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

vas prepared to assist those design engineers responsible for the incor-
poration of crashworthiness into the design of helicopters, light fixed-wing
aircraft, and tilt rotor aircraft, Also, this gquide may be used in the
evaluation of the level of crashworthiness design available in the various
types of aircraft.

This report documents the components and principies of crashworthiness

and suggests specific design criteria. In general, a systems approacn

is presented fur providing a reasonable level of aircrew and aircraft protec-
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and USARTL-TR-79-22A thru E. This edition consists of a consolidation
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The technical monitors for this program were Messrs, LeRoy Burrows, Harold
Holland, and Kent Smith of the Safety and Survivability Technical Area,
Reronautical Systems Division, Aviation Applied Technology Directorate.
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PREFACE

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 Con-
tract DAAJ02-86-C-0028, initiated in September 1986. This guide is a revi-
sion 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.S5. Army-
sponsored research in aircraft crash resistance conducted from 1960 to 1987.
Acknowledgmeni 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 providi:ng acci-
dent case histories leading to the establishment of the impact counditions in
aircraft accidents:

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

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

Information was also provided by the Civil Aeronautics Board, which is no
longer in existence,

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

D. F. Carroil, R. L. Cook, S. P. Desjardins, J. K. Drummond, J. L. Haley,
Jr., A. D. Harper, H. G. C. Henneberger, N. B. Johnson, G. Kouroukiis,
Dr. D. H. Llaananen, P. A. Rakszowski, W. {I. Reea, M. J. Reilly,

S. H. Robertscn, J. Shefrin, L. M, Shaw, G. T. Singley, IIl, A. L.
Tanney, Dr. J. W. Turnbow, and L. W. T. Weinberg.

This volume was prepared Ly Richard E. Zimmermann and Norman A. Merritt of
Simula Inc. Technical review and comments were provided by S. P. Desjardins
of Simula Inc.

Volume I iy a compilation of c¢riteria and checklists for the design of crash-
resistant mititary aircraft. The crileria have been assembled in this one
volume for the convernience of those involved in the design or evaluation of
the overall aiveraft and for use as a concise criteria reference. Additional
background information is provided in Volumes IT through V.

The design criteria conlained in this volume are the result of studies made
of crashes and experionce gained during the design and manufacture of mili-
tary aircraft.
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TNTRODUCT ION

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

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

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

3. 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 Hazerds - The threat to occupant survival posed by fire,
drowning, entrapment, exposure, etc., following the impact sequence.

Early in 196G, the U.S. Army Transportation Research Command* initiated a
long-range program to study all aspects of aircraft safety and survivabilty.
Through a series of contracts with the Aviat? n 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 consnlidated the design criteria
presented in these reports into one technical document suitable for use as a
designer’s quide by military aircraft design engineers. The document was to
be a summary of the current state of the art in c¢rash survival design. The
Crash Survival Design Guide, TR 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 research in crash resis-
tance technology. The third edition, publisted in 1971, wa+s the bhasis for
the ¢riteria contained in the original version of tha Army’s military stan-
dard M{L-STD-1290, "Lignt Fixed- and Rotary-Wing Aircraft Crash Resistance"
(Reference 1). Tha fourth edition, pubiished in 1980, entitled Aircraft
Crash Survival Design Guide, expanded the document to five valumes, which

have been updated by the current edition to include information and changes

*Now the Avialion Applied Technology Directorate, U.S. Army Aviation Research
and Technolcyy Activity, U.S. Ariny Aviation Systems Command (AVSCOM).
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developed from 1980 to 1987. This current edition, the fifth, contains 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 under-
standing of crash impact conditions and the techniques that can be employed
to improve chances for survival. It also contains design criteria and check-
Tists on many aspects of crash survival and thus can be used as a source of
design requirements.

It should be emphasized that the Design Guide is to be used as a guide, not as
a specification. System specifications should reference applicable crash-
resistant design specifications, such as MIL-STD-1290, MIL-S-58095, and
MIL-S-85510, or should include specific criteria selected from the Design
Guide or other sources.

The current edition of the Aircraft Crash Survival Design Guide is also
published in five volumes. Volume titles and general subjects included in
each volume are as follows:

Volume I - Design Criteria and Checklists

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

Volume II - Aircraft Design Crash Impact Conditions and Human Tolerance

Crash impact conditions, human tolerance to impact, military
anthropometric data, occupant environment, test dummies, accident
information retrieval.

Volume III - Aircraft Structural Crash Resistance

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

Volume IV - Aircraft Saats, Restraints, Litters, and Cockpit/Cabin
Deletnalization

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

Volume V - Aircraft Postcrash Survival

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

In this volume (Valume I), Chapter 1 introduces and explains the intended use
of the material contained herein. Chapter 2 contains definitions of terms
used in the Design Guide. Chapters 3, 4, 5, and 6 contain the criteria and
checklists extracted from Volumes 11, III, IV, and V, respectively. The
reader of this volume is sirongly urged to familiarize himself with the
material in the other volumes, at least in his particular area of responsi-
bility (for example, seats and restraints or fuel systems), in order to
appreciate more fully the limitations of the criteria.




The criteria are supplemented by checklists that are intended for use by air-
craft designers in the original design stages and in the design review. These
checklists should help the designer apply the necessary criteria in a compre-
hensive and orderly manner during the development of crash-resistant designs
and provide a rapid and positive means of determining that none of the cri-
teria have been overlooked. The responses on the checklists also should aid
the designer in determining the strengths and weaknesses aof an existing or
proposed design.

After the designer has finished reviewing a system design, each item on the
applicable checklists should have a check mark in one of the spaces following
the item. Those items marked "NO" should be examined to determine the reason
for noncompliance with the design criteria. Unless the reason involves a con-
flicting, overriding requirement, the design should be revised tc meet the
crash-resistant criteria. Those items marked "N/A" should be carefully re-
viewed to be sure that the item is truly not applicable to the system under
consideration.

The units of measurement shown in the Design Guide vary depending upen the
units used in the referenced sources of information, but are mostiy USA

urits. In some cases the corresponding metric units are shown in parentheses
following the USA units. For the convenience of the reader a3 conversion table
of some commonly used units follows:

USA Unit Achr. or Symbgl Metric Equivalent Abhr. or Symbol
Weicht

Ounce 0z 26.350 grans g

Pound b or # 0.454 kilogram ko
Capacity

U.S. liguid)

F luidounce fl oz 29.573 milliliters wl

Pint pt 0.473 liter 1

Quart gt 0.946 liter 1

Gallon gal 3.789 liters 1
Length

Inch in. 2.54 centimeters cm

Foot ft 30.48 cent imnters cm

Yard yd 0.9144 meter m

Mile mi 1.609 kilometers km
Area . .

Square Inch sq in. or in.* 6.452 s5q centimeter sq ¢m or unz

Square oot sq 1L or ft 0.093 square meter sqg mor m
Yolume

Cubic Inch LU In. or ‘.n.3 16.367 cube centameters cu ¢m oor cm3

Cubi Foot cu ft or 1t.3 0.G28 cubl i meter cumor m
Forue

Found b 4. 4487 x lOr’ dynes

4.a4587 newiong N
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1. BACKGROUND DISCUSSION

The overall ohbjective of designing for crash resistance is to eliminate injur-
ies and fatalities in relatively mild impacts and minimize them in all severe
but survivable mishaps. A crash-resistant aircraft will also reduce aircraft
crash impact damage. By minimizing personnel and material Tosses due to crash
impact, crash resistance conserve:; resources, is a positive morale factor, and
improves the effectiveness of the fleet both in peacetime and in war. Results
from analyses and research have shown that the relatively small cost in dol-
lars and weight of including crasnu resistance features is a wise investment
(References 2 through 13). Consequently, new-generation Army rotavy-wing air-
craft are being procured to stringent, yet practical, requirements for crash
resistance.

To provide as much occupant protection as possible, a systems approach to
crash resistance must be followed. The systems approach to crash resistance
means that the landing gear, aircraft structure, and occupant seats must all
be designed te work tcgether to absorb the aircraft kinetic energy and slow
the occupants to rest without injurious loading, as shown in Figure 1 (Refer-
ence 14). In addition, the occupants must all be restrained and a protective
structural shell maintained around the occupied areas during a crash to pro-
vide a Tivable volume. Weapon sights, cyclic controls, glare shields, in-
strument pancls, armor panels, and aircrafl structure nust be delethalized if
they 1ie within the strike enveiope of the occupant. Postcrash hazards, such
as fire, entrapment, drowning, emergency egress, and rescue must also be
considered in an effective crash-resistant design.

Y

LARGE MASSES SLOWED
DOWN BY GEAR AND
FUSELAGE

SEAT
FUSELAGE

OCCUPANT SLOWLD DOWN
BY GLAR, FUSELAGE,

AND SCAT
;::14:1‘““‘ -
-

LANDING GEAR

FIGURE 1. ENCRGY MANAGEMLNT SYSTEM. (FROM REFERENCE 14)




The composition of the surface being impacted must also be considerad early in
the design phase, when decisions concerning the relative energy-ahbsorbing
roles of the landing gear, structure, and seats are made. When impacting on
hard surfaces, landing gear with high energy-absorbing capacity can protect
the fuselage from major damage during low-velociy impacts and provide occu-
pant protection during higher-velocity impacts. However, during impacts with
soft surfaces, such as water or marshy ground or uneven surfaces caused by
rocks, trees, etc., the force acting on the tanding gear may not be great
enough to activate its energy-absorption function, and it will not contribuie
at all to the occupant protective system. Aircraft with skids, instead of
wheels, could provide better protection in such impacts, because the greater
surface area of the skids would transmit a greater Toad and possibly activate
the landing gear energy absorbers. The surface conditions can also affect the
severity of the impact. Soft soil can deform and contrihute energy absorption

during a vertical impact. Soft soil can also cause plowing and rapid decelera-

ticn if there is a large horizontal velocity component. A vertical impaci on
water can be very severe, since the large aircraft fuselage area contacting
the water woyld result in high deceleration rales and various crash load
paths. A high-speed longitudinal impact into water can also cause high loads
from water plowing as waler enters through lower nose transparencies.

Thus it is usually not possible to design a system that relies only on one or
two of the three energy absorption features available (landing gear, struc-
ture, and seats). Now that more helicanters use retracting landing gears,
more emphasis on eneryy-absorbing fuselage understructure is required to con-
trol loads and permit the energy-absorbing seats to function. Even though it

is difficult to design for, and predict the behavior of, energy-absorbing fusc-

Tage structure, it is as important as the other components in the system.

The introduction of composite primary structure into modern aircraft presents
special problems for the designer dealing with crash resistance. The brittle
failure medes of most composites makes the design of energy-absorbing crush
able structures difficult, but not impossible. fortunately, other composite
materials are suitable for use in such fuselage structures. A more detailed
discussion of designing with composites is presented in Volume II11.

It would seem efficient to simply specify human tolerance requirements and an
array of vehicle ¢rash impacl conditions and then develop the helicopter as a
crash-resistant system with an efficient mixture of c¢rash-resistanl features
for that particular helicopter. However, available structural and human tol
erance analytical techniques nceded to perform, evaluate, and validate such a
maximum design freedom approach to achieving crash resistance are not suffi-
ciently comprehensive Lo be relied upon compictely,  furthermore, testing com
plete aircraft sufficiently carly in the development cycie Lo permit cvalua
tion of system concepts is not practical. The systems approach diciates that
the designer consider probable crash conditions wherein one or more subsystems
do notl perform their desired functions, for example, an impact situation in
which the Tanding gear does not absorb its share of the impact crash encoyy
because of aircraft attitude at impact. Therefore, to achieve the overall
goal, minimum Tevels of crash protection are recommended for the various
individual subsystems with balance between the two extremes of @ (1) defining
necessary performance on a component Tevel only, and (?2) requiring that the
aircraft system be designed oniy for impact conditions with no component,
design and test criteria,
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Current aivrcraft crash resistance criteria require that a new aircraft be de-
signed as a system to meet the vehicle impact design conditions recommended in
Verume 11; however, minimum ¢riceria are also speciiied for a number of crash-
critical cuwponents.  For excnple, minimune crash energy-ahsorpticn requirements
for seats and restraint systens and landing gear ate specifiey. AlT strength
requirements presented in this volume are based on the crash impact conditions
described in Volume IJ. Testing requirements are based on ensuring compliance
with strength and deformation requirements. Crash-resistance design criteria
for U.S. Army light fixed- and rotary-wing aircraft are stated in MIL-87D-1290
(Reference 1). A1l pilot, copilot, observer, and student seats in these air-
craft should conform to the requirements of MIL-5-58095 (Reference 15), while
passenger seats should conform to MIL-S-85510 (Reference 16).

Although much higher levels of crash resistance can be achieved during the de-
velopment of completely new aircraft designs, the crash resistance of existing
aircraft can be significantly improved through retrofitting these aircraft with
crash-resistant components adhering to the design principles of this design
guide. This can even be achieved while expanding the combat effectiveness of
the aircraftt. Examples of this are the successful programs to retrofit all
U.S. Army helicopters with crash-resistant self-sealing fuel systems (Refer-
ence 17) and the U.S. Navy program to retrofit the CH-46 SH-3, HH-3, and CH-53
helicopters (References 18, 19, and 20) with crash-resistant armored crewseats.

In an initial assessment, Lhe definition of an adequate crash-resistant struc-
ture may appear te be relatively simple. In fact, many influcncing parameters
must be considered before an optimum design can be finalized. A complete sys-
tems approach (as summarized in Figure 2) shouid be employed to include all
influencing parameters concerned with the design, manufacture, overall perfor-
mance, and economi¢ canstrainls on the aircraft in meeting mission require-
ments. Trade-offs among the parameters must be made in order to arrive at a
final design that most closely meets the customer’s specifications. Each type
of aircraft may require a different emphasis in the parameler mix. Table 1
summarizes major crash resistance criteria that should be considered during the
preliminary design phase.
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TABLE 1.

CRASH-RESISTANCE CRITERIA FOR THE PRELIMINARY DESIGN PROCESS

Crash Scenarios

Primary Structure

Energy A. sorption

Postcrash
Requirements

MI1L-STD-1299
def ines predom-
inant impact
conditions

Single axis and

combination of:

- Vertical impact

- Longitudinai
impact

Lateral impact

Post impact
Rollover
Pitchover
Nose plowing

# Support of large
mass items

e Support of sys-
tems

e Occupant support
and protection

e Cargo contain-
ment and tiedown

e Support of land-
ing gear loads

¢ Space consistent
with occupant
strike envelope

e Emergency exit
structure

Landing gear

Controlled struc-
tural collapse

Crash-resistant
energy-absorbing
seats

Shedding of large
mass items:

- Engines

- External stores
- Tail boom

{Shed items must
not impact occu-

pied areas)

Controlled
displacement of:

- Transmissions
- Rotor heads

Impacted surface
{soft ground etc.)

e Emergency egress ©

- QOccupant release
from seats

- Door/exit
openinj

- Accessipnility
and illumination
of exits

e Minimization of
postcrash tire
hazards

- Fuel containment

- 011 and hydraulic
fluid containment

Fuel modification

- Ignition source
contral

s Reduced material
flammability,
smoke and
toxicity




2. DEFINITIONS

2.1 AIRCRAFT COORDINATE SYSTEMS AND ATTITUDE PARAMETERS

. Aircraft Coordinates

Positive directions for velocity, acceleration, 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 longitudinal, lateral, and verti-
cal directions, respectively.

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
reaction loading at the ground plane takes place. In the simulation
of such impacts, it is often necessary tc use more than one set of
reference axes, including the earth-fixed system shown in Figure 3
as X, Y, Z.




. Attitude at Impact

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).

Aircraft pitch is the angle between its longitudinal axis and a
horizontal plane. Pitch is considered positive when the nose of the
aircraft points above the horizon and negative when it points below
the horizon. VYaw is measured between the aircraft’s longitudinal
axis and the flight path. Rnll is the angle between an aircraft
lateral (y) axis and the horizontal, measured in a plane normal to
the aircraft’s longitudinal axis.

° Flight Path Angle

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

(] Terrain Angle

The angle between the impact surface and the horizontal, measured in
a vertical plane.

& Impact Angle

The angle beiween the flighl path and the t-rrcin, measured in a
vertical plane. The impact angle is the algubraic sum of the flight
path angle plus the terrain angle.
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2.2 ACCELERATION-RELATED TERMS
. Acceleration

The rate of change of velocity. An acceleration is required to
produce any velocity change, whether in magnitude or in direction.
Acceleration may produce either an increase or a decrease in veloc-
ity. There are two basic types of acceleration: 1linear, 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 of gravity of the aircraft.

° Deceleration
Acceleration in a direction tec 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. In abrupt accelerations the effects on the
human body are limited to mechanical overloading (skeletal and soft
tissuc stresses), there being insuifTicient time for functional
disturbances due to fluid shifts.

) The Tern_G

The ratio of a particular acceleration (a) to the acceleration (9)
due to gravitational attraction at sea level (32.2 {t/sec®);

G = a/g. In accordance with common practice, this report will refer
to accelerations measured in G. To illustrate, it is customarily
understood_that 5 G represents an acceleration of 5 x 32.2, or

161 ft/sec?,

() Rate of Onset

Rate of application of G's, expressed in G's per second (rate of
change of acceleration).

Rate of Onset =

DID
[ad 2]

{G's per second)

2.3 VEIQCITY-RELATED TERMS

(] Velocity Change in Major Impact (Av)

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 arc 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
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