical methods for preliminary
sizing of structure, and analytical methods of crash simulation. S

-

7.2 DYNAMICS OF THE CRASH IMPACT CONDITIONS

7.2.1 Kinematic Relationships

Relationships among the kinematic quantities of position, velocity, and accel-
eration form the basis for the study of dynamic phenomena. Although these
relationships are generally well known, use of their precise definitions
faciiitates an understanding of the crash event and its analysis. Therefore,
a discussior of these relationships as applied to crash impact conditions
fullows. The reader primarily concerned with aircraft design may wish to
proceed to Section 7.3.

Consider first an aircrafi impaciing a rigid vertical barvier as shown in Fig-
ure 80. The position of the referance point fixed in the aircraft relative
to a point fixed on the ground is referred to as X. A change in position is
referred to as displacement S. In this case, assume that the displacement of
the reference point is measured from its position at the time when the
aircraft just contacts the wall.

If a change in displacement AS occurs in a time interval At, then the
average velocity of the aircraft over that interval is

o As
T At

—
)
S~

As the time increment is taken to be very small, Equation (19) yields the
instantaneous velocity

lim AS _ dS .
= At—0 At = dt (20) :

Note that velocity has the units of length per unit time, i.e., feet or meters
per second.

If in the same time interval the aircraft undergoes a charge in velocity Av,
the average acceleration over the interval is given by

a = ﬁ% (21)
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FIGURE 80. DEFINITION OF POSITION AND DISPLACEMENT
FGR CRASKING AIRCRAFT.

and the instantaneous acceleration by

Tim Av  dv
a=,te0 at = dt (22)

Note that acceleration has units of velocity per unit time, i.e., feet or
meters per second per second.

A graphical examination of the relationships among position, velocity, and
acceleration will aid in understanding their application in the crash impact
conditions. Referring to Figure 81, assume that the aircraft of Figure 80
has a velocity v, just prior to contacting the barrier and that the veloc-
ity of Point C, ?ixed in the aircraft, varies with time as shown in Fig-

ure 81(b).

First note that in Equation (22) defining acceleration that “a" is the height

of the a-t curve and Av/At (for small At) is the slope of the v-t curve in
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Figure 81. Thus Equation (22) indicates that the height of the a-t curve is
equal in magnitude and sign to the slope of the v-t curve, that is

a

1
cla.
<

(23)

This is an invariant relationship, and any data, whether experimentally or
theoretically obtained, must meet this criterion to be valid.

In a similar way Equation (20) indicates that the height of tha v-t curve is
equal to the siope of the S-t curve.

Rewriting Equation (23) and integrating, the change in velocity over any time
interval between ty and t is

t

Av = v - vy = !’ adt (24)

-

to

Therefore, the total change in velocity during a given interval is equal to
the area under the a-t curve in the interval. As an example, consider the
total crosshatched area between ¢t = 0 and t = t, in Figure 8i(a). Assuming
Vo, = 0, this area is equal to the initial velocity v,, that is the

cﬁange in velocity between t = 0 and t = ts.

Note that ihe accejeration in Figure 81 is negative (deceleration), thus pro-
ducing a negative velocity change or reduction in velocity from vo to 0. A
positive acceleration, on the other hand, produces an increase in velocity.

The same condition exists between the velocity and displacement curves, that
is

As=f vdt (25)

or, in other words, the total distance travelled is equal to the area under K
the v-t curve. Thus the maximum vehicle travel, as in Figure 81(c). would be :
equal to the area shaded with dots under the v-t curve of Figure 81(b).
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The following important points may be noted in Figure 8]:

® The velocity is changinrg at its most rapid rate when the acceiera-
tion (or deceleration) is maximum, at time tj.

e The displacement reaches a maximum when the velocity becomes zero,
time ty. .

) The velocity peed not necessarily be zero (time t,) when the ac-
celeration is maximum (time tq). .

) The ar~a contained within the deceleration pulse (from ty to t,)
is equal to the initial velocity plus the rebound ve]ocigy (the
total velocity change). .

° The area under the deceleration curve between t, and t3 is equal
to the rebound velocity.

7.2.2 Energy Absorption During Deceleration

Accerding to Newton’s second law of motion, the resuitant force (F) acting on
mass (m) proeduces an acceleration (a) according to

: gy
g Fema=mgr (26)
Applying Equation (20),
_pdvds o dv
F=m ds dt = ™ ds (27)
Multiplying by the incremental displacement dS and integrating,
S2 v, K
f FdSa[ mv dv=%—mv22-%mv12 (28)
Sl vi
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which states that the work done un a mass m by resultant force moving through
a change in displacement from S; to S, changes the kinetic energy of the
mass, which is defined as

Kinetic Energy, T = 3 m/’ (29)
Work done by force F during the change in displacement is defined as .
S2
Work = f £ds (30)

which is eauivalent to the area under the curve of force versus displacement
between any two displacements, as iliustrated in Figure 82,

Q
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FIGURE 82. DEFINITION OF WORK.
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In application of Equation (28) to the crash environment, an aircraft moving
with initial velocity Vv, Ccan be sTowed to a reduced velocity v (which is

zero when the zircraft comes to rest) by application of a force through a dis-
tance S

S
1 2 1
,/- Fas = 5 mv,° - 3 mv? (31)
0

where the furce acrs in a direction opposing the velocity, as shown in Fig-
ure 85. Peferring to Figure 83, it might be said that the kinetic energy of
the aircreft is absorbed by crushing of its forward structure as its velocity
is reduced.

S = displacement

Barrier

&L

AN
S S XS
Crushable structure, which
exerts force F to the left

(a) 1Idealization of impact into barrier

At. displaceament S

the force I has 1

< reduced the aijircraft

. velocity to v, given by
D 1

G ,///

[

0

fy

Q§§§§§§\ N Slras - v 2-v, 9
0
AN /

5,

Displacerent, S

{b) Force versus displacement for barrier impact

4

FIGURE 83. ILLUSTRATION OF IMPACT REDUCIKG
AIRCRAFT FINETIC ENERGY.
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If a constant stopping force were applied, the velocity would be reduced at
constant deceleration as shown in Figure 84(a) and the force-displacement
curve would be as shown in Figure 84({b).

Force = ma = constant

e oz e D W ae GEw g ey S e o Sy o e oy

Acceleration, a = constant

Force, acceleration

Time

(a) Constant acceleration versus time Rt

e

0

O

-

o

Energy change = FAS

* Displacement, S
' (b) Constant force versus displacement

- FIGURE 84, ILLUSTRATION OF DECELERATION BY CONSTANT FORCE,

Often, for protecticn of occupants, it is desirable to 1imit the decelerating
force to some prescribed value. Given a maximum force, the most efficient
energy-abscricing system would be the one requiring the smallest displacement,
S, whica would be the constant-force system. Therefore, energy absorption by
a constant force is often veferred to as "ideal" energy absorption. The




devices shown in Volume 1V exert a nearly constant force and thus act as
nearly ideal energy absorbers. They are desirable for use where concentrated

loads are applied and the transmitted force must be limited, such as in seats
and landing gear.

Structural systems and certain materials, such as plastic foams and honeycomb

materials, approach the ideal force-displacement curve to the extent shown in
Figure 85.
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FIGURE 85. FORCE-DISPLACEMENT CURVE FOR HONEYCOMB MATERIALS.

Again; the area under this curve represents energy absorbed. The area can be
divided into three important regions. If loading results only in reaching
Point A in Figure 85;then unloading generally occurs along the elastic curve
OA, and the energy indicated by Area "1" is restored to the system just as a
spring releases its energy when it is unloaded. Area "2" represents inelas-
tic, or plastic, energy absorption, and if loading reached Peint C, the energy
corresponding to Areas "1" plus "2" plus "3" is abserbed. However, as unioad-
ing occurs, the energy of Area "3" is restored in the form of rebound.

Loading in the regicn from B to C in the figure is often referred to as "bot-
toming," & condition in which the deforming structure or material has become
compacted and the load increases rapidly with very little further deformation.

The energy dissipated in locked-wheel skidding is of interest in caiculatirg,

for example, the initial velocity when the skidding distance is known. This
is readily obtained from Equation (31) if it is assumed that during skidding
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the sliding forces are constant and are the only significant forces present.
Thus, tha work done by the sliding force is simply the force times the dis-
tance and from Equation (31), for vgipna1 = 0,

] \
FS = 5 mv (32)

or

(33)

The sliding force F can be assumed to equal an average coefficient of fric-
tion times the normal force between the vehicle and the sliding surface, or
the weight of the vehicle if the surface is horizontal, thus

F =l = oW ©(34)
f and
v, - %‘% - y/ 29155 (35)

where i = coefficient of kinetic (sliding) friction
W = weight of vehicle
- 5 = stopping distance
g = acceleration due to gravity = 32.2 ft/sec2 or 9.81 m/secz.

For the case v¢ # 0 we can use the work-energy principle to obtain

Work = AKinetic Energy




From which
ve = Y v.2 - 2guS (36)
f 0

and .

v = y’vfz + 2auS (37)

0

e ®

For sliding on a slope of angle ¢ to the horizontal

Vo = V/vfz + 2gS[p cos 8 + sin €] (38)

For sliding uphill the + sign applies; for siiding downhill, the - sign.

Example: The landing gear on an aircraft collapses and the aircraft slides
1200 ft, at which point it is estimated to have a residual speed of 50 kn.
By dragging the wreckage with a tank retriever through 2 load-measuring
device it is found that the required load to move the aircraft is 0.7 times
the weight of the aircraft. To determine the speed when the gear collapsed

ve = 50 kn = 1.69 x 50 = 84 ft/sec

u=0.7

vo = V(84)2 + 2 (32.2)(C.7)(1,200)
Vo = 247 ft/sec '

= 146 kn -
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7.2.3 Stopping Distance

For a complete aircraft system, or a subsystem such as seat and occupant,
average deceleration values (G) can be determined for given velocity changes
as demonstrated above, and from these data an average stopping distance can
be computed.

Vol - vl - 2gBs (39)

where Vo = impact velocity

vg = final velocity (usually zero)

g = acceleration of gravity (32.2 ft/secz)
G = deceleration in "G" units (average)

S = stopping distance.

Solving for S gives

= 40
5 = Lo (40)
This expression is useful for assessing the required stroking distance for a
seat when impact velocity and acceleration Timitations are known; however, it
must be noted that this relation yields the total stroking distance, including

deformations of the impacted surface and deflection of the gear, fuselage, and
seat. Superposition of the seat, structure, and impacted surface characteris-
tics can be used to assess the net average deceleration experienced by a seat
occupant.

Figure 86 shows the variation of stopping distance as a function of G and
velocity change (Av) derived from the standard Newtonian equations for
assumed constant acceleration.

These characteristics assume 100 percent efficiency, but a real structure wili
react somewhat differently, requiring larger stopping distances for given
velocity changes and/or deceleration levels. The elapsed time values can be
used for assessing human tolerance potential when human injury criteria are
known as functions of G level and exposure time.
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Figure 86 is useful for the initial assessment of motion envelopes needed to L
provide occupants with a survivable decelerative environment and for the re- .
quirements of various structural energy-absorption elements.

It is interesting to compare several deceleration pulse shapes (negative ac-
celeration) to show the effect pulse shape has on deceleration distance. Rec-
tangular, triangular, and sinusoidal pulses are considered. .

Acceleration
equations

2

30- S5 = .A_v.__.
29G

t = 28
Av

25! units:
Av, ft/sec

g, 32.2 ft/sec2

157

107

Stopping distance (S), in.

Elapsed time (t), sec

FIGURE 86. THEORETICAL STOPPING DISTANCE AS A FUNCTION OF VELOCITY
CHANGE ANC AVERAGE DECELERATION LEVEL.
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7.2.3.1 Rectanqular Deceleration Pulse
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From Equation (24) Vo = at (41)
Then, t =v,/a
From Equation (25) s=1y.t | (42)
v
So that S= 2y -9
20" a
or vo2 = 2a$ (43)
and 2
s.10 (44)
2 a

The implications of Equations (43) and (44) are that for a large v,, a very
large stopping distance would be required. With a small deceleration, a
large stopping distance is also required.
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7.2.3.2 Iriangular Deceieration Pulse

Comparing two triangular pulses here, one with zero rise (onset) time and
another with zero offset time,

lero Rise Time Zero Offset Time
a
a 1]
\ a
0 n 0 k= t
wk— ¢ — — t —
[ vo
0 = v o
. t
S }s
; t s
S 0 N
% at = Y % at = v°
2v 2v
-'—R .-——q
t a t 3
Y .2
370° a 3% °*° a
2 2
s-z'!L s.i.v.g.-
3 a 3 a

Note that the deceleration pulses are equal in time (t « 2v,/a) but that
the zero-rise-time case requires twice the deceleration distance of the zero
offset time case.
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7.2.3.3 Symetrical Triangular Pulse

For a symmetrical (isoceles) triangular pulse,

s /2 —my
f—————  { —]
Vo -
e
v O e
/ gs
30‘4, )
1.t .
2at vo
2
.2
a
1
Sczvot
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7.2.3.4 Summary for the Case of Final Velocity, v, = O

Suinmaries for various shaped pulses are included below:

G
DECELERATION .
t TIME
VQ *
VELOCITY
TIME
Rectanqular Pulse
Pulse Duration: v,
t = 05—==
32.2G
Deceleration Level: vo2
G =233
v 2
Stopping Distance: S = —2—
64.46
or s . 3220t ;
2
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G
DECELERATION \
TIME

t

VELOCITY Vo \
TIME

t

Triangular Pulse No. 1

L IV)
[

o . 0
Pulse Duration: t 37.26G
2
Deceleration Level: G = (AL
96.6S
Stopping Distance: 2v,,2
S = =L —
96.606 |
’ , 2
or S = £ GG
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DECELERATION S
Vo

VELOCITY —

Trianqular Pulse No. 2

Pulse Duration: . 2v
32.2G
v 2
. . =
Deceleration Level: G 37.25
U2
Stopping Distance: S = 0
32.2G
32.26t% '
or 5 - 3226t
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G — —— —
. DECELERATION
’ i TIME
L
Vo - [
]
() 1
VELOCITY \
TIME

[rianqular Pulse No. 3

v
Pulse Durat.ion: t = ﬁ’%ﬁ
4y 2
Deceleratior Level: 6= —2—
96.6S
s . s v 2 1
Stopping Uistance: S = 0
96.66G
32.26t2 :
or S = 3 'r_s
i
155




4]
i
i
]

DECELERATION
Vo
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Pulse Duration:

Deceleration level:

Stopping Distance:

Half-Sine Pulse




A plot of these equations is given in Figure 87. Relative times and stopping )
distances are shown in Figure 88 for convenient visual comparison.

10 I

Stopping distance, ft
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FIGURE 87. DECELERATION, VELOCITY, AND DISTANCE AS
FURCTIONS OF TIME FOR FIVE PULSE SHAPES.
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Pulse Time to stop Distance to stop

v

L o o
a
I

a

FIGURE 88. COMPARISON OF STOPPING DISTANCE FOR
VARIOUS DECELERATION PULSE SHAPES.

Note that the time to stop is equal for all three triangular deceleration-
time pulses, but that the stopping distances are not. Minimum stopping dis-
tance is achieved with the rectangular pulse and hence it is the most desired
pulse skape from a consideration of deceleration from maximum velocity at a
given deceleration ievel in the shortest possible distance.
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7.2.3.5 Summary for the Case of Final Velocity, vs, ¥ 0

G
DECELERATION
n TIME
Vo
VELOCITY v
TIME
Rectangular Puise
V.-V
. o __f
Pulse Duration: t = 3555
v ioyr?
Deceleration Level: G = —Eaas
2 2
) ] V - Vf
Stopping Distance: S=—¢a.a
32.26t%
or S = Vot - 2
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\
VELOCITY

0

G
DECELERATION \
— TIM
; E
t

TIME

Jriangular Pulse No. 1

. Z(VO - Vf)
Pulse Duration: t~ 3570

Zvo2 + 2vovf - 4vf2
Deceleration Level: G = 96.6S

Stopping Distance: s - —2-% ;s?éé :
2
32.2Gt"
or S=Vot' 3
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Gl — ——
DECELERATION /\
TIME

VELOCITY

Pulse Duration:

Deceleration Level:

Stopping Distance:

or

Vo

t

161

TIME

Triangular Pulse No. 2

201 -~ vp)

t = 32730

6 =332

S =736

4
- _ 32.06t
\) vot 4




DECELERATION

R

VELOCITY

Puise Duration:

Deceleration Level:

Stooping Distance:

or

Vo |

TIME

Triangular Pulse No. 3

2 2
. 4v0 + 2v0vF - 2vf
96.6S
2 2
S . 4y9 + Zvaf - 2vf
- 96.6G
2
- _ 32.2Gt%
S vot 3
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Gk ——
DECELERATION

N TIME
Vo —
VELOCITY oV
1 TIME
Half Sine Pulse
1.57 (v, - v¢)
Pulse Duration: t = — 32?26 :
0.7854 (v 2 - ve)
Deceleration Level: G =

32.2§

22
0.7854 (v,° - v¢%)

Stooping Distance: 32.2G

wy
]

- 2
- . 32,26t
or S vot 3.14
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7.3 APPLICATION OF KINEMATIC RELATIONSHIPS AND ENERGY ABSORPTION
PRINC]P T0 PRELIMINARY DESIGN STUDIES

In orcer to design an effective crash-resistant system it is necessary to
make 'nitial decisions regarding the percentage of pre-impact kinetic energy
to 2e absorbed by the landing gear, fuselage, and seat systems. These deci-
sions -wust be made early in the design process because they can be the
driving factors in setting fuselage ground clearance (landing gear geometry)
and cepth of fuselage underfloor structure.

This section presents two examples illustrating an energy balance analysis
that can be used for preliminary design of the landing gear, seat system, and
fuselage structure. The examples are representative of two different fuse-
lage design philosophies.

The first example is a structure designed such that the underfioor structure
absorps energy through plastic deformation, while the structure supporting
the large overhead masses {engine, transmission, etc.) is strong enough to
resist the crash-induced loads without plastic deformation. The second
example illustrates the effect of designing a structure such that both the
underfloor and overhead support structure deform piastically. Both concepts
can provide occupant protection.

In both examples the stroking characteristics (load factor and length of
stroke) are selected for the landing gear and seat system before sizing the
fuselage energy-absorbing capabilities. The system is designed in this

order, because the landing gear and seats often have to meet specific require-
ments, such as MIL-STD-1290, MIL-5-58095 (Reference 71), and MIL-S5-85510 (Ref-
erence 72). The fuselage structure must then be designed to absorb the re-
maining energy not absorbed by the landing gear or seat system. (However,
energy absorption in the fuselage should by given preference when possible,
because the gear will not be effective on soft soil or water.)

Sections 7.3.1 and 7.3.2 are general discussions of landing gear and seat
system design criteria and procedures. Section 7.3.3.3 presents an example
of designing fuselage structure such that the support structure for overhead
masses does not plastically deform, and Section 7.3.3.2 presents an example
of designing fuselage structure so that both the underfloor and overhead
structure absorb energy through large plastic deformations. The elements of
the energy-absorbing system (landing gear, seat, fuselage structure, and
available stroking distance) are illustrated in figure 89.

Some values in the following illustrative calculations are takem from appro-
priate military specifications. Others are typical values used for illustra-
tion. They do not represent design requirements. Systems specifications and
referenced military specifications should provide all design parameters for
an actual application.

7.3.1 in S

To limit occupant spinal injury MIL-S-58095 and MIL-S-85510 require that occu-
pant vertical decelerations not exceed 23 G for a total of 0.025 sec. To com-
pensate for dynamic overshoot effects, the seat system vertical load-limiting
device must be designed to stroke at a load factor that is sigaificantly less
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than 23 G. For most military helicopters 14.5 G has been selected for the
seat system stroking load factor. This vaiue has been found to prevent the
occupant dynamic deceleration from exceeding the 23-G, 0.025-sec criteria.

The seat system stroking distance is generally limited by the distance from
the bottom of the ceat bucket to the floor structure. This distance can be
increased in some cases by designing a well in the floor so that the seat
bucket can stroke into the well. MIL-S-58095 and MIL-S-85510 require that a
minimum of 12 in. stroking distance be provided with the seat bucket in the
full-down adjustment position. It is, of course, desirable to provide as
much stroking distance as possible, since the seat provides the most reliable
occupant energy-absorption capability. It can usually function within
stroking limits even when the energy absorption of the airframe and landing
gear are unable to perform as desired because of impact conditions.

According to MIL-S-58095 and MIL-5-85510, the test criteria for an energy-
absorbing seat includes a 50-ft/sec vertical impact with a 30-degree nose-
down pitch and a 10-degree roll. The vertical velocity compcnent of this
impact is 42 ft/sec, which is the same as that specified for the fuselage in
MIL-STD-1290. Th seat test criteria includes lateral and vertical compo-
nents to assure that the seat mechanisn will stroke in a combined-load
condition.

If the seat had to absorb all occupant/seat energy in a 42 ft/sec vertical im-
pact with the seat stroking at a uniform 14.5-G load, it would have to stroke
about 24 in. Since that distance generally cannot be made available, the
seat, fuselage, and landing gear must be designed as a complete energy-
absorbing system in order to provide adequate protection for the occupant.

7.3.2 Selection of Landing Gear System Stroking Forces

MIL-STD-1290 requires that the landing gear protect the fuselage from damage
following touchdown at a 20-ft/sec sink rate with a pitch of +15/-5 degrees
and roll attitudes up to +10 degrees. To prevent fuselage damage and to
allow the landing gear to decelerate the aircraft effectively, the landing
gear must be designed to stroke at a load that is low enough to prevent
overstressing the fuselage structure. If, for instance, the fuselage design
limit-load factor were 5.5 G, the landing gear would be designed to stroke at
a lower-load factor, such as 5 G.. The highest decelerations will occur when
the impact attitude is level, causing all landing gear to stroke simultane-
ously. If the landing gear were designed to produce a 5-G deceleration
followirg impact with no roll, each landing gear would have to be designed to
produce only a 2.5-G deceleration if acting separately from the other gear.

As illustrated in Figure 90, one gear can indeed act alone following impact
with 10 degrees of roll.

Tha length of the landing’gear~stroke must be long enough to adsorb the pre-
fmpact kinetic energy even with a 10-degree roll attitude at impact. In the
example shown in Figure 90, the wajority of the kinetic energy must be
absorbed by only one landing gear.
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The Tength of landing gear stroke needed to protect the fuselage can be calcu-
Tated using the assumption that (neglecting friction) the preimpact kinetic
energy will be totally converted to work during stroking of the landing gear

(see Section

For complete

For example,
Wr
G g

Si6s
1

The required

7.2.2).
Kinetic Energy (KE) = 1/2(W/g)V >

Work (E) =F x S
conversion of kinetic energy to energy-absorbing work,

KE = E

UNW@%Z-?xS-ExHxS (45)

effective itroking weight of the entire aircraft (1b)
gravity constant (32 ft/secz)

vertical velocity at impact (ft/sec)

average stroking force (1b)

stroking distance (ft)

average load factor caused by stroking energy absorber

let

= effective weight of the fuselage and its payload

= maximum landing gear load factor

= landing gear stroking distance (sum of LH and RH gear stroking)
- efficlency = F/Fp., = 6/Gg,,

stroking distance that must be designed into the landing gear can

be calculated by substituting into Equation (45) and solving as shown below:

1/2(We/g)V,2 = Gg x n x ¥ x Sygs
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for most gear geometries it is probable that upon impacting with a 10-degree
roll attitude both main landing gear will stroke, but not the same distance.
The downside landing gear will stroke tarther than the upside gear, as illu-
strated in Figure 90. The exact amounts must be determined from the geomet-
ric relationship of the fuselage and landing gear.

IMPACT
\ VELOCITY Vo

12.0-N. SEAT

At — e W A »
\/«'( tcnusn VOLUME = SO% OF
o FLAT IMPACT CRUSH
1/ DEPTH

{ DEPTH CRUSH ~25% OF FULL
FULL STROKE STROKE __

GEOMETRY AFTER STROKING AND CRUSHING
GEOMETRY AT INITIAL IMPACT OF ENERGY ABSORPTION SYSTEMS

FIGURE 90. EXAMPLE CRASM GEOMETRY WITH 10-DEGREE
ROLL ATTITUDE AT IMPACT.

It should also be recognized that in some crashes the gear will fail to pro-
vide any appreciable deceleration to the fuselage. This will be true of an
impact on water or soft soil. [t may also be true in crashes having airframe
dynamics that cause the gear to fail before appreciable stroke has occurred.
An example might be a crash with a high lateral velocity component. '

The sample calculations snown here {llustrate the effect of an energyv-
absorbing ge«r impacting on a hard level surface. However, because the gear
is the least reliable contrititor to the energy-absorbing process {due to
variabilny of impact surface;!, the eventual design should be as conserva-
tive as possible in the areas of seat and fuselage energy absorption, so that
the maxiaum poss.bie so~vivability remains if the gear does not contribute to
the 2nergy-atssrptiocn process. Heliccpters with retractable landing gear
will acceatuate ihe need for energy absorption in the structure and seat.

Any self-righting of tre atrcraft is ignored for simplicity and conservatism.
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For example, if the landing gear shown in Figure 90 were designed to limit
maximum fuselage loading to 5 G, with an efficiency of 80 percent, at impact
velocities up to 20 ft/sec, the required length of available landing gear
stroking distance would te calculated as follows.

GLG - 1/2 X 56 = 2.5G

To protect the fuselage with a 10-degree roll attitude, the downside gear
would stroke its full distance, while the upside gear would only stroke
agproximately 25 percent or its full available stroking length (see Fig-
ure 90). If Sy is the maximum stroking travel available for each gear,
then

SLGS e« 1.0 x SLG +0.25 x SLG -« 1,25 SLG

Neglecting the 10-degree misalignment between the velocity vector and the
direction of gear strcke, the SLG can be approximated by substitutiag into
Equation (46),

1.25 Sy g = (20 ft/sec)?/(2)(2.5)(.8)(32.2 ft/sec?)
SLG = 2.5 ft

If the same aircraft were to impact at a O-cdegree roll attitude, fuselage
protection would be provided up to a higher impact velocity. The calcu-
tations using Equation {46) would be as follows:

2(2.5)ft = voz/(z)(z.S)(.a)(sz.z ft/sec’)

V, = 25.3 ft/sec

Thus, for the example helicopter, the landing gear must be designed to stroke
a minimum of 2.5 ft, at 2.5 G (per gear), with 80 percent efficiency, in or-
der to prevent fuselage damage following impact at 20 ft/sec with a 10-degree
roll. This same landing gear design will prevent damage to the fuselage fol-
Towing impact at 25.3 ft/sec, if the impact cccurs in a level attitude onto a
solid level surface.
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7.3.3 Fuselage Structure
The fuselage structure must be desianed to absorb the kinetic energy that
will not be absorbed by the landing gear and seat systems (ignoring the
energy that will be absorbed by the touchdown surface). There are five
variables involved in designing the basic characteristics of the crushable
underfloor structure:

1. Maximum vertical velocity at impact
Maximum fuselage deceleration load factor

Average dec2leration, related to maximum by an efficiency factor

, W

Depth of gnderf]oor structure
5. Fraction of depth that is crushable.

7.3.3.1 ]Impact Yelucity. MIL-STD-1290 specifies that the aircraft be
designed to protect the occupants following impact on a hard smooth surface
at a vertical velocity of 42 ft/sec with pitch and roll attitudes of up to
+15/-5 and +10 degrees, respectively. For aircraft not designed to meet
MIL-STD-1290, a review of accident statistics for similar aircraft, used in
the same manncr, will provide guidance in determining the degree of
protection that fs required.

7.3.3.2

Sidewalls. A schematic of a crash-resistant aircraft with rigid side walls
(not designed to absorb energy through plastic deformation) is shown in
Figure 91. The fuselage structure must be designed to absorb the preimpact
kinetic energy that will not be absorbed by the landing gear and seat system.

A well-designed landing gear can, under {deal conditions, stroke and absord
energy during: the crushing of the fuselage. However, the following analysis
assumes for simplicity that the landing gear ceaset to contribute energy-
absorbing strokes after the fuselage contacts the earth.

With the above assumptions, the following relationship applies:

- 2 . 3
KE = 1/2(W/g)V,* = F.Sc + FeXe | (47)
where W « combined weight of the fuselage, seat, and occupant .
KE = kinetic energy

gravity constant (32.2 ft/secz)

o]
[}

velacity of fuselage after completion of landing gear stroking

-
—
[ ]
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WoH

ENERGY-ABSORBING
SEAT SYSTEM

[ ~——— RIGID FUSELAGE SIDEFRAME

W0 © WEIGHT OF OVERHEAD COMPONENTS
Wg « WEIGHT OF SEAT AND OCCUPANT

Wg = WEIGHT OF FUSELAGE OTHER THAN
SEAT/OCCUPANT AND OVERNHEAD
COMPONENTS

W = Woye Wg + W (TOTAL ARCRAFT
EFFECTIVE WEIGHT)

Fg * STROKING FORCE FOR SEAT SYSTEM

Fr = STROKING FORCE FOR UNDERFLOOR

STRUCTURE
FL@ * STROKING FORCE FOR GNE LANDING
GEAR

Sg * AVALABLE SEAT STROKING DISTANCE

Sg = AVARABLE UNDERFLOOR STROKING
DISTANCE

S_ g = AVAILABLE LANDING GEAR STROKING
DISTANCE

(DOES NOT PLASTICALLY
DEFORM AND ABSORB ENERGY
DURING A CRASH)

CRUSHABLE UNDERFLOOR
STRUCTURE

SIS S S

FIGURE 91. SCHEMATIC OF AIRCRAFT CRASH-RESISTANT SYSTEM
USING RIGID FUSELAGE SIDEWALLS.
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As shown by Equation (47), there are an infinite number of combinations of
Fr and S¢ that will absorb the kinetic energy. However, there is a

7777
MPACT SURFACE

ENERGY-ABSORBING
LANOING GEAR

average force required to crush the fuselage underfloor

crush depth of underfloor structure
average force required to stroke the seat energy absorber

distance stroked by the seat emergy absorber (relative to
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maximum value of Fp that wiil be compatible with the stroking force and
distance already selected for the seat system (see Section 7.2.1). If the
value of Fp exceeds this value, the seat system will not be able to limit

the G loads on the occupant throughout the crash. ' This is. because the
occupant would still have residual velocity when the seat stroke bottoms,
leading to a sudden high deceleration and possible injury. (The same problem
will occur if Fp Sp is too low and the underfloor structure absorbs
insufficient energy.)

The required deceleration rate for the fuselage structure can be calculated
using the following relationship:

2= 2 =
G - V1 GS/(V1 - 296G (48)

Fmax SSS)

where EFmax =~ maximum fuselage deceleration rate (g’s) that will allow

the seat system to bring the occupant to rest before the
seat bottoms

Vy = velocity after completion of gear stroking, but prior to
initiation of fuselage underfloor structure crushing

g = gravity constant (32.2 ft/secz)
Gg = seat system average stroking load factor
Sg = maximum available seat system stroking distance.

tquation (48) can be derived bg substituting the appropriate values of G and W
into Equation (47) for FS and (FF = HFGF + HSGS’ FS = WsG) and noting that

Xg = Sg and S = VIZ/ZgGF (reference Equation 40).

The second factor that must be considered when defining the fuselage under-
floor structure crushing depth and force ‘s the effect on retention of high-

. mass items, such as engines, transmission, etc., during a crash. For this

reason the floor structure for aircraft required to comply with MIL-STD-1290
might be designed to crush at a load factor of 15 to 20 G, because this value
corresponds to the requirement in MIL-STD-1290 that potentially hazardous
high-mass items be designed to withstand a vertical load factor of +20/-10 G
(see MIL-STD-1290 for a complete listing of high-mass retention require-
ments). Thus, the floor structure crushing helps protect against ioss. of re-
tention of high-mass items.
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To determine the required crush depth for the fuselage underfloor structure,
the following steps are required:

1.

Define the crash design conditions.

1. Maximum initial impact velocity
h. Aircraft impact attitude limits

Define landing gear design requirements and calculate the velocity
of the aircraft at initiation of fuselage crushing.

AKE = 1/2(W/g) (V2 - Vi) = G WS gs (49)

where W = weight of fuseiage and occupant
g = gravity constant (32.2 ft/secz)

Vo = initial impact velocity when landing gear first
contacts the ground

Vi = velocity when the fuselage first contacts the ground

ELG = average stroking load factor of landing gear
(per side)

Sigs = sum of the distances stroked by the LH and RH main
landing gear (the distances are equal only for impact
at a 0-degree roll attitude).

Determine the crush distance required to bring the fuselage struc-
ture to rest at a constant rate of deceleration.

Sg = V,2/26eq (50)

where Sp = required crush depth for fuselage underfloor
structure

G = average deceleration rate of fuselage.

Use Equation (48) to calculate the maximum allowable value for G¢ to
ensure that the selected value will provide occupant protection.
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As an example, consider a helicopter design with the following characteristics:

1.

Landing gear - designed to stroke at 4.0 G (per main gear) with
2.5 ft of available stroke (see Section 6.2 for explanation of why
landing gear load factor at the 42-ft/sec impact condition may be
expected to be higher than at the 20-ft/sec condition).

Seat system - 12 in. of stroke at 14.5 G (meets MIL-S-58095 and
MIL-S-85510 requirements).

Fuselage structure - designed to crush at 20 G (level attitude at
impact).

Vertical velocity at initial impact = 42 ft/sec (MIL-STD-1290).

Calculations:

Determination of fuselage velocity after landing gear stroke:

The critical case (neglecting pitch) is impact at 10-degree roll atti-
tude, since not all of the landing gear energy absorption capability
will be used. See Figure 90 for example landing gear geometry after
stroking. The actual value of stroking distance will vary for diffar-
ent designs and must be determined from a kinematic study cf each
proposed gear configuration.

1/2(4/9) (Vo2 - V\2) = Gy g¥Sygs

1/2(W/32.2 ft/sec?)((42.0 ft/sec)? - v,?) = 4.0M(1 + 0.25) 2.5ft
Vi = 31.0 ft/sec

Determination of crush distance (S¢) required to bring the fuse-
lage to rest at 20-G deceleration rate:

For the example geometry shown in Figure 9C, approximately half the
underfloor structure will be effective if a 10-degree roll attitude
exists at impact. Thus a structure designed to prnduce 20-G

deceleration for a level impact will only produce a 10-G decelera-
tion at a 10-degree roll attitude.

S = Vrz/zapg = (31 ft/sec)z/(Z)(IO)(SZ.Z ft/secz)

Sp = 1.49 ft
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Jverify that the design fuselage deceleration rate of 20 G is less than the
maximum deceleration that would still allow the system to fully absorb the
sccupant’s kinetic energy without bottoming out the seat.

SFmax = ¥1%65/ (V1% - 2gBgSs)
= (31.0 ft/sec)?(14.5)/{(31 ft/sec)?
-2(32.2 ft/sec?)(14.5)(1 ft))

= 512

The design value for EF of 20 is less than the maximum allowable for the
issumed helicopter characteristics, so the system will be able to absorbd
effectively the occupant’s kinetic energy.

{t should be noted that the above system has been designed to provide occu-
pant protection for a 42-ft/sec impact with 10 degrees of roll. If this same
aircraft were to impact with a 0-degree roll attitude, the occupant would be
provided protection for a higher impact velocity.

The magnitude of the impact velocity allowable with a 0-degree roll attitude
and tne stroking loads and distances specified in the above example can be
calculated as follows:

!. Determine the allowable fuselage impact velocity based on G and
S¢.

Ge = 20

Sp = 1.49 ft

vlz/ich) - 1.49 ft = Vlz/((Z)(ZO)(3Z.2 ft/sec?))

43.8] ft/sec

-<
[
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2. Determine the valocity prior to gear stroking.
Vl = 43.81 ft/sec

S =S + S = 2.5 ft +2.5 ft =5.0ft

LGS LGRH LGLH

Gig =46 .

2 -
1/2(0/g) (V2 - V,%) = G NS s

1/2(W/32.2 Ft/sec?)(v ? - (43.81 ft/sec)?) = (4.0)(W)(5.0 ft)
Vo, = 56.63 ft/sec.

3. To verify that the available seat stroking distance would be
adequate:

X,h = V12/29—G'.~ - Sr
1 A

r

(43.81 ft/sec)?/2(32.2 ft/sec?)(14.5) - 1.49 ft

"

0.57 ft

Since the available seat stroking distance of 1.0 ft is greater than the
0.57 ft needed, the system will be capable of absorbing a level impact at ’
56.63 ft/sec.

Thus, for the example shown above, the aircraft would provide occupant protec-
tion following an impact at 42 ft/sec with a roll attitude of 10 degrees.

The same aircraft would provide occupant protection at an impact velocity of
56.63 ft/sec with a O-degree roll attitude.
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In the above exawmple, the depth of underfloor structure was sized to bring the
fuselage to rest at a constant rate of deceleration following impact with a
10-degree roll attitude. Since the underfloor structure was designed to
crush at a deceleration rate of 20 G in a level impact, the structure gave a
deceleration rate of only 10 G for a 10-degree roll attitude impact. Because
the underfloor structure was designed to bring the fuselage to rest at 10 G,
the seat system would never be exposed to the 14.5-G level needed to make it
stroke during a crash with a 10-degree roll.

From the standpoint of vccupant protection it wouid not be necessary to have

: the underfloor structure capable of brir ing the fuselage to rest at a con-
stant rate of deceleration. Rather it would only be necessary to dacelerate
the floor to a Tow enough velocity (at completicn of underfloor stroking) so
that the seat/occupant kinetic energy would be equal to cr less than the re-
maining capacity of the seat system energy absorber. If this design approach
is chosen, the structure that supports the high-mass overhead items (engines,
transmission, etc.} must be capable of absorbing the remaining kinetic energy
of these comporents without letting them intrude into the survival space
required by the occupants.

If the aircra’t in the above example were to impact at level attitude with a
velocity of 48 ft/sec ana landing gear were totally ineffective, the depth of
underfloor crushing and length of the seat system strokirg could be calcu-
lated as follows:

1. Since the fuselage wiil be broujght to rest at a constant
deceleration of 20 G,

Xp =V Z/26cg = (48 ft/sec)?/2(20)(32.2 ft.sec’)
Xp = 1.79 ft = depth of underfloor crushing
However, 1,79 ft of crush is nel possibie since theve is only

li

5
1.49 ft of underfioor structure available. Therefore, S -
1.91 ft must be used to calculate the stroke.

2. The seat will be brought to res® at a constant deceleration of
14.5 G. The actuai seat stroke relative to the underfloor structure
must allow for the distanwe traveled by the underfloor structure.
Therefore,

Xg = voz/zﬁsg - Xp = (48 ft/sec)?/2(14.5)(32.2 ft/sec’) - 1.49 ft

XS = 0.98 ft or 11.7 in. = distance required for seat to stroke
without bottoming




7.3.3.3 Calculation of Required Fuselage Structural Energy Absorption Para-
meters if Enerqy Absorption_is Providad for Overhead Masses. The crushing
lToad of the underfloor structure need not necessarily be limited by the retern-
tion strength for overhead components. However, 16 utilize a higher under-
floor crushing load factor, the structure that supports the high-mass overhead
components must be designed to absorb energy through plastic deformation and/
or be capable of sustaining high-G forces without failure. An example of this
would be the system shown in Figure 92. In the follcwing description, the
location of the energy absorbers for the overhead masses is assumed to be in
the upper sidewalls. Other energy-absorber locations, such as within the
engine mounts, would use the same technique. Crushkable sidewalls must, of
course, also satisfy other requirements for percentage contraction of iivable
volume, rollover protection, and postcrash emergency egress.

Design of this system would follow steps similar to those outlined for the
example of Section 7.3.3.2:

1. Define the crash desian conditions.

a. Maximum impact velocity
b. Aircraft impact attitude limits

Define Tanding gear design requirements {see Section 7.3.2).

w [aV]

Define seat system design reguirements (see Section 7.3.1).

Choose the fuselage crushing and overhead mass retention parameters
that will absorb the kinetic energy not absorbec¢ by the landirg gear
and seat system.

-

The landing gear and seat systems for this example will be the same as those
in the example of Section 7.3.2. These values are:

<
L}

42 ft/sec = initial impact velocity

9
Vi = 31.0 ft/sec = velocity after landing gear has stroked
(see Section 7.3.3.2)
SLG = 2.5 ft
FLG = 4.0 G (wF + WS + NOH)
Sg = 1.0 ft
Fs = GgWs

180




-

WoH

Wop = WEIGHT OF OVERHEAD COMPONENTS
Wg = WEIGHT OF SEAT AND OCGUPANT

Wg = WEIGHY OF FUSELAGE OTHER THAWN
SEAT/OCCUPANT AND OVERHEAD
COMPONENTS

W =Wgop + Wg + We (TOTAL AIRCRAFT
EFFECTIVE WEIGHT)

pos il FoH = STROKING FORCE FOR FUSELAGE
I SIDEFRAMES

Fg = STROKING FORCE FOR SEAT SYSTEM

Frp = STROKING FORCE FOR UNDERFLOOR
STRUCTURE

FLg * STROKING FORCE FOR ONE LANDING
GEAR
D SoH * AVAILABLE SIDEFRAME STROKING
DISTANGE

ENERGY-ABSORBING Sg = AVAILABLE SEAT STROKING DISTANGE
SEAT SYSTEM s SF = AVAILABLE IUNDERFLOOR STROKING
DISTANCGE
S_ g = AVAILABLE LANDING GEAR STROKING
S -OH y  Fon LG pisTAMCE
20n [ [ 2
Y
Ws
ENERGY ABSORBING FUSELAGE
9 SIDEFRAME STRUCTURE (DESIGNED
FOR PLASTIC DEFORMATION)
SS4 [ J
S F CRUSHABLE UNDERFLOOR
— - STRUCTURE

bml

7

7

TINT T 7

—
,,,/./,\,/////f/,/ \:/// ////

FIGURE 92.

SCHEMATIC

IMPACT SURFACE

~-ENERGY-ABSORBING

LANDING GEAR

OF AIRCRAFT CRASH-RESISTANT SYSTEM

USING DEFORMHABLE FUSELAGE SIDEWALLS.

181




The relationship between the stroking distances and deceleration rates of the
three energy-absorbing systems (seat, underfloor, sidewall) of the model shown
in Figure 92 is as follows:

(B + KV, 2/ ((1+k)V, 2 - 29(6Xg + KopXoy)) (51)

><
it

S (V12/29)(1/§S - 1/6;) = distance stroked by seat

X

OH (Vlz/ag)(l/EOH - I/EF) = distance stroked by overhead masses

The above relationship assumes tnat the underfloor structure is deep enough to
bring the fuselage to rest for the design values of Gg, Gg, Ggy, and Vy.

Equation (81) is based on the system shown in Fiqure 92 and can be derived by
substituting into the following energy relationship (recall that X indicates actual
distance stroked and S indicates distance available for maximum stroke).

2o Fs. +F

KE = 1/2 1 FSF OHXOH + FSXS (52)

o 1=

v

<
]

1 velocity of fuselage after completion of
landing gear stroking

W=W.,+H. + W

on t Wg + Wp
Fp = WouGoy + WgBg + WG
Fou = YonSou
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G. = average stroking load factor of component denoted
by subscript

2
v
Substituting into the above relationship, noting that S_. = —lﬁ— and solving for
_. F 29 F
Gp, will yield Equation (51).
As in the example shown in Section 7.2.3.2, the ma:ximum allowable value for G

that will allow the seat to absorb the occupant kinetic energy without bot-
toming can be calculated with

—_ -— 2 2 .—
Gemax = GsVq 7V - 296G4S¢)

Gepay = (14.5)(31.0 ft/sec)/((31.0 ft/sec)? - 2(32.2 ft/sect)(14.5)(1 ft))

GFmax = 512.3

In order to allow for nonuniform surfaces, etc., the example underfloor struc-
ture will bea designed to decelerate at 40 G. This will assure that the seat
will have adequate energy-absorbing ability for the case cited.

If EF = 40 and k = 3, substituting in Equation (51),

40 = ((14.5 + 3(20))(31.0 ft/sec)z/((1+3)(31.0 ft/sec)2
. - 2(32.2 ft/secz) ((14.5)(1.0 ft) + (3.0)(20)SOH)))

and solving for SOH gives

= (0.29 ft = the minimum distance that the sidewall musi be
able teo safeiy plastically deform.

SoH
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With a 10-degree roll attitude at impact the underfloor structure wil® crush
at only half of its 40-G design crushing load. Therefore,

Sg = V,%/2g6; = (31.0 ft/sec)?/(2)(32.2 ft/sec?)(20)
SF = .75 ft = stroking distance of crushable underfloor
structure.
The results of this analysis indicate that the preliminary design should
allow for: .
Landing gear: 2.5 ft of usable stroke before fuselage impact :
2.5-G load factor per main gear at 20 ft/sec
4,0-G Toad factor per main gear at 42 ft/sec
Seat system: 1.0 ft of usable energy-absorbing stroke
14.5-6 load factor for stroking
Fuselage:
Underfloor structure: 0.75 ft of crushing depth
40-G deceleration rate .
Sidewalls: 0.29 ft of allowable plastic deformation :
20-G load factor to produce plastic i
deformation. =
The system shown above will provide occupant protection for an initial impact f
velocity of 42 ft/sec with a 10-degree roll attitude. If this system were to 2
impact in a level attitude, the fuselage would still only provide protection
for a fuselage impact velocity of 31.0 ft/sec, because this was the condition
for which the sidewalls were designed.
However, both landing gears would fully stroke and absorb more energy than
with a 10-degree roll attitude. The calculation of allowable initial impact
velocity would be
E . =G WS .. = WV 2 - V.%)/2g K
LG LGTTLGS ] i y .
4.0W(2.5 Tt + 2.5 ft) = W(VO2 - (31.0 ft/sec)z)/2(32.2 ft/secz) A;

V0 = 47.4 ft/sec
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Thus the system in the example would provide crash resistance up to
47.4-ft/sec impact velocity with a level impact versus 42.0 ft/sec with a
10-degree roll attitude at impact.

As a check to ensure that the selected values will work satisfactorily, a
calculation can be performed to see if the pre-impact kinetic energy will be
entirely absorbed by the proposed system. For example, assume that a heli-
copter with the following weights is being designed for the values of Gpy,
Gg, Gp, and V, used in the example calculation:

[ngine and transmission (NOH) =900 1b
Occupant and seat (ws) = 300 1b
Effective weight of fuselage
excluding wOH and Ns = 5,100 1b

Then the pre-impact kinetic energy would be

KE, = WV_2/2g = (900 + 300 + 5,100)1b(42 ft/sec)?/2(32.2 ft/sec?)

KEo = 172,565 ft-1b

Assuming roll attitude = iC degrees
stroke of R4 gear = 2.5 ft
stroke of LH gear = 0.625 ft

Gg=4.06

Then the energy absorbed by the 1anding gear is

E,r = 4.0(900 + 300 + 5,100)1b x (2.5 ft + 0.625 ft)

LG

Ej o = 78,750 ft-1b

LG
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To calculate the energy absorbed by the seat, fuselage underfloor structure,
and sidewall structure, the distance stroked by each must be calculated. To
do this, the velocity (V) of the fuselage immediately after gear stroking
and prior to fuselage impact must be calculated.

2 2
KE = W(V,° - v,%)/2g

KE = 78,750 ft-1b = (900 + 300 + 5,100)1b((42 ft/sec)?
- v, %))/2(32.2 ft/sect)

V1 = 31.0 ft/sec

The deceleration rate of the fuselage (Gg) due to the 10-degree roll
attitude will be (1/2)(49 G) = 20 G, and the depth of the fuselage crushing
at 10 degrees of roll will be:

- V,%/26:6 = (31.0 ft/sec)?/2(20)(32.2 ft/sec?)

hnal
i

0.75 ft

N
-n
L}

Crushing load, FF = GFHF + GSNS + GOH“OH
Fp = 20(5,100 Tb) + 14.5(300 ib) + Z0(900 id)

F- = 124,350 1b

F

Ep =~ 124,350 1b (0.75 ft) = 93,263 ft-1b
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The seat stroking distance, Sg, and corresponding energy absorption, Eg,
will be

5¢ = vlz/zésg - Sp = (31.0 Ft/sec)/2 (14.5)(32.2 ft/sec?) - 0.75 ft
Sg = 0.28 ft
Eg = FGSg = GMeSg = 14.5(300 1b)(0.28 ft) = 1,218 ft-1b

The fuselage sidewall crushing distance, Sgy, and corresponding energy
absorption, Egy, will be

Son = V12288 - Sp = (31.0 ft/sec)/2(20)(32.2 ft/sec?) - 0.75 ft = 0.00 ft

Therefore, Eqy = 0.00 ft-1b_, which means that no plastic deformation of
the sidewalls will occur unless the fuselage deceleration rate exceeds Ggy.

YE = EF + EOH + ES + ELG = (93,263 + 0.0 + 1,218 + 78,750)ft-1b

YE = 173,231 ft-1b

The pre-impact kinetic energy, KEO, is calculeated as follows:

KE, = 1/2(N/g)V02 - 1/2(6,300 1b) (42 ft/sec)?/(32.2 ft/sec?) = 172,565 ft-1b

This amount is a check within rounding-off errors of the above summation of
the energy absorbed by the various parts of the aircraft.

The above calculations show that:

1. The work done compressing the landing gear, seat system energy
absorber, and fuselage structure will be equal tu the pre-impact
kinetic energy.

2. The seat will only stroke 3.4 in. if the impact occurs with 10 de-

gree of roll attitude. Similar calculations show that the seat will
stroke 4.0 in. following an impact with 0-degree roll.

187




Similar calculations for a level impact with an initial velocity of
42.0 ft/sec gives the tfollowing results:

KE, = 172,565 ft-1b
Eig = 126,000 ft-1b
Ep = 40,743 ft-1b

Xg = 0.18 ft

Eg = 1,436 ft-1b
Xg = 0.33 ft

Egy = 3,420 ft-1b
Xgn = 0.19 ft

SE = 171,599 ft-1b

These calculations show that the system can absorb the pre-impact kinetic
energy without exceeding any of the available stroking distances.

Results from the above calculations will not be apolicable to any specific
aircraft, but the methodology is. All energy-absorbing components should be
designed as a system to assure that adequate protection is proviaed. If
operational constraints limit the performance of some components, compen-
sation should be provided in others to maintain the required system perform-
ance. Also, preference should be given to components which will most reli-
ably absorb energy: the seat and the fuselage. The gear is least reliable
because it will not function as intended on soft surfaces or at high roll
angles. Also note that efficiencies must be incorporated to ensure achieve-
ment of the assumed G levels.

7.4 LANDING GEAR ANALYSIS

Simple analytical methods for wheel-type gear are merged with detail design
concepts in Section 6.3. Methods of analyzing performance of both wheel- and
skid-type landing gear were surveyed and described in Reference 96. Applic-
able techniques for skid landing gear are summarized below.

As indicated in Figure 12, the skid-type landing gear has been used for many
years on lightweight helicopters. It is a lTow-cost means of creating small
elastic deflections with energy dissipation efficiencies comparable to those

188




of the oleo strut during normal landings. The design problem associated with

skids is that they are nonlinear structural elements. The skid has linearly )
related applied force and resulting deformalion over the small amount of .
Stroke that results in normal landing impact velocities. Beyond that point )
it is necessary to consider the plastic deformation of the skid. '

The simplest design technique assumes the vehicle is supported by tubular .
members that cross horizontally at the bottom of the fuselage. The vehicle »
impact is in a horizontal attitude and dissipates all energy by the strain

energy required for bending of the tubes.

The skid stiffness is idealized as a bilinear curve with siope decreasing to
a small value after yielding to dupiicate the load-deflection curve. This is
derived from an idealized stress-versus-strain curve for the particular mate-
rial used.

Since the load-deflection curve is piecewise linear, it is easily integrated
to determine the potential energy as a function of skid deflection. The
energy absorbed in the elastic region of the gear is

é

y
2
E, -[ P(6)ds = C5, /2 (53)
0

where F(6) = applied Toad (1b)

on
]

deformation of skid (ft)

deformation at elastic limit (ft)

o
<
L}

C = slope of the elastic range of the load-deflection curve
(1h/ft)

E

energy absorbed (ft-1b).

For the plastic portion of the curve the energy absorbed is

5
E, - [ ees)as
&y
5
- f [ce, +C) (6 -6)] db
Sy
49 2
= C8, (6-8)+ (6-6) (54)
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where Cy = slope of plastic range (1b/ft).

By equating kinetic and potential energies, equations are developed to relate
applied loads, elastic limits, vehicle masses, weights applied per skid, and
impact velocities,

For a perfectly plastic material,

(55)

where R=1-"weight

x
[ ]

effective weight on skids (1b)
gravitational constant (ft/secz)

[{e]
[ ]

impact velocity (ft/sec).

<
1

Therefore, for varying impact velocities, rotor 1ift values, and desired
effective weights on the skids, the deformation can be calculated. The Tead
factor applied is then the ratio of applied force to effective weight:

>
»
xin

(56)

The procedure requires approximating the stress-strain curve of 2 material,
then approximating the rasulting load-deflection curve for the integration
process in the energy equations. The results of this type of approach have
produced reasonable resuits when compared with test date
The procedure shown has several distinct steps:

° Establish the stress-strain characteristics of the tube material.

) Culculate the force-displacement cnaracteristics of the tube.




) Incorporate the force-displacement characteristics into an energy
relation or set of dynamic response equations.

. Calculate the vehicle response.

7.5 SEMIEMPIRICAL ANALYSIS OF AIRFRAME STRUCTURAL CRASH RESISTANCE

The use of analytical tools to aid designers would be most beneficial during
the preliminary stages of design when meaningful trade-offs can be made among
weight, cost, space, and crash-resistance capability. It is at this time in
the design process that potential changes can be achieved with the least cost
penalty to a project. At this stage in the desigr, only a limited amount of
data exists; usually little more tnan basic weights, stiffnesses, strengths,
configurations, and sizing are available. To maximize the effectiveness of
preliminary design analytical tools, the crushing characteristics of the
typical vehicle structure must be estimated with reasonable accuracy using
relatively simple techniques. This information is especially essential if
any degree of accuracy is to be achieved with computer simulations described
in later sections.

Reference 97 describes such a procedure for prediction of crushing character-
istics of primary energy-absorbing metal structure and is as summarized
below.

7.5.1 Analysis Procedure

The general procedure for determining the total load-deflection characteris-

tics, including failure and postfailure behavior for a given substructure, is
discussed below. The procedure was demonstrated for a test specimen built to
represent a section of a utility helicopter lower fuselage. The location of

the segment in the lower fuselage and the four-edge support representative of
the manner in which loads are transmitted from the fuselage to the transmis-

sion housing are shown in Figure 93. Included in the procedure is a step-by-
step process with the following sequence:

1. Prediction of failure loads for stiffened panels.

Postfailure analysis of stiffened panels.

[t

3. Main beam and bottom skin analysis.
4 Total substructure Toad-deflection curve.

In predicting the failure load of the model substructure, the work of Needham
(Refarence 98) and Gerard (Reference 99) was used extensively. For the post-
faiiure analysis, the cor.ept of D’Amato (Reference 100) was used as a base;
however, a somewhat different failure mechanism was employed. Subelement
crushing characteristics were superimposed in a piecewise sense to yield the
total load-deflection curve. Depending upon the rivet pitch, spacing, and
strength, a given structure may fail in one of several ways. Therefore, the
procedure described herein takes into account monolithic, wrinkling, and
interrivet failure modes. Although developed for angle-type stiffened
panels, the procedure is reported to be applicable to a variety of panel
types, including T-tvpe stiffeners, formed angle stiffeners, extruded angle
stiffeners, formed multicorner sactions, hat-formed stiffened panels, and
extruded-Y stiffened panels,
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FIGURE 93. LOWER FUSELAGE BULKHEAD ARD STIFFENER
ARRANGERENT. (FROM REFERENCE 97)

The failure loads were estimated using the semiempirical/analytical methods
described in References 98, 101, and 102 for stiffened short panel elements.
The analysis, as outlined, is based on two assumptions: (1) at the threshold
of the failure load, full plastic hinges are developed at the constrained sup-
ports and the midsection of the panels, and (2) the free warping energy of
the flange of the stiffening angles can be neglected.

As is discussed in Section 7.4.3 and in detail in Reference %6, these assiip-
tions are considered, on the average, reasonable. The analysis negiects the
effect of strain hardening, the influence of the axial force on the plastic
hinge mechanisms of the stiffened panel, the changes in local failure pattern
during the postfailure stage, and the effect of geometrical imperfections
caused by manufacturing and/or damage. In 1ight of the test results and
correlation with an2lysis, these effects are probably not significant for
this type of substructure.

7.5.2 Substructure Test Results

To verify the anzlytical results, experimental data were obtained during the
same study by testing twelve specimens, representative of typical helicopter
lower fuselage structure, under the following conditions: static load, dy-
namic impact (<30 ft/sec), four-edge suppert, two-edge support, skin web




thickness from 0.025 in. to 0.064 in., number of angle stiffeners from 12 to
40 ea., and specimen depth of 6.125 in. and 12.125 in. The test specimens
were 46 in. long, included five bays, and were 18 in. wide with 2 side panel
at each side. Each specimen was supported in its normal manner. Ail compara-
tive static and dynamic tests on similar specimens were performed a2t equal
energy input levels. Instrumentation consisted of several strain gages to
measure compression and bending, a linear variable differential transducer to
measure deflection, accelerometers mounted on the impact head and load cells
installed between the test specimen support and the ground for the dynamic
tests.

The test program results yielded valuable information for future consider-
ation. For example, for these types of structural elements, static testing
to determine load-deflection characteristics should yield sufficiently accu-
rate results when compared to dynamic tes{ results, but in a more economical
manner. A static test can provide the desired information with regard to
shape of the load-deflection curve, peak failure load (in the program de-
scriped herein the dynamically obtained failure loads are between 9 and

24 psrcent higher than the 1oads measured in static testing and the loads
from predicted static calculations, respectively), deflection at which
failure load occurs, and energy-absorption capability of the structure.

The test results show that during a dynamic test the amount of springback

from the maximum deflected value is immediately evident. After a static

test, the structure will relax slowly (up to several days) to its permanently
deformed position. The springback in the dynamic test was as high as 40 per-
cent of the maximum deflected value tor a test performed with an impact veloc-
ity of 30 ft/-ec. 17This observation could be ¢f consequence in areas such as
doors, where distortion of structure affects occupant egress after a crash.

7.5.3 Correlation of Test and Analysis Pesults

Compavrison of test and analytical data showed reasonable agreement with re-
spect to peak failure 1.,ad and energy-absorption capability, particulariy for
the dynamic tests in which Toad cells are installed. Figure 94 shows a com-
parison of the analytically predicted load-deflection curves with test data
and illusirates good correlatiun with regard to shape of the curve as well as
peak 1oad and eneruy absurpiiun. AS can we noted in Figure 9%, the typical
respense of the iype of structure tested in this study is a relatively sharp
Toad build-up in the elastic region up to the peak failure load (at approxi-
mately 0.35 in. or less of deflection). After faiiure, the 1nad decreases at
a rate less rapid than the initial build-up until the deflection reaches ap-
proximately 0.75 to 1.0 in. Thereafter, the Toad decreases graduzlly until
the structure being crushed is confined and once again stivfens. This re-
gion, wherein confined crushing takes place, is very significant because the
stiffness at this point can greatly influence the response of the upper
masses (the transmission and engine of the test vehicle). The initial peak
failure Yoad, whife of a substantial ievel, i5 of shori duration and as such
may not greatly influence the upper mass response.

Figure 95 shows a comparison of test and analytical results for three groups
of specimens. A detailed discussion of the correlation between analysis and
test is presented in Reference 97. The energy absorption was predicted with-
in 8 percent of the test results for three specimens that were tested
dynamically with load cells installed.

193




30.0 .

Q 25.01]
~ Experiment
= 29.0 Theory
= 15.0
T 10,0
Q
H 5.0
0.0 1 1 i A )

0.00 1.00 2.00 3.00
Deflection, in.

FIGURE 94. PREDICTED VERSUS YEST LOAD-DEFLECTION CURVES FOR

A REPRESENTATIVE SPECIMEN. (FROM REFERENCE 97;
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The results of the correlation studies indicate that it is practical to use
relative” * simple techniques to determine Toad-deflection characteristics of
multiweb, angle-stiffened panels, typical of the Towzr fuselage of an exist-
ing utility mcdel helicopter. The overall crushing behavior of the substruc-
ture can be predicted within reasorable accuracy although the failure mode of
each individual stiffener cannot consistently be accounted for. The analyti-
cal procedure described herein is capable of determining satisfactorily the
two most significant parameters for crushable structure, i.e., peak failure
load and energy-absorption capability. The approach, as developed in this
study, has Timitations with regard to accurately predicting the deflection at
which failure occurs and the deflections at which postfailure stiffening is
encountered. Althcugh the predicted failure deflection is a consistently
lower value than that cbtained from tests, it represents an extremely small
percentage of the total crushing energy, to the extent that it is not signi-
ficant as long as the peak failure load and load-deflection characteristics
are properly definad. The analytical assumptions vegarding the mode of
failure in the postfailure region and the hinge formation at failure are
considered valid in view of the test results. For example, althaugh test
results indicate that failures can occur in both the asymmetrical and sym-
metrical modes, the predicted energy-absorption capability of the structure,
which considers only the symnetrical mode, is still very close to test re-
sults. Thus, the assumption of a symmetrical failure is, on the average,
reasonable.

7.5.4 Example of Ap~lysis tor Verti mpacti

The example given here is an analysis to nredict major structural collapse
for the crash of a medium cargo helicopter. This analysis was performed for
the full-scale crash test of 2 cargo helicopter conducted on 6 March 1975 at
the NASA lLangley Research Center’s Impact Dynamics Research Facility, Hamp-
ton, Virginia (Reference 103). The impact velocity components selected for
the test were 40 and 30 ft/sec for vertical and longitudinal velocities,
respectively, producing a 50-ft/sec resultant velocity.

The structural response and failure modes in crash impact conditions are not
casy to predicl using static analytical techniques. Initially, the under-
floor structure absorbs energy by crushing, but the amount of energy absorbed
is dependent upcn the type of surface impacted. Soft ground or water can
displace and provide a reasonably uniform loading on the base of the struc-
ture, but a rigid surface results in more direct 1cading of the frame mem-
bers. This difference is illustrated in Fiqure 96(a}, wherc possible Lypes
of load distribution are showr for soft and hard ground impact planes. Fig-
ure 96(b) illustrates that the subfloor energy absorption is also dependent
upon the surface.

The helicopter occupants, assuming otherwise survivable crash impact condi-
tions, must be protected from injury due to the collapse of basic structure
or the penetration of occupied areas by large mass items. The following cal-
culations demonstrate a semiempirical method of predicting overall reduction
in the height of occupied areas.

Data obtained from past major accidenis, either actual values or estimated im
pact conditions, have been used in conjunctior with deformation information to
obtain a simplified relationship between the static and dynamic load-carrying
capabilities for structural elements. The case considered here involved the
absorption of 135,000 ft-1b of encrgy with a 42.2-in. structural coilapse,
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FIGURE 96, LOAD DISTRIBUTIONS OK HARD AND SOFT SURFACES.

The general nature of the energy-absorbing characteristics of an element of
atrframe structure can be of the form shown in Figure 97. When stability is
not the Timiting criterion, the curve in Figure 97(a) is appiicable; Fig-
ure 97(b) represents the response for stability-limited load capability.

In severe impact conditions, stability is the 1imiting criterion for many
structural elements of interest. Figure 98 shows simplified load-defiection
characteristics for static Toad application to a stringer-skin combipation
subjected to compressive Toading (Reference 104).

The arca under a load-deflection curve determines the energy-absorption capa-
bility for the structure under consideration.
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FIGURE 98. SIMPLIFIED LOAD-DEFLECTION CHARACTERISTICS FOR A STATICALLY
LOADED STRINGER-SKIN COMBINATION. (FROM REFERENCE 104)
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The basic section of a typical side frame member is shown in Figure 99. The
crippling stress is computed as follows:

Skin (.025-in.

,—E— thick 2024-T4)

Harvey Aluminum Co. -
11301-3
7075~T6 extrusion

0.040~-in. thick
2024-T4

/_

Alcoa 59574
7075-T¢ extrusion

NG

—

FIGURE 99. TYPICAL FRAME SECTION GF SIDE ELEMENT OF
A MEDIUM CARGO HELICOPTER CEWTER FUSELAGE.

For Harvey Aluminum Company extrusion 11301-3,

A 0.210

= = §,59
72 0.0942 + 0 1252
Fee = 62,000 1b/in.? (Frem Figure 100)
For Alcca 59574, v
A . 0,289 _ 5 67 -
Ft©  0.188° + 0.125

Fec = 70,000 Tb/in.?
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For the flanged web,

A L L5100y g
gt  (2)(0.040°%)

Fec = 19,000 Tb/in.2 (From Figure 101) .

The total compressive capability of the frame element is computed as follows:

Capability of stringer elements = (62,000)(0.210)

+

(70,000) (0.289)

+

(12,000) (1.5)(0.04)

34,390 1b

Capability of adjacent skin = (37,000)(0.034)

+

(37,000)(0.032)

+

(19,000) (0.024)

2,898 1b (From Figure 102)

Total compressive capability = 37,288 1b

This value is for one section through a typical frame member. For a symmetri-
cal fuselage section, the total compressive capability is twice this value,
or 74,576 1b,

From the photographs of helicopter crashes under known impact conditions, the
average crushing of the typical frame section was 42.2 in. for the impact ve-
Tocity considered.




*STINNVHD ONV S33Z 31dWIS NYHLI H3RL0 SNOILD3S
Q3N404 ADTTY KONIKNIY ¥0J SIIGYMDTIV SN1144I¥D

"10T 3un8id

£
23 /Y
003 00¥ 09T 02 ¥
000T 009 00z 08 0¥ 9 4
ﬂ[ ettt 11T rrrTrrriT 17T
” N) e ; RS
NN TSY 0TXG'6=8 !TISY 0 mmum d {peld £L-¥20Z
/uM/z, \\\ 1S3 0TX570T=d “ﬂmx.o.ovuacm ‘eaeq £1-$20T
s o) —
N o4 TS OTXKG 6=F {15} o.¢wn> d fpeid 9L-GLOL ™
o)
AN -/ TSHLOTXE"0T=d {TSY 0°pL= d !3Ieq 9L-8LTL |
N
7
N
B
.
N
N
/f7,
N\
N
: m
L SSaUNITYUZ
|l TReUOT3D9S~-SS01D dbeisar = 3
L vale TeUOT3039S-SS0OID = VY

0c

v

09

08
00T

1Sy '(oog) ssa213s burTddiao arqemoriv

201




EQUIVALENT
HALF MODEL FULL MODEL

37 MASSES 668 MASSES
85 ELEMENTS 1066 ELEMENTS

— MAXIMUM PITCHING MOTION
SUBSEQUENT TO INITIAL IMPACT

INITIAL IMPACT
ATTITUDE

IMPACT
28 SULKHEAD 95 yrrrrry

a. HALF MODEL OF EXISTING MEDIUM L. INITIAL IMPACT ATTITUDE AND SUBSEQUENT
CARGO HELICOPTER NOSE SECTION NOSE-DOWN PITCHING MOTION IN MEDIUM

CARGO HELICOPTER NOSE SECTION DROP TEST

FIGURE 102. EFFECTIVE AREA OF SKIN FOR ALUMINUM ALLOY
STRINGER-SKIN COMBINATIONS.

Using this load value and total displacement in conjunction with the typical
stringer-skin compression static characteristic shown in Figure 98, an esti-
mation can be made for the correcticen required for dynamic energy-absorption
capability. Using Figure 98 data, the energy absorbed is given by:

EA-PyZA

- (74,576) (15) I A (57)




where A = incremental area under curve in Figure 98
= (74576)(3.5) (1.0)(949%§1) . (légni—%41353)0.037

(0.7383 + 0.5100

(0.51 + 0.2819
2 \

2

3 )0.0158 + )0.0053

0.2819 + 0.1879

" 2 )0.0271 + (34879 +.0.1436

2

)0.0240

(0.1436

+ £ 0.0309)0.2746 + (0.0309) (2213

261,016 (0.11335 + 0.03216 + 0.00986 + 0.00210

+ 0.00637 + 0.00398 + 0.02396 + 0.00892)

27,850 ft-1b (STATIC)

This result shows that the static collapse energy computation does not agree
with the empirical value of 135,000 ft-1b.

Assuming rectangular characteristics would produce an overly optimistic
energy-absorption value of 261,016 ft-1b. An assumption of triangular char-
acteristics yields an energy-absorption capability of 130,508 ft-1b, and a
comparison of this value with the actual kinetic energy of 135,000 ft-1b
yields an ervor of only 3.34 percent, which is well within an acceptable
range for sich an analysis. Figure 103 shows the differences between the
static and assumed dynamic energy-absorption capabilities of a typical
structural element; the result is based on actual test and accident data,

7.5.5 Example of Analysis for Longitudinal Impact

In the previous example, structural resistance to loading was assumed to be

in the vertical plane of the helicopter. Additional structural crash-

resistance requirements for the primarily longitudinal-lateral impacts are
: specified in MIL-STD-1290 (Reference 1) and Section 4.3.1 of this document.

A similar method of analysis.can be employed after defining the primary struc-
tural members assigned to resist the applied loading and after computing load-
cirrying limitations and potential stroking distances.

As a further example, the nose section of a developmental utility helicopter
was used. In the initial design definition phase, the requirements of
MIL-STD-1290 were specified for both the 20- and 40-fi/sec longitudinal
impact conditions (see Table 3, Section 4.1). These requirements delineated
the maximum acceptabie intrusions inte occupied space for the given impact
velocities for longitudinal impacts into a vertical abutment. The basic
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FIGURE 103. ESTIMATED DYNAMIC ENERGY ABSORPTION CAPABILITY
OF TYPICAL FUSELAGE STRUCTURE.

design philosophy is that the kinetic energy invoived in a 20-Ti/sec crasn
impact velocity is absorbed by the 25 in. of structure forward of the rudder
pedals. For a 40-ft/sec crash, energy is absorbed by the structure forward of
Station 7o (see Figure 104); the area aft of Station 78 constitutes the cabin
area,

7.5.5.1 20-ft/sec Impact. Figure 104 shows the basic structural elements
to be considered; the analyses are summarized below: :

Longitudinal impact velocity changes = 20 ft/sec

Basic structural weight = 15,587 1b
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" netic energy to be absorbed = (5)(233]) (20%)

= 96,813 ft-1b

Eﬁgure 104 shows the basic structural sections that resist longitudinal load-
ing. It should be noted in Figure 104 that these members are stabilized by
formers Tocated at approximately a 6-in. pitch.

Using standard methodology for computing the crushing strength of each sec-
tion yields:

Crushing strength of upper cap, BL 14.5 (left and right
sides) = 25.869 1b

Crushing strength cf lower cap, 8L 14.5 (left and right
sides) = 17,919 1b

NOTE: When these values are computed, the amount of effective
skin actively participating is dependent on whether inter-
rivet buckling eccurs. If interrivet buckling is con-
sidered likely, the effective width of skin must be re-

P R | - - FAPU [ RO
Quied a5 Y01 10WS

i

-

W (58)

-n

=¥ !
corrected eff cs

where Fip = interrivet buckling stress

ch = crippiing siress of siringer.

Summation of the strength capabilities of the four longitudinal secticns
yields:

Total crushing strength, Station 13 to 38

L}

2 (25568 + 17919)

6,975 1b
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Energy-absorbing capability

£2 4 86796

= 0.5 x 12

= 90,600 ft-ib

Equivalent Jmpact Velocity = 19.4 ft/s

13

This value, within 3 percent of the desired 20-ft/sec capability, is accept-
able when considering the assumptions made and the use of an empirical dy-
namic factor of 0.5

7.5.5.2 40-fi/sec Impact. Similar computations were used for this analy-
sis., but additional structure was involved. After the section from Sta-
tion 13 to 38 has coilapsed, members from Station 38 to 78 picked up the
Toads. The members involved are indicated in Figure 104, but the compu-
tations are not given since the process is the same as for the 20-ft/sec
case.

7.5.6 Lateral Impauct
PO R N oF 3PN J

Cnce ayain, resisiting structure is identifis WO &NeV eG50rpLidh Ca
ity computed for the frame member saections in the cro wn and f1oor that
volume reduction due t¢ Toading in the lateral direction. Summation of
buckling strzngths, as ¢emonstrated in Section 7.5.4, is used to determin
volume reduction for the specified impact volocity to conform with the
YIL-STD-1290 requirements {Reference 1) summarized in Section 4.3.1.3.

7.5.7 Rellover

Postimpact rollover design reguiremcnts for load applications and for struc-
tural areas that nust withstand that 12ading are specified in MIL-STD-1290
and summarized in Section 4.3,1.4. Basically, a 4¥ requirement 1s defined;
this can be salisfied by normal static structural analysis techniques.

= A ..u. kan mtd A

e
'b

Since & rollcover maneuver i: a secondary evernt occurring after initial im-
pact, an energy-absorption aralysic is unnecessary. Thne 4W postimpact
static analysis is adequite fcr substantiating the rollover performance of
the helicopter, because normally the primary impast wiil absorb most of the
energy.

Crash resistance technology can be extendced heyond simple concepls by simula-
tion of the crash phenomena., As shows in MIL-$T0-1290, there are several
sels of crash conditions that wust be investigated in support of ihe design




process. Additional sets of impact conditions may appear critical for cer-
tain specific systems, and these require examination as well. These condi-
tions may be simulated by analytical medels, scale models, and full-scale
tests.

However, during the early design stages of the new aircraft, full-scale
testing is untimely and costly. In fact, the testing of full-scale airframes
has been confined to technology development, rather than design.

The objective of simulation is to provide a rational basis for the sequence
of events and the modes of failure of vital elements of structure during the
crash. Complex interactions of crash, inertial, and structural forces which
contribute to the structural distortion and the acceleration environment
experienced in a crash can be observed. Dissipation cf the potential and
kinetic energy of the aircraft can be studied for conditions that exist in
the crash sequerce. Structural distorticn with subsequent ruptures, volu-
metric reductions, and penetration of occupied spaces can be assessed, and
estimates of the acceleration levels on critical components and occupants
obtained. '

In terms of fidelity, the dynamic testirg of full-scale structures most
closely approximates actual crash conditions, especially if velocity com-
ponents and impacted surface conditions can be realisticaliy represented.

7.6 STRUCTURAL CRASH RESISTANCE SIMULATION COMPUTER PROGRAMS

Analysis of the crash behavior of aircraft stvuctures is a complex pr

due to the material and geometric nonlinzarity of the structural responsc.
Large deflections and rotations in the deformed structure, vegions of intense
curvature (wrinkling), material strain rate effects, and interference and con-
tact between structural components during a crash are some of the difficul-
ties found in modelirg the crash resnonse of aircraft structures.

2
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A numher of computer programs for analysis of atrcraft structures in crash im-
pact conditions have been develeped, and some of these are being used 1n the
design process. The more significant programs have been critically reviewec
by several authors, including Saczalski (Reference 105), Hayduk, et al. (Ref-
erence 106), McIvor (Reference 107), and Kamat (Reference 108). These pro-
grams, representing different levels of capability and applicability, can be
grouped into two main classes:

¢ Hybrid programs
e rlinite element programs.
Hybrid programs combine experimental and numerical methods in which the struc-

ture is divided into a number of relatively large sections and subassembiies.
The c¢rash behavior of individual components is delermined by test or sepa-
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rate analyses. These programs are cost effective and sufficiently accurate
for evaluation of gross vehicle responses, design trends, structural design
and impact parameters, and gross energy dissipation,

Several simple hybrid simulation programs are available where the vehicle is
modeled by one to ten tumped masses and up to 50 degrees sf freedom. Large
structural assemblies are modeled as nonlinear springs. Typical of these
programs is that authored by Gattlin, et al. (Reference 109). The Gattlin
program {CRASH) simulates the veriicai crash impact of the helicopter
fuselage modeled with rigid masses connected to nonlinear axial and rotary
springs in a predetermined arrangement. These simuiations are two-
dimensional.

The more advanced hybrid programs enploy beam and spring elements and lumped
masses in either twc- or three-dimensional configurations. Typical of the
advanced hybrid programs are those developed by researchers at Lockheed-
California (Reference 110), Calspan (Reference 111), and Philco-tord (Refer-
ence 112). In the aircraft industry ithe Lockheed California program, KRASH,
developed by Wittlin, &t al., is the most widely used advanced hybrid crash
simlation program.

The finite element programs attempt to surpass the limitations of the tumped-
parameter approach of the hybrid programs by employing more formal approxi-
mation technigues in modelina of the structure and a greater reliance on the
tundamental principies of structural mecchanics. The stiffness characteris-
tics of the individual elements are calculated by the programs and depend on
the loading path, material properties, and the changing shape and position of
the structure. The finite element programs are suitable for analysis of
designs where the detailed behavior of the individual components is critical,
obtaining loads required for input to other analyses, and detailed stress
analysis in sizing struclural components. The Timitations of the finite
element approach are found in the inherent tendency toward more complicated
and expensive computations,

Finite element programs suitable for crash simulation include WRECKER by
Yeung, et al. (Reference 113), ACTION by Melosh, et al. (Reference 114),
DYCAST by Pifko, et al. (Reference 115), and PAM-CRASH by Engineering System
International (Reference 69).

Reference 106 presents the results produced by three programs, KRASH, ACTION,
and DYCAST, used to analyze the dynamic response of a twin-engine low-wing
afrplane section subjected to a 27.5-ft/sec vertical impact velocity crash
condition. The report contains brief descriptions of the three computer pro-
grams, the respective afrcraft section mathematical models, pertinent data
trom the test performed at NASA Langley, and a comparison of analysis results
versus test results. Cost and accuracy compac-isons among the three analyses
are presented to illustrate the possible uses of each of the programs. Appli-
cation of PAM-CRASH programs to analysis of helicopter structures including
crushing of stiffened panels and fuel tanks 1s described in Reference 70.
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While accurate and versatile computer programs are essential for crash-
resistance analyses, particularly for hybrid programs, some expertise in
modeling a vehicle for nonlinear dynamic analysis is also necessary. The
remainder of this section discusses in detail the programs KRASH and DYCAST
that are most widely used in the aircraft industry.

7.6.1 Program KRASH

The computer program KRASH was originally developed by Lockheed-California
Company under U.S. Army support to analyze the dynamic response of helicop-
ters subjected to a multidirectional crash environment. Subsequent to the
U.S. Avmy-sponsored efforts (Reference 110), KRASH was upgraded under an FAA
contract (Reference 116), and its capabilities were directed toward the
analysis of Yighl fixed-wing aircraft subjected to crash impact conditions.
The updated version was called KR"SH79 and contained many new features, while
retaining its original formulation. Recently completed FAA-sponsored
research (Reference 117) has resulted in additional program enhancements,
Although the current version, denoted KRASH85, contains features that are
directed toward the analysis of large transport airplane crash scenaries, it
is also applicable to both helicopters and tilt-rotor aircraft.

Program KRASH is a hybrid program that solves coupled Euler equations of mo-
tion for interconnected lumped masses, each with six degrees of freedom de-
fined by inertial coordinates x, y, z, and Fulerian angles ¢., 0is ¥s.

The equations of motion are explicitly integrated to obtain lhe velocities,
displacements, and rotations of lumped masses under the influence of external
forces such as gravity, aerodynamic and impact forces.

Program KRASH utilizes nonlinear spring and beam elements and lumped masses
arranged in a three-dimensional framework to simulate the fuselage struc-
ture. The nonlinear characteristics needed to describe the structural ele-

“ments are derived from component testing and other analyses and input to

KRASH.

Major fealures of the KRASH program are summarized below:

AL
L A1TCTa
$

) Nonlinear external spring eiements are used to model crushable
structures, tires, and landing gear.

. Linear and nonlinear beam elements are used to model the airframe
structure. Stiffness reduction factors are used to represent the
nonlinear properties. Structural failure can be modeled by speci-
fying forces or displacements at failure.

] Initial conditions of linear and angular velocity about three axes
and impact into a horizontal ground aiw/or inclined slope can be
specified. Interface to NASTRAN is also available to facilitate ini-
tial equilibrium in the presence of aerodynamic forces.

° Symmetric and unsymmetric impact conditions can be specified.

210




. Large structural displacements and rotations can be simulated.

¢ Mathematical model cah contain up to 80 lumped masses, 50 massiess
node points, and 180 nonlinear degrees of freedom.

. Restart capability.
Major output parameters available from program KRASH are as follows:

“ . Mass point and node point response time histories (displacement,
velocity, and acceleration).

[} Beam load time histories.

] Distribution of kinetic and potential energy by mass item, ..s-
tribution of strain and damping energy by beam element, and crushing
and sliding friction energy associated with each external spring.

. Cccupant survival indicators: Tlivable volume change, mass pene-
tration into an occupiable volume, probability of injury indicated
by Dynamic Response Index (DRI).

) Overaiil vehicle center-of-gravity translation velocity.
. Energy distribution by mass, beam, and spring elements,

A comprehensive discussion of theoretical development of program KRASH is pre-
sented in Reference 118, A discussion of program KRASH input-output techni-
ques is presented in References 117 and 116. Reference 120 provides a
discussion of design guidelines which may be used with program KRASH in the
structural crash-resistance analysis of general aviation airplanes. Informa-
tion related to the program’s system requirements and functional organization
is contained in Reference 121. Reference 117 applies to the most recert ver-
sion, KRASHES, and References 118 through 121 were published with previous
versions, KRASH and KRASH79. A comparison of the capabilities of three
versions of KRASH i3 presented in Table 12 (Refevence 122). A KRASH moded

of the Sikorsky ACAP helicopter is shown in Figure 105 (Reference 123).

The experimental data used in the vaiidation of program KRASH is summarized
in Table 13. Reference 124 describes the use of program KRASH {o medel a
CH-47A crash test. Recent applications of program KRASH include preliminary
design of helicopter structures (Reference 123 und 125), landing gears
(Reference 126), and evaluation of transport aircraft crash scenarios

. (Reference 127).

Figure 106 illustrates the iterative analysis and component test process used
to predict a complete system response with program KRASH.  The system design
itself is then modified in an iterative process with the use of the program
to obtain the required system performance.

Figures 107 and 108 show the output of the KRASH medei alongside actual lest
photos for corresponding times in the drop test of an experimental cabin
section and the Bell ACAP helicopter respectively (Reference 128).
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TABLE 12. COMPARISON OF CAPABILITIES OF THREE VERSIONS
OF PROGRAM KRASH (FROM REFERENCE 122)
Version
Features 7 KRASH KRASH 79 KRASH 85

1. Energy Distribution Yes Yesd Yes® *

2. Element Rupture Yes Yesd Yes

3. Injury Criteria (DRI)a Yes Yesd Yes

4. Plot Capability/Summaries Yes Yes Yes® ’

5. Volume Fenetration Yes Yes Yes

6. Plastic Hinge Algorithm No Yes ‘(esd

7. Shock Strut No Yes Yes

8. Flexible and/or Sloped Terrain No Yes Yes

9. Aczeleration Pulse Excitation No Yes Yes

10 Unsymmetrical Beam Representation No Yes Yes

11. Standard Material Properties No Yes Yes

12. External Spring Damping No Yes Yes

13. Mass Location Plots No Yes Yes

14, Pre~ and Post-data Processing No Yes Yes

15. Restart Capability No Yes Yes

16. Syametrical Model Capability No Yes Yes

17. CG Force Motion History No Yes Yes

18. Volume Change Calculations NO Yes Yes

19, Standard Nonlinear Curves No 5 6

20. Stiffness Kedustion Feature (KR)b No No Yes

Applicable to Damping

21. Combined Failure Load (LIC)® No No Yes

22. Initial Balance Nastran No No Yes

23. Tira Vertical Spring No Ne Yes

24. Arbitrary Mass Numbering No Ne Yes

25. External Force Loading No No Yes

26. 0leo Metering Pin No No Yes

27. Addition of Dascriptive Names to

ident ify Input Data No No Yes

a. Dynamic Response Index d. fnhanced One Level

b. Stiffress Reduction Factor e. Enhanced Two Levels

c. Load Interaction Curve
7.6.2 Program DYCAST '
The computer program DYCAST (Dynamic Crash Analysis of Structures) is one
module of the PLANS (Plastic and Large deflection Analysis of Structures)
system of nonlinear finite element structural analysis computer codes. These
programs have been developed under contract to NASA Langley Research Center
as part of a joint NASA/FAA program in general aviation crash resistance.
The PLANS modules for static analysis of structures are described in
Reference 129 and pregram DYCAST is described in Reference 115.
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ACAP HELICOPTER. (FROM REFERENCE 123)

Major features of program DYCAST are as follows:
] Nonlinear material capability. Material types available include
isotropic plane stress, orthotropic with ideal plasticity, ana
orthotropic with orthotropic strain hardening.

. Element library that includes stringers, beams, membranes, plates,
and springs.

0 Capability to model very large dispiacementis and rotations.

] Four different numerical integration methods, three with internally
varied time steps.

(] Detection of failed members,

® Restart capabiiity.
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TABLE 13. EXPERIMENTAL VALIDATION OF PROGRAM KRASH (FROM REFERENCE 122)

Gross Impact Velocities
Test Weight (ft/sec)
No. Aircraft {1b) Vertical Longitudinal Lateral
Rotary Wing
1 Utility Type 8,600 23 - 18.5 N
2 Cargo Type 24,300 42 27.1 -
3 Multi-Purpose 3,800 19.7 16.7 -
4 Multi-Purpose 3,620 32.8 - - ’
5 Composite Substructure 3,530 30.0 - 10.3
6 Composite Substructure 3,530 28.2 - 10.3
NA Bell ACAP (Ref 47) 7.279 41.4 26.4 -
NA Sikorsky S75 ACAP
(Ref 48) - 38.0 - -
7 Single-Engine, High-Wing 2,400 46 70 -
8 Single-Engine, High-Wing 2,400  ¢2 71.3 -
9 Single-Engine, High-Wing 2,400 49 70 -
10 Single-Engine, High-king 2,400 43 89.9 -
11 Twin-Engine, Low-Wing
Substructure 2.400 43 - -
Transport
12 Medium Size* 159,000 18 - 172
13 Medium Size 195,000 17.3 260 -

*Test performed on soil; all other tests on rigid surface.

DYCAST accounts for two types of nonlinearities: material and gecnmetric.

The nonlinear material behavior, exhibited by materials yielding plastically,
is accounted for by the stress-strain curves specified as part of the input
data. Three types of stress-strain curves are permitted: elastic-perfectly
plastic, elastic-linearly hardening, and elastic-nonlinearly hardening.
DYCAST uses a flow theory of plasticity. Basic to this approach is defining
an initial yield criterion as well as flow and hardening rules. The initial
yield criterion used is based on Hill’s equations for orthotropic material
behavior which reduces to Von Mises yield criterion for isotropic materials.

E XN

The element stiffness during the simulation is determined using the tangent
moduli corresponding to the current stress and strain, generalized for multi-
axial states at various points on the element cross section (Reference 115).

Geometric nonlinearities due to large deformations of the structure change
the effective stiffness of the structure and are treated in DYCAST by an up-
dated Lagrangian formulation (Reference 115). The essentials of this method
are that the solution is obtained incrementally, solving for increments in
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FIGURE 106. PREDICATION OF CRASH BEHAVIOR WITH PROGRAM KRASH.

displacement, stress, and strain at each increment. These quaniities are all
referenced to the undeformed initial conditions so that the incremental
stresses and strains represent the second Piola Kirchoff stress and Green’s
strain tensor respectively.

The incremental global equations of motion for the system written in matrix
form are:

M1 AL

f
L d =™

} + [K1{Au) = (AP} + (R)

—
(5]
>

N

where [K] = Stiffness Matrix
[M] = Consistent Hass Matrix
{Au} and (Au) = displacement and acceleration increments
{AP} = Incremental external load vector

{R} = Vector of equilibrium force corrections
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Both material and geometric nonlinear effects are accounted for in the egua-
tions of motion through formulation of the stiffness matrix [K]. This system
of equations is numerically integrated to obtain the response of the struc-
tural model.

Bath impiicit and explicit numerical integration methods are implemented in

DYCAST.

Central Difference an¢ modified Adams Predictor-Coirector methods

are the explicit algoritims, and Newmark-2 and Wilson-8 methods are the
implicit algorithms. All methods but Central Difference permit a variable
time step throughout the analy....

For solution of roniinear problems with constant time step, the explicit
methods lead to constant coefficient matrices, but the implicit methods may
require the fermulation of coefficient matrices at each time step. The
choice of which method to use involves trade-offs between smalier but com-
putationally less intensive time steps for explicit integrators versus larger
but computationally more intensive time steps for implicit integrators.

The element library consists of the following elemerts:

Stringers - Two types of stringer elements are available: a two-
node element developed from a constant axial strain assumption and a
three-node element developed from a linearly varyina strain assump-
tion.

Beams - Twelve different beam cross sections are available. Dis-
tinct cross sechions are reguired to calculate the extent of the
plastic bahavizr within the beam cross section.

Membranes - Three types of triangular membrane elements are avail-
able: a three-node constant strain, a six-node linear strain, and
four- and five-rode transitional elements. The transitional
elenents permii mixed strain conditions, i.e., constant strain along
an edge with Tinear strain along other edges.

Springs - An axial force element with force-deflecticen characteiis-
tics specified in a tabuiar form. This elemeni can be used to simu-
late structural sections with known ferce-deflection behavior, to

represent an energy-absorbing device, or as a gap element with zevro
stiffness over a certain range of deflection and nonzero thereafter.

DYUAST restart feature allows a large proilem to be run in several parts.
This reduces the demand on computer resources and allows the user o examine
the results of the simuiation as it progresses. The output data from DYCAST
include the following:

&

Nogdal displacements, velocities, and acceleratiuns,

Element strains and stresses through the cross sections.

System energy distribution.
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. Plots of time histories of displacements, velocities, and accelera-
tions at user-specified nodes.

] Plots of the deformed structure at any time and from any viewing
argle,

Further information on DYCAST is given in References 115, 129, and 130. Ref-
erence 106 presents a comparison of DYCAST and KRASH modeling of the same sec-
tion of a light aircraft fuselage structure. DYCAST analyses of helicopter
fuselage structures constructed cf composite materials are presented in Ref-
erences 50 and 131. A DYCAST model of a helicopter composite cabin section

is shown in Figure 109 (Reference 131). Modeling strategies with DYCAST as
well as program execution times on various computer systems are given in Ref-
erence 131, Reference 132 describes the use of program DYCAST to model
sections of transport fuselage which were drop tested at NASA Langley.

7.6.3 PAM-CRASH

PAM-CRASH is a highly nonlinear explicit three-dimensional finite element
code for analyzing large deformation dynamic response. It has been widely
used in the automotive industry due to its capability to accurately predict
automobile crash impact response. This type of analytical tool has been
applied to problems in the areas of stiffened panel crushing, fuel tank
impact, etc. (Reference 133). Figure 110 shows the correlation of drop test
results with the dynamic analysis of a fuel tank.

7.7 POTENTIAL SOURCES OF BASIC STRUCTURAL DATA FOR CRASH-RESISTANCE ANALYSIS

A major obstacle to analyzing structural crash resistance is the difficulty
of obtaining adequate data concerning the dynamic failure mechanisms of struc-
tural assemblies and elemenis. Such data are necessary for the analysis tlech-
niques described earlier, with the possible exception of the finite element
methods. A previous section described semiempirical analysis of airframe com-
ponents which can be used to provide structural characteristics for computer
simulation. Data useful for structural analysis can alssc be obtained from

saurces Aszsrticcad 1is+bin +tha FATTArirg navamuwanhkae
TUUIN LT WIioLUIDTU WL LT 1V IVRINDY o Qyropiis .

7.7.1 Estimates

An estimate of the dynamic capability of 2 structural element or system can
be obtained by using standard static failure criteria and multiplying the re-
sult by a dynamic correction factor. This method has limited usage since the
factor usualiy specified for the overall failure sequence is representative
of the energy-absorption variation between static and dynamic failure modes.

Conseguently, a time history of element failure is not usually considered,
but the net effect, in terms of energy ahsorption, is used to determine the
gross capability of the structure considered. Such analyses are useful in
defining the gross crash-resistance contributions of structural layout prior
Lo the use of more complex analysis techniques.
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Care must be exercised when using such a technique since structural elements
exhibit differing failure modes, and these modes may vary depending on the
rate of load application. Additionally, the total load-carrying capability
of a member also will be dependent on the rate of load application.

7.7.2 Aircraft Accident Data

Aircraft accidents can provide useful data concerning structural response if
the wreckage can be examined in detail before i1 is disturbed from its post-
impact location. Examination of the wreckage can yield data concerning tha
failure modes and sequences; the effectiveness of energy-absorbing features,
if any; and the occupant crash impact conditions evperienced in terms of
space, extremity flailing, acceleration levels, an? injury causes.

Such a relatively subjective review also requires other data to enable the in-
vestigator to determine a complete crash scenario. Some of these data can be
determined from the crash site itself, particularly terrain hardness, ground
obstacles, impact attitude, mass ftem breakaway, flammable fluid containment,
egress potential, etc. However, more important parameters that are harder to
obtain include the impact velocity components and the acceleration conditions
in the occupied areas. In fact, these data probably will not be avaiiable in
a recorded format unless the crashed aircratt happened to be a test vehicle
with on-hoard instrumentation. As a result, the velocity components at
impact are often estimated using the gross deformations of the structure and
the motion of the aircraft relative to the ground. Simple energy and momen-
tum techniques are used to do this; and although the resultant velocity and
acceleration estimates are the best available, such an analysis cannct appor-
tion the energy absorption turough the aircraft i.e., in the landing gear,
structure, seats, etc.

Reference 110 describes an examination of 3657 U.S. Army rotary-wing aircraft
accidents that occurred between 1967 and 1971 and a detailed review of 32 of
these. References 134 and 135 describe invesiigation of general aviation
accidents and the information that can be cbtained.

A major contribution to the quest for better aircraft crash resistance made
by crash analyses is the delineation of the good and bad features of a parti-
cular design. By compiling accident data, quaiitative assessmeni of ihe
desirabla and undesirable features exhibitad Ly various aircraft types can be
made. Once a reasonable data base is compiled, the desirable features can be
pinpointed and included in future designs or redesigns. Undesirable features
can be suitably identified to ensure their use is not continuecd.

The most accurate means of validating crash analysis is full-scale crash test-
ing. However, scale-model testing may also be used to advantage. Both are
discussed in the following sections.




8.1 INTRODUCTION

Testing is needed to support many phases of the design of a crash-resistant
structure. Initially, crash tests are used Lo gather data to assist in
development of performance criteria. In analytical work, testing is reeded
{0 evaluate properties of structural comporent, and to validate analytical
models. 1In the desiygrn process, component tests are essential to proper
sizing and configuraticn of crash-resistant structures. Finally, qualifi-
cation tests verify that an airframe or components cof an airframe will
satisfy the crash-resistance performance requirements.

Tests mav be either static or dynamic. A static test is usually performed by
applying force(s) to a structural test conponent anchored to a rigid fixture,
but can also be performed on a centrifuge., It is suitable for many component
design tests. Dynamic tests utilize high-rate deformation typical of a
crash. They are usually conducted by impacting the test specimen into a
mechanism or material which will deform in a controlled manner to simulate
the dynamic response of the appropriate structural interface. For example,
in seat tests the fixture is decelerated in a manner which simulates the
response of the aircraft underfloor structure in a crash.

Tests may be conducted with a full-scale structure or with a scale mode} of

a structure, A complete structure may be tested, or just a component of the

structure. The type o7 test must be matched to the specif{ic need for infor-

mation. Typical possibilities are shown in Table 14. Scale-model testing is
mostly useful for supporting analytical developnent efforts.

TABLE 14. TYPE OF TEST POSSIBILITIES

Static _ _ Oynamic _ -
Full Scale Scalg bull Scale bcale
Complate Complete Complete Complete

Applicaticn gtrycture Component Structure Component Structure Component Structure Component
Performance
Criteria Development X
Analysis - Component
Characterization X X
Analysis - Validalion X X
Design Support X X

Qualification X




Full-scale component tests are primarily useful for design support including
analytical component characterization. Full-scaie complete structure tests
are appropriate for criteria development and system qualification.

8.2 STRUCTURAL STATIC TESTING

Compatibility is important at the structural interfaces between the airframe
and all attached components. The design of the fuselage structure, including
the hard points and load distribution structure around the hard points, must
be coordinated with the design of the attaching components. Structural
properties for all loading conditions and design features, such as structural
releases, must be ccordinated to achieve the desired compatibility.

A comprehensive system design approach requires that such compatibility be
demonstrated. TIdeally, static tests of components attached to the fuselage
structure by their normal attachment provisions should be performed to demon-
strate compatibility. Components such as seats, cargo restraints, engines,
and transmissions mounts, landing gear, and attachments for any ancillary or
heavy equipment located in an area which could create a hazard for the occu-
pants it freed during a crash should be tested. The ultimate design crash
1oads should be applied in all hazardous loading directions to demonstrate
that the attachment points as well as the joad-beariny sections of the fuse-
lage are capable of maintaining structural integrity during a crash. As a
minimum, all components and their attaching nardware should be tested on
suitaple fixtures and hardpoints for their mounting, and the fuselage should
be verified by a combination of analysis and complete aircraft system
qualification testing.

8.3 LANDING GEAR CRASH TESTING

Instrumented drop tests shculd be conducted: (1) to verify landing gear
crash force attenuation and crash loading strength characteristics analyti-
cally predicted and (2) to substantiate the capability of the aircraft
landing gear to meet the criteria of Section 4.2.1.7. Drop testing of wheel
and skid landing gear shouid be conducted in accordance with paragraph 9-2.3
of AMCP 706-203 (Reference 136). The 20-ft/sec sink speed drop test should
be conducted with the landing gear oriented in a 5-degree nosedown and
10-degree roll attitude and drop tested onto 2 level, rigid curfacs with a
sink speed of 20 ft/sec at ground contact. Landing gear should aiso pe drop
tested in a 0-degree roll, pitch, and yaw attitude onto a level, rigid sur-
face with a sink speed of 42 ft/sec ai ground contact to demonstrate crash
impact energy-ahsorption capability. Simulated rotor 1ift for all drop tests
should not exceed one DGW., Tests with a pair of gear mounted on an "iron
bird" fixture simulate the aircraft crash conditions more accurately than do
tests on & single gear.

8.4 CARGO RESTRAINT

Design Yoads are srecitied in Section 6.2.7. Static tests to these loads are
recommended. A1l deformation measurements are to be made at the floor level.
Sufficient dynamic tests should be made to assure that design predictions can
be accurately based on static test results,
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8.5 SEAT AND RESTRAINT SYSTEM

Since proper performance of these items is cvitical for occupant survival,
extensive qualification testing is required by MIL-S-58095 and MIL-S-85510,
Testing requirements for seats and cccupant retention systems are also
described in Volume IV.

8.6 FUEL SYSTEM

Testing requirements for fuel systems are described in Volume V.

8.7 ANCILLARY EQUIPMENT RETENTION

Design loads are specified in Section 6.2.7.8. As a minimum, static tests to ;g
these levels are recommended. If appreciable dynamic overshoot is likely, i
dynamic tests should be conducted. '

8.8 FULL-SCALF TESTING

instrumented, full-scale crash test(s) may be conducted: (1) to verify analy-
ses performed. (2) to substantiate the capability of the aircratt system fo
meet crash-resistance specifications, and (3) to gather further engineering
data on the impact response of aircraft structures.

The present state of the art in analysis of structural behavior under crash
- e a £ ~rnlTanan
3 vuililapoc

impact condilions is such that predictions of location and modes ©
and faijure and predictions of impact forces, accelerations, and detormations

have 1imited accuracy. For this reason, full-scale dynamic crash testing to >
complement and substantiate analytic simulation of airframe behavior is )
highly recommended. Such crash tests should be conducted under conditions “
representative of a severe survivable crash, and testing should demonstrate

that the required design specifications are met.

Full-scale tests of the complete aircraft can demonstrate proof of compliance
for fuselage and related structures such as landing gear, engines, transmis-
sions, seat tiedown provisions, and fuel tarks and systems. Fuli-scale
testing will validate that the entire eneray absorption system of landing
gear, fuselage structure, and seats operate satisfactorily.

When full-scale crash tests are conducted, test results should also be care-
fully studied to provide information feor design improvement and for back-
ground to improve future designs.

Controlled testing has been done in the past on a variety of aircraft to
demonstrate the capabilities of structure, landing gears, fuel systems, etc.,
in typical crash impact conditions. (See, for example, References 78, 102, and
137 through 140.) Initiaily, such tests were often performed using powered
aircraft that were rcmotely controlled or prealigned for impacts into selec-
ted terrain conditions. Useful data were obtained from many of these tests,
although some resulted in postimpact fires and information loss.

A more recenl approach for vertical impacts has been to drop test specimens
from a fixed site or a moving carrier. Structural assemblies, smal) air-
craft, and helicopters have been tested in this manner. Representative
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impact conditions and velocities can be achieved by adjusting the vertical
drop heignt and/or the longitudinal velocity of the carrier as well as roll
and yaw attitudes. .

The largest facility used for full-scale crash testing of 1ight aircraft and
helicopters is the Impact Dynamics Research Facility at NASA Langley Rasearch
Center (Reference 141), shown in Figure 111. Here aircraft are aliowed to
swing on cables that are preset to determine the overall impact attitude.
Velocity components are controlled by varying the drop height, cable length,
and cable anchor locations. Immediately prior to impact, the aircraft is
reieased from the cables by pyrotechnic means. The ground impact and sub-
sequent motions are then completely unrestrained. A schematic of the NASA
Langley crash facility is shown in Figure 112, where the test setup is that
used for the full-scale drop test of the YAH-63 helicopter.

The sequence of photographs in Figure 113 shows the drop test of the YAH-63
helicopter impacting at a pitch angle of +9.25 degrees and vertical and hori-
zontal velocities of 48.0 and 26.2 ft/sec, respectively. The test provided
data for a helicopter with designed-in crash resistance, inciuding energy-
absorbing seats, fuselage structure, and landing gear. Test results are
detailed in References 137 and 125.

The primary advantage of testing full-scale aircraft is that there is no need
to interpret the data or attempt to extrapolate the results to other struc-
tural formats. All data such as velocities, attitudes, accelerations, and
structural strains are measured directly as functions of time from impact.
In addition, high-speed cameras can record displacements from various
locations inside and outside the aircraft in order to provide visual time
histories of structural and occupant response during the crash sequence.
Instrumented anthropomorphic dummies positioned and restrained in seats with
actual restraint systems aid in the evaluation of the occupant’s potential
for impacting the aircraft interfor and for occupant survival. Postcrash
review of damage also provides a direct indication of the aircraft’s per-
formance with respect to occupied volume penetration, seat and landing gear
performance, large mass item retention, and flammable fluid containment.

For very small helicopters, such as the R-22 where seats are not separable
but are part of the fuselage, full-scale testing may be the only way to
obtain an assessment of the system’s crash performance. The above
description of full-scai+ testing may imply that this is the only technique
worth using to attain realistic crash simulation. However, such tests are
expensive to run, and ai:craft, especially new design prototypes, are
difficult to obtain. Ir addition, such tests require careful planning with a
redundancy of recording 2quipment because of the probability that data may
not be obtained from all instrumentation channels.

8.9 SCALE-MODEL TESTING

Scale-model testing has been used extensively whem investigating the aero-
dynamic characteristics of aircraft, bridges, buildings, etc. Scale-model
testing for structural strength and deflection verification also has been
used where material sizes allow. For evaluating crash resistance, however,
scale-model testing becomes a more difficult problem, especially whea severe
plastic deformation and element rupture occur.
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NASA LANGLEY IMPACT DYNAMIC FACILITY.

FIGURE 111.
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FIGURE 112. NASA LANGLEY CRASH FACILITY LAYOUT AND FIXED
CAMERA POSITIONS. (FROM REFERENCE 137)

Scale modeling of major structural members may provide data that can be used
for crash-resistance studies; however, when semimonocoque construction is
considered, stringers and skin are often made from relatively thin sheet
material, measuring from approximately 0.015 to 0.06 in. Depending on the
structure being modeled, certain nondimensional parameters must be satisfied
for both the model and the aircraft. Examples of these are:

X, .
|_1" ¢, g’ etr '}_’L (60)
L C L

where X; = spatial coordinate

= characteristic length
= strain

stress

= Young’s Modulus

-l

m Q ™ —
n

= strain rate
time
= velocity

< e+ m.
)
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FIGURE 113 (CONTD). FULL-SCALE CRASH TEST OF A YAH-63 HELICOPTER.
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Some of these narameters involve the thickness of the material, and for exam-
ple, scaling 0.015-in.-thick sheet metal for a one-tenth scale poses major
problems in the manufacture, handling, and tolerance effects when using
0.0015-in. shim material.

Reference 143 presents a discussion of scale-modeling techniques appiied to
structural crash resistance. Practical considerations in geometric scaling
are discussed and illustrated using barrier tests of two different automobile 2
front-end structures and an impulsively loaded section of semimonocoque cylin- U
der similar to an aircraft fuselage. Sy

A conclusion of that study was that for prototype structures in the 1,000- to i
10,000-1b weight range, and for scale factors of from 3 to 8, a model test —
can be performed at Tess than half the cost of a corresponding full-scale

test, depending on the scale factor, as demonstrated by Figure 114. It was

concluded that scale model tests can meet the same objectives and could

therefore replace many full-scale tests in a crash-resistance research and

development program. Model tests are particularly useful for screening new

concepts, for performing parametric experimental studies, and for the initial

optimization of a given concept. Full-scale tests are still required for

proving the concept and for making detailed measurements such as those of

occupant response.

Full scale
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FIGURE 114. COST RATIO (SCALE MODEL TEST COST/FULL-SCALE TEST
COST) VERSUS SCALE FACTOR FOR STRUCTURES WEIGHING
LESS THAN 10,000 LB. (FROM REFERENCE 144)
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Also, in gncther recent study 1/3-scale models of varicus configurations of
stiffened sheet panels, Tike that shown in Figure 115 (Reference 144), were
lested in order o determine the influence of the foilowing parameters:

) Variation of the stiffener pitch (d) with respect to the height (h}

) Variztion of the stiffener section {S) with respect to the panai
sheet section

® Variation of the lightening hole diameters (¢) with respect to
the stiffener pitch

) Tyne of stiffener (I sections, angles, stiffening beads)
8 lLoad influence (distributed lead, Ycad corncentrated at thke ends)
® Bottam shene influence (flat bottom, curved bpottem).

Comparison of model-test results with these of filll-scale tests shewed that
the models exhibited the same €ailure modes and predictadbie failure loads.

>'<f.

}'(j}i
i|/tU//
it o

FIGURE 115. STIFFEXED PANEL SPECIMEN.
(FROM KEFERENCE 132)

The techniques of dynemig testirg vecome mare involved as the required quan-
¢ty of dzta increases. For instance, iv the final deformation shape is the
sniy result neeced, the instrumentatict and data handling requirements can be
mwinimize¢. Since a test is of short duration, even for full-scale specimens,
specialiced equipment is required if data requirements are expanded to in-
clude time hiscories of structural response, acceisretion, stress, etc. This
equipment must have rapid response characteristics and maintain high-videlity
measuiring capability when subjected t¢ high-G levels.
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