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FOREWORD

This Design Guide resulted from a study program conducted by the Environmental
Enginecring Department of Hughes=Fullerton, Hughes Aircraft Company,
Fullerton, California, from October 1966 through July 1968.

This technical effort was performed for the Mechanical Engineering Branch,
United States Army Electronics Command, Fort Monmouth, New Jersey, under
contract number DAABO7-67-C-0111, The USAECOM Project Engineer was
Mr, J.J. Oliveri, AMSEL/RD-GDM, Fort Monmouth, New Jersey.

This Design Guide is one in a series of guidebooks directed toward the problems
of optimum packaging of Army electronic equipment and other sensitive equipment
elements constrained to survive the Amy field environments. The first in this
series was a guidebook entitled "Optimum Mechanical Packaging of Electronic
Equipment," developed at Hughes under contract to USAECOM. The "Shock
and Vibration Technical Desian Guide" uses the basic equipment categorizations
developed during the previous study, and is directed toward the specific problem
of dynamic structural integrity in Army Equipment packages.

The Program Manager at Hughes for this development effort was T.8. Henderson
of the Environmental Engineering Department. Other people who made significant
technical contributions to this Design Guide were Dr. Kenneth Foster, Consulting
Dynamics Engineer; Professor R.E. Little of the University of Michigan; and
R.H. Chrystie, M.A. Merrigan, G.M. Pomonik, and G, vonKampen of Hughes.
Technical direction during the program effort is acknowledged from A.H. Jones
and R.E. Freeman of Hughes and E. Laboissonniere, S. Adler, and

P. Devreotes of USAECOM.
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DYNAMIC STRUCTURAL INTEGRITY: Shock and vibration experiences
provide the most rigorous test of structural reliability in Army equipment
packages. These critical structural requirements are typified by the Road
Mobility Tests over the Munson Course.
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PROGRAM SUMMARY

This Design Guide has been developed in response to the technical requirements
described in the Statement of Work, SCL-785IA, governed by Contract No.
DAABO07-67-C-0112, issued by the United States Amy Electronics Command,
Fort Monmouth, New Jersey.

The objective of this Design Guide is to provide a useful summary of the language
and technical disciplines peculiar to the Army shock and vibration requirements
and their design impact on the equipment packages constrained to operate and
survive this environment, This Design Guide is intended to provide the Mechan-
ical Project Engineer with a reference on the technical aspects of the shock and
vibration criteria. It is assumed that the reader has attained a reasonable level

of knowledge in structural mechanics, yet is not an expert in the field of dynamics.
The application of the theory and approaches outlined in the Design Guide wiil
thus enable the Project Eag'~.er to evaluate basic dynamic design situations that
arise in the development of \tis equipment system.

Although the Design Guide is written with the Mechanical Project Engineer in
mind, it has the secondary objective of acquainting other technical specialists
with Army shock and vibration requirements and their relation to structural reli-
ability in Army equipment systems. Accordingly, it is hoped that mechanical
design people will find general utility in the Guidebook .




BOOK ABSTRACT

Volume |, Methodology and Design Philosophy, outlines the orderly approach
that the Mechanical Engineer will logically follow in accomplishing the structural
reliability of an Army equipment package. This volume also defines the dynamic
terminology needed to address the design problem, provides a background for
considerations and tradeoffs of importance to the Mechanical Engineer, and out=-
lines a technique for effective use of the presented material,

Volume I, Analytical Procedures, presents a ctraightforward quantitative approach
to the evaluation of dynamic strength in an equipment package. The procedures are
based upon analytical definition of input excitations to equipment structures and
the development of transfer functions relating the response of the equipment
element to the excitation. The resulting static equivalent response may then be
compared with the allowable fragility level of the element under consideration, and
a margin of safety calculated.

Volume Il1, Related Technologies, is a compendium of the mechanical disciplines
needed by the Equipment Packaging Engineer in solving structural problems assoc-
iated with dynamic environments. This section details design aids and procedures
useful to the Structural Engineer. The information presented inciudes disserta-
tions on analytical tools and procedures, validation procedures, and hard-

ware oriented disciplines.
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VOLUME I
METHOGDOLOGY AND DESIGN PHILOSOPHY

JThe intent of this Volume is to provide an overviev to the Mechanical
Ingineer on the approach he vill use in designing dymamic structural
integrity into the equipment package under consideration, The elements
of this genersl discussion include:

® An introduction to the subject of structural dymamics, the
characterstics of a shock or vibration excited system, and a
summary of the design choices available to the designer,
o

OAldilcunion of the Army transport methods employed in the field,
how they relate to the Army equipment class categorivs, hov the
equipment class is used to define Quality Assurance tests, and
ultimately the input loading criteria for the equipccat system,

0% \design approach to structural reliability vhich is supported dy
the Design Guide, including some ground rules for tailoring
matwel frequency and damping to optimize the inherent dymamic
resistance of the equipment package, .

® 3 roadmap through the Design Cuide, and a qualitative overviev of
the design relevant information contained in Volume III and the
application and limitations of the analytical procadures outlined
in Volume II, /
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' DYNAMIC STRUCIURAL INTEGRITY F ELECTRONIC EQUIPMENT PACKAGES

A balance between envirommental stress and structural adequacy is the best approach

1-0

structural necessities imposed upon Army electronic equipment elements
shock and vibration requirements are the most severe and demanding of
the mechanical disciplinens needed to accomplish the packaging task,

is probably more material available in the technical literature on
and less basic understanding of the phenomena on the part of the
Packaging Engineer than all the rest of his requirements, This
as a result of the complexity of the dynamic sciences, and
communications gap between the people doing the applied
, and the people performing the package design function, This
guide will attempt to bridge some of this knowledge gap by out-
a design methodology, an analysis procedure, and a compendium of
related mechanical disciplines,

g
Hit

In the past, a designer could aften afford the luxury of ultra-conservative
loading criteria, since most of the mechanical systems were ground mob-
ilized, and hence had an abundance of power available for the task,

Modern transport modes by aircraft and helicopter have placed increased
emphasis on weight and bulk of Armv equipment packages, The sledge-hammer
approach to support structure is no longer an acceptable alternative; all
this coupled with higher reliability constraints, two trends which are
divergent,

Balanced design is the proper correlation between strength and stress,
As the strength side of the equation is reduced with minimel safety mar-
gin (a necessary consequence of reduced bulk), closer definition of the
structural integrity of the package is then required to proportionately
reduce the pad on input loads, This is another way of saying that more
rigorous analytical techniques are indicated to exercise the structure at
higher stress levels, while maintaining a high level of reliability,

Dynamic structural integrity, as the term is used in this design guide,
is the inherent ability of the equiprment support structure to sustain the
stress induced by shock and vibration loadings, The approach to the
problem of insuring integrity entails an understanding of the severity of
the input excitations, the mechanisms of energy transfer through the
structure, the material characteristics and fabrication processes which
make up the structural package, and a variety of other mechanical disci-
plines which may enhance the capability of the structure,

The analytical procedures outlined in Volume II are methods for numerically
evaluating structural integrity. The approach is based upon the premise
that static equivalent acceleration may be calculated from input loads

and dynamic transfer characteristics, This effective load may then be
compared with element strength (fragility) in the frequency domain, and

a factor of safety calculated, Thus, the value decision made as a result
of this analysis is based upon numbers, from which a numerical confidence
may be calculated,

Volume III of the design guide presents a summary of mechanical disciplines
and skills needed by the Mechanical Project Engineer to properly evaluate
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the structural competence of an equipment system, As a spin-off from this
objective, the Packaging Designer and the Structural Analyst will also
find useful material in Volume III. The chapters are organized as to broad
content in three categories; analysis, validation, and hardware topics,

Equipment
Specification

and
1ity Assurance

Requirements

Functional
Concept

Volume I

"Philosophy
and Design
Approach"

THE SHOCK AND
VIBRATION
TECHNICAL
DESIGN GUIDE

Volume II

. "Analytical
Procedures"

Volume III

"Related
Technical
Meciplines"”

VAN

System
; Desi
System \¢f andgn
Qualification Fabrication

Service Hardware

SUPPORTING EQUIPMENT STRUCTURAL INTEGRITY: The Design Guide supports the
equipment development program from functional concept through service=-
ready hardware.
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VOLUME I
Section 1 = Introduction

THE CHARACTERISTICS OF A VIBRATING SYSTEM

The long time repetitive aspects of vibration can cause serious fatigue problems in
equipment structure, as vell as component malfunctions,

Vibration, as the terr. is used in this Design Guide, 1s an oscillatory
motion of a mechanical system, Vibration is characterized by a mean or
central value about which the oscillation occurs, an smplitude describing
the peak intensity of the vibration, and a frequency which descridbes the
rate of occurrence of the excitation,

Service enviromment vibration is often found to be a repetitive, sinu-
soidal excitation, a situation vhich is called steady-state, Occasion-
ally, vibratory components occur as a super-position of many sinusoidal
quantities, each of which are integer multiplee of some fundamental fre-
quency, The vibration characteristic then repeats itself after some
finite time interval; the resulting excitation is known as periodic, If
no discernible pattern or repetition exists among the vibrational compo-
nents, then the excitation may be described as complex,

Vibration may be further described in terms of the method of excitation,
If the disturbing force is periodic or repetitive, then the resulting
excitation is steady-state and deterministic; that is, the value of some
future vibratory excursion may be predicted from the pattern of the
recorded vibiation-time history. In contrast, if the vibratory excitation
is completely unpredictable, then the response is known as random,

The vibrating system may be either forced or free, A free vibrating ele-
ment continues to oscillate after being disturbed without external inter-
ference, until the excitation dies out due to damping. A forced vibrating
system 18 excited by some driving disturbanze, an excitation which may be
either random or deterministic, depending upon the characteristic of the
source. Free vibration often results from & sudden pulse of energy, or
shock, and is then transient in nature, The frequency of the oscillation
will te the natural or fundamental frequency ot the structural system,
The response frequencies of a forced vibrating system will contain ele-
ments of the forcing frequency as well as response frequencies of the
structural elements,

Structural failure resulting from vibrational excitations usually takes
the form of fatigue or progressive fracture of the material emanating
from an incipient crack or blemish, Fatigue strength of engineering
materials varies with the number of iterations of load, as well as the
stress intensity, Thus, 1t 18 important to consider the frequency content
of the load as well as the load intensity, The load intensity in a

- dynamic system is greatly influenced by the resonant characteristics of
the oscillating element,

Resonance in a mechanical system causes the maximum excursion of the
system for a given input, Resonance exists when a minute change in fre-
quency of the stimulus causes a decrease in the system response, The
value of this frequency is known as the resonant or natural frequency,
The lowest numerical value of resonant frequency is the fundamental,

1-2




VOLUME I

The level of the resonant response, or resonmant rise, is a function of
the damping characteristics of the dynamic system, The lower the damping
quotient, the higher the resomant response of the system (or quality
factor Qs and the sharper the peak, Highly damped systems exhibit a
broad response near the resomant frequency, Damping is the dissipation
of energy in a dymamic system vhich manifests as & diminishing of system
response with time, This basic concept is illustrated below,

VIBRATION CHARACTERISTICS

/ Steady State, Sinusoidal
v Excitations

T Multiple, Periodic
Response Excitations

Complex, Random
Excitations

Time e o

RESONANT CHARACTERISTICS

T

Transmissibility
Ratio 1.0

Little Dampening (Q High)

Highly Dampened (Q Low)
Amplification

Natural

Freq.
] Attenuation

Frequency ——)

THE VIBRATING SYSTEM: A system excited by & vibrating impulse has response
characteristics which contain elements of the disturbance as well as the
system itself.
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Section 1 - Introduction

SHOCK EFFECTS IN EQUIPMENT STRUCTURE

ghock may cause initial fracture, overexcursion, or functional failure in electronic

ui

- e s i o e

nt, Fati e 1s also & ential hazard

Ehock in a mechanical system may be described as « sudden transient dis-
placement, a sudden change in velocity, or an acceleration experienced
over a relatively short peariod of time, Shock excitation is non-periodic,
and is described in terms of a pulse, a step or a transient load occur-
rence, Shock is always characterized by the concepts of suddenness and
severity,

The effect of shock stimuli on equipment structure is eimilar in some
respects to the effect of vidbrational excitation, If the shock pulse is
short in duration, then the structural response will reflect the nmatural
frequency of the structursl element, with acceleration intensities pro-
portional to the severity of the impact, If the shock pulse is relatively
long or has distinct frequency characteristics, then the resulting
response will often reflect both the period of the impulse and the natural
resomances of the responding syatem,

Shock occurs in the service enviromment of Army electronic equipment
packages primarily during transport and handling, An exception is the
effect of ballistic impact resulting from a near-miss explosion or shell
impact near the equipment, A range of Quality Assuranc: Tests have been
devised to simulate this environment, and are discussed in detail in later
sections,

Shock inputs to Army equipment resulting from test requirements are nor-
mally specified either by pulse characteristics, as in the case of air-

borne equipment, or by test parameters, as in the ballistic impact test,
The pulse characteristics specified are pulse shape, peak acceleration,

and pulse time duration, The test parameters most often used are hammer
height before impact or specimen drop height, as typical examples,

Both types of shock specification may be illustrated for the designer in
terms of shock spectra, Shock spectra is a plot of static equivalent
acceleration vs natural frequency, and will be used throughout this
Design Guide to describe the shock motion, The shock spectra may be
thought to be the respcnse of a series of single degree-of-freedom mass-
spring systems to the imposed impact load, This effect is plotted in
terms of the matural frequency of each of these spring-mass complexes,
and thus is analogous to structural elements of the same resomant fre-
quency, These shock spectrum plots in the frequency domain present the
designer with a convenient tool for analysing the equipment structural
response characteristics to a given shock stimulus, based upon analogy
vith a simple single degree-of-freedom system,

Failure in an equipment package due to shock stimulus may occur in various
ways. A functional anomaly resulting from the impact, such as relay
chatter or switch drop-out, is a common occurrence in shock testing,
Material fracture or excessive plastic defarmation are other failure modes
vhich may result from the first acceleration of the equipment system,
Excessive excursion of the unit as a whole is also a common impact
failure; this motion response may not necessarily be disastrous by itself,

g e e



but may cause secondary collision impacts or bottoming of isoclators vhich
in turn may cause structural failure, A series of trensient shocks occur-
ring at regulss intervals may excite a structursl element into a resomant
vibration wvith subsequent fatigue failure; an example is the dbouncing
excitation experienced during transport over rough terrain, Any of the
ahove failure modes may also cause an operstional mlfunction, a fact
vhich must be considered wvhen designing support structure and evaluating
component fragility.

Displacement
Velocity

Acceleration
ACCELIRATION, VELOCITY, AND

DISPLACRMENT CHARACTERISTICS
OF A HALF-SINE SHOCK PULSE

T

M>tion

Time o 4
1.8 x Input SHOCK SPECTRUM TRANSFORM OF
A HALF-SINE SHOCK PULSE
1‘ S —— Input
Static
Equivalent

Frequency —

SHOCK RESPONSE: The half-sine shock pulse may be transformed into a
workable shock spectrum.
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Beciion 1 « Introduction

THE SINGLE DEGREE-COF-FREEDOM CONCEPT

The single degree-of-freedom idealization aide in simplifying the complex calculations
assoctated vith dynamic analysts,

The single degree-of-freedom approximation of a complex mechanical system
13 used to simplify the amalytical techniques needed to evaluate an equip-
ment systam, In an analytical area as complex as the determinmation ol the
shock and vibration responses of structurally complicated equipment pack-
ages, simplification is necessary,

The degree-of-freedom of & mechanical system is the number of independent
coordipates required to define cm& ely the position of all parts of
the system at any instant of time, This concept is manifest as the
number of separate, independent displacements that are possible in the
system's motion, The single degree-of-freedom system then, is one for
vhich only one crthogonal coordinate is necessary to completely define
the position of the system at any instant in tim: vhen the system is dis-
placed as a result of a dynamic forcing function,

This approach vill yield the fundamental resonant response of the equip-
ment system, an approximateion that will give valid results in most cases,
An example is an equipment element enclosed in a relatively stiff cabinet,
and mounted on relatively soft isolation mounts., Tho single degree-of-
freedom idealization very adequately describes the response characteristics
of the package., The individual equipment components within that package
are not treated amlytically hovever, since more information is needed to
describe the transfer characteristics of the dynamic excitation through
the complex structure and thence to the component, This idealization is
also consistent with the input stimuli resulting from the Quality Assur-
ance provisions, For the most part, these tests are required for the
entire system and not the individual components, The input parameters
are normally specified at the interface of the test machine and the equip-
ment mounting structure, Thus, the imput requirements for Army equipment
are, in a sense, described in single degree-of-freedom terms,

The response curve for the single degree-of-freedom model graphically
describes the effect of damping on the resonmant rise, If little damping
is present in the system, then high peak response may be expected, The
frequency range above the fundamental frequency however, exhibits a lesser
response than the highly damped system. On this basis, it can be expected
that equipment elements having matural frequencies above the fundamental
of the system will axperience a higher input to the element from the sys-
tem vhen the syste: is highly damped, The extent of damping which is
built into a system must be carefully selected, with consideration given
to the effect of reecnance on the high natural frequency components,

The relationship existing between the parameters of resonmant rise, natural
freqrency, and damping ratio are well illustrated with the single degree-
of freedom response curve,

wdngy

it s Lt o .\



THE SINGLE-DEGREE-OF-FREEDOM MODEL

Response 4‘

Spring (k)

Stimuli Rate %
. _———

¢ )eritical Damping Ratio

N\

FREE OSCILLATION OF THE SINGLE-DEGREE-OF-FREEDOM SYSTEM

S
s,
S—
‘-h..-_ i
Displacement
Time )
_
Oscillation
i Decay Due to Damping

THE SINGLE-D:GREE-OF-FREEDOM CONCEPT: A convenient analytical method for
a complex system.
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VOLUME 1
Section 1 = Introduction

CONIROL OF THE DYNAMIC ENVIRONMENT

The severe effects of shock and vibration disturbances may be controlled by adjustment
of structural response, or isolation, or elements of both techniques,

1-8

The control of the shock and vibration enviromment to Army electronic
eQuipment systems is accomplished largely by the implementation of two
procedures or their coudbination, These are; the isolation of the equip-
ment from the dynamic enviromment and/or the reduction of the response
characteristics vithin the equipment, The reduction of the dynamic stim-
uli at its svwce 1s a third altermative, vhich has only limited applica-
tions to Army equipment, The controi of the source of dynamic excitations
in order to reduce the severity of the equipment response involves the
balance of moving parts and the improvement of fits and clearances, This
alternative is not always open to the designer of Army equipment pack-
ages, The environment is usually either specified, or is beyond his
control, However, when possible,reduction of the source of the load is
an obvious solution to severe loading problems,

Isolating the equipment from dynamic stresses may also be accomplished by
isolating the source of the disturbance, This apprcach might be helpful
in the case of equipment which is required to operate wi..le a transport
vehicle is in motion, This method would also include the ‘solation of
offending machinery in the vicinity of sensitive equipment, Isolation of
the equipment itself from the effects of the enviromment is “he most often
applied approach to packaging fragile electronics, When the dymamic stim-
uli 1s specified by a Quality Asswrance provision, reduction of the
excitation at the source is not feasible,

Isolation systems are discussed in more detail in the chapter on "Dynamic
Attenuation" in Volume III of the Design Guide, T™ere are elemente of
conflict in the practice of isolation techniques; the frequency ard damp-
ing characteristics which offer the best protection from the vibration
environment, are far from optimum for resistance to impact loads, Iso-
lation systems vhich are designed to successfully pass Quality Assurance
{ests may sometimes fail in service due to the inability to completely
duplicate the operational enviromment in the laboratory,

The most effective approach to the control of the dynamic enviromment
lies in the assurance of the dynamic integrity of the equipment itself,
If the structure is sufficiently strong to sustain the dynamic stimuli
without loss of function, then the design is successful and the opera-
tional suitability of the system will be high, The most widely used
design method for response reduction within the equipment structure is
the improvement of the stiffness qualities of the structural elements,
The structural factors that affect stiffness,(material elastic modulus,
mass distribution, and support geometry) are the same factors that
affect natural frequency, Thus an increase in stiffness denotes an
accompanying increase in natural frequency,

In general, the natural frequency for sea transportable equipment should
alwvays exceed 35 ?z since most of the shipboard excitations will be

below this value. 15 If the normal static deflections of all the
structural members due to their own lg loads are less than about 0,008 in.,
then this approximate frequency limit will be met.
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VOLUME I

Dynamic energy may also be dissipated within the equipment structure by
increased damping. This in turn reduces the amount of resonmant rise at
the critical frequency, without appreciably affecting the frequency itself,
Energy may also be alsorbed within auxiliary resomant masses, tuned to
dissipate as much of the disturbing stimuli as possible,

ISOLATION

e Isolation of the entire system
o Isolation of the fragile elements
e 1Isolation of the source

o Reduction of stimuli at ite source

RESPONSE

o Use of rugged components
o Improved stiffness
o Decreased mass

e Proper use of damping
e Application of tuned resomators

am—

CONTROLLING THE ENVIRONMENT: The destructive effects of the imposed
shock and vibration environment may be met in an equipment structure
by the management of isolation ar response, or some combinations of each,
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SECTION 2 -~ STRUCTURAL DESIGN CRITERIA

o Transport Categories to Define Equipment Class
Quality Asocurance Provisions and EqQuipment Class

e lLimitations Inherent in the Quality Assurance Tests
Bome Typical Army Transport Methods and Vehicles

-
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The four transport categories of importance to equipmert class definition are
manpacked, vehicular mounted, shelter and van mounted, and airborne,

2-0

The Army Electronic Equipment Command designates service and Quality
Assurance test requirements for their equipment by "equipment class"”,
This class designation differentiates categories by the mode of equipment
transport, and by the operational requirements of the equipment systems
as mobilized, The equipment class also defines the loading enviromment
in terms of the Quality Assurance tests normally required of equipment
manufacturers, Thus the equipment class may be expressed in terms of an
envelope of loading parameters reflecting the individual test inputs con-
strained to the class, There are exceptions to the class criteria in the
case of special equipments that fit none of the categories; these require-
ments will then normaily be detailed in the equipment specification.

There are four equipment mounting categories which are of importance in
the definition of equipment class., These groups are manpack, vehicular
mounted, shelter and van mounted, and airborne,

Manpack equipment is generally operated in the field without benefit of
vehicle, ashelter, or van protection, The equipment is constrained to
provide its own environmental protection in service, a factor which might
have impact on dynamic structural integrity. These equipments are highly
portable and are often housed in a combination transit case and environ-
mental cover, Equipment in this category is normally transported loose
on the cargo area of the transport vehicle, and is always operated exter-
nally from the vehicle.

Vehicular mounted equipment is usually firmly affixed to the transport
vehicle, either with or without isolators, The equipment is thus con-
strained to operate within the vehicle; the equipment function may occur
with the vehicle moving or stationary, as dictated by the system speci-
fications, Tht vehicle may be expected to provide a measure of environ-
mental protection, and will also attenuate some of the dynamic excitations
emansting from the terrain, It is also possible for the vehicle to mag-
nify certain frequencies, a factor which must be carefully considered.
Both tracked and wheeled vehicles are included in this category; the
resulting excitations differ greatly in their input to the equipment, A
sumary of the road mobility enviromment is given in the testing chapter,
Volume III, and is also imposed by equipment class loading criteria pre-
sented in Volume II,

Shelter or van operated equipment is normally mounted and operated from

- within an enclosure, and thus receives the full benefit of the protection

provided by the shelter, Shelters in this category are usually trans-
ported on the cargo bed of a transport vehicle, or are mobilized by wheel
complexes where the shelter itself serves some of the chassis function,

Airborne equipment may be either transported by aircraft, or may be con-
strained to operate within the aircraft while the vehicle is in flight,
Virtually all equipment must be capable of air shipment as a means of
transport, while only class 6 equipment is required to function in flight,
The details of these requirements are delineated in paragraphs 3.0 and
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4,0 of the equipment procurement specification. Any special requirements
not covered by equipment class or transport category will also appear in
these paragraphs,

Manpack
or

loose Cargo

Vehicular

Shelter
or
Van

Rail

Sea

e
Alirborne —_— _\3 \m

EQUIPMENT CLASS AND TRANSPORT MODE: Transport categories for Army
equipment reflect the mounting method, and mobility mode.
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Section 2 « Structural Design Criteria

QUALITY ASSURANCE PROVISIONS AND EQUIPMENT CLASS

The equipment class designation used by the Army in procurement specifications is a
convenient method of summarizing the required Quality Assurance tests,

The transport mode and operational requirements are generally designated
by the applicable equipment class in Army electronic equipment procure-
ment specifications, In addition, the equipment class also delineates
the required Quality Ascurance provisions that the equipment systems must
pass to be approved by the contracting officer, This class categorization
may then be used to define the shock and vibration excltations resulting
from the required tests, an approach vhich is employed in Volume II of
the Design Guide to develop input load criteria, The adjacent f.gure
sumarizes the required shock and vibration tests according to equipment
class,

The testes are also delineated for the type of excitation that 1s input to
the system; i,e,, steady-state vibration, random vibration, or shock,
The steady-state or sinusoidal vibration excitations are well defined as
peak acceleration vs frequency plots since acceleration, velocity, dis-
placement, and frequency are definable by dynamic relationships, Random
excitations will be presented as power spectral density plots

(Ga/Hz ve freguenc,), Statistics may then be employed to express the
probability of expericnecing a given fraction of peak acceleration for a
given frequency intervul, The shock excitations are presented in this
guide as shock spectra plots, or static equivalent acceleration vs fre-
quency spectra, The assumption is that any system with a given natural
frequency will respond in the same manner to a given stimulus, Thus, the
shock spectra may be related to the structural system under analysis for
a specific natural frequency,

The matrix of tests presented in the adjacent figure is typical for the
usual equipment systems encountered in Army electronic equipment procure-
ment specifications, There are exceptions however, and the equipment
specification must be reviewed for the exact requirements, The failure

and acceptance criteria will also be defined in the equipment specification,

The resonant search vibration requirement and loose cargo bounce tests for
Class I equipments are designated for special cases only, If a given

dynamic test is specified for equipment in the operational mode, then the
same test is not normally repeated for the same equipment, non-operating.

Classes of Equipment: Army equipment systems shall be considered to be of
the following classes, according to their basic use and the mode of trans-
portation employed in that use:

Class I: Includes equipment which will be field transported as

loose cargo in vehicles and/or manpack, Equipment designed in a
combination shipping and operation container or transit case is

included in this class, The equipment shall be capable of being
shipped by rail, truck, sea or air,

2-2
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:  Includes equipment which 1s installed in (firmly affixed
to) an unarmored vehicle, shelter or van and is operated vhen the

vehicle, shelter or van is not in motion,

The installed equipment

shall be capable of being shipped by rail, truck, sea or air.

¢class III: Includes equipment installed the same way as in Class II
and is operated while the vehicle, shelter or van is in motion.

os IV: Includes equipment which is installed in (firmly affixed
to) a tracked vehicle, or shelter, or van mounted to a tracked

vehicle, and is operated vhen the vehicle is not in motion,

This

vehicle may be either armored or unarmored. The installed equipment
shall be capable of being shipped by rail, truck, sea or air,

Class V: Includes equipment installed the same way and in the same
vehicles as in Class IV but may be operated while the vehicle is in

motion,

1888 VI: Includes equipment that is installed or transported by
aircraft, The equipment may be either operated or stowed while the

aircraft is in flight.

Test To Be Performed
Equipment Operating
Vibration (Resonance Search)(10-55 Hz)
Vibration (5-500 Hz)
Vibration (Resonance Dvell)
Bounce, Loose Cargo
Bounce, Vehicular
Shock, Ballistic
Munson Road Cour e

Perrimen Road Course

Equipment Non-Operating

Vibration (Resonance Search)(10-S5 Hz)
Bounce, Loose Cargo

Bounce, Vehicular

Shock, Ballistic

Shock, Bench Handling

Shock, Drop

Shock, Crash Safety

Munson Road Course

Perrimen Road Course

Railroad Hump Teat

Equipment Class

Il _III IV Y i
X
X
X X
X
X X
X
X X
X X
X
X X X X
X X X X
X
X
X X
X X
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Bection 2 - Structural Design Criteria

LIMITATIONS INHERENT IN THE QUALITY ASSURANCE TESTS

The Quality Assurance tests are representations of the service enviromment that may be
encountered by Army equipments, Exceptions and limitations may also constitute a
design loads constreint,

The function of the required shock and vibration Quality Assurance tests
is to guarantee a minimum standard of structural integrity in the equip-
ment package, which in turn reflects a confidence that the equipment will
survive the service environment, and function as intended in the fi.ld,
This intention therefore assumes a certain correlation between the ser-
vice enviromment and the contractural tests that the equipment system is
required to pass, In general, the shock and vibration tests required of
Army equipment packages are based on the upper average of the dymamic
excitations the package will experience in service, An equipment element
that successfully passes the required tests will probably survive the
average enviroment encountered in service, However, in some cases, an
equipment system that passes all tests successfully may still experience
some difficulty vith the envirommental extremes, The Quality Assurance
tests serve as a basis for equipment reliability, and are not absolute

quarantees of dynamic integrity.

The design implication here is clear, The equipment system must pass the
required tests and the equipment must also function in the field, The
responsible equipment engineer must be aware of both constraints and must
evaluate the input excitations resulting from both experiences, and acsess
their influence on his particular equipment system,

Looking at the contractural Quality Assurance tests in terms of the type
of excitation imparted to the equipment, the following limitations are

apparent: )

1, Vibration - The resonant survey for Army systems begins at 10 Hz
for ground equipment, and S Hz for airborne equipment. This
lower cutoff is for the convenience of the test machines which
are sometimes amplitude limited in the lower frequency ranges.
The actual service enviromment has inputs down to nearly zero Hz.
This is apparent from the lowv speed capabilities of trucks,
ships, helicopters, and other transport vehicles. Thus, an
isolation system or structure that has resonant frequencies
below about 10 Hz may protect the equipment during qualification
testing, but may also be a major contributing factor to failure
in transport.

2, 8hock - One of the most severe shock tests is the railroad
humping impact, a coupling collision tested at 7,0 mph, Rail
practice surveys reveal that coupling impacts may occur at speeds
up to 20 mph, Since the shock intensity is proportional to the
rail car impact speed, there 18 a degree of risk involved in
designs which meet the contractural Quality Assurance test levels

marginaily,

8imilarly, the shock intensities experienced during handling drop
tests are proportional to the drop height, It is reasomable to
conceive of rough handling situations of shipping packages in the
field which would exceed these limits,

2-h
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Ballistic shock test inputs to the equipment package are depen-
dent to a degree on the characteristics of the test specimen,
8ince the test machine does not have infinite impedance, the
specimen may feed-back energy as a tvo degree-of-freedom system,
and thus influence the impact intenrity and t “equency content at
the machine-specimen interface,

3., Random Excitations - This test category vhich includes cargo
bounce and vehicular bounce tests, is quite representative of
the actual shipping enviromment., The same problem of specimen-
machine fradback exists in theae tests, The random aspect of
the test uleo contributes to weakness in input load definition,

THREE IDENTICAL
EQUIPMENT
aat tem tem SYSTEMS
Ttem #1 #
THREE DIFFERENT
ENVIRONMENTAL Potential
EXPERIENCES Problem Area Test

Environmental
Severity

Frequency —_

LIMITATIONS: Quality Assurance tests are representative of an average
severe service enviromment, It is possible for an individual equipment
to fail in service in spite of a successful test qualification,
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Section 2 - Structural Design Criterie

SOME TYPICAL ARMY TRANSPORT METHODS AND VEHICLES

Tvo categories of vehicles are important to the Army equipment classes; those vehicles
to vhich the equipment is firmly affixed, and those vehicles which transport the
equipment as loose cargo or tied-down modules.

VEHICLES USED TO FIELD-TRANSPORT LOOSE CARGO OR EQUIPMENT MODULES
(The Equipment is Usually Non-Operating)

Vehicle (Example) Environmental Characteristics
Rail
Flatcar Low and Intermediate Frequency,*
Periodic Vibration
Boxcar High Impact S8hock During Coupling
(Vertical and Longitudiial)
Truck-Cargo
Wheeled Vehicles (M35) Low Impact Bounce, Low and Inter-
mediate Frequency Random Vibration
Tracked Vehicles (T 6) Lov Impact Bounce, Intermediate
Frequency Periodic Vibration*
Sea
Cargo Ship (AKA) Low Frequency Vibration, High
Excursion Inclination
Amphibious Carrier Low Frequency Vibra‘“ior, Tnclination,
and Moderate Bounce
Mr
Jet Cargo Aircraft (C-141) High Frequency Vibration,* Crash
Safety Shock
Propellor Cargo Aircraft Intermediate Frequency Vibration,
(€C-130) Safety Shock Crash
Cargo Helicopter (CH-47) Low Frequency Vibration, Crash
Safety Shock
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VEHICLES IN WHICH EQUIPMENT MAY BE INSTALLED
(Equipment May Also be Operating in Motion)

Vehicle (Example) Environmental Characteristics
Tracked
APC (T116) High Impact Ballistic Shock, Short
Pulse Duration
Tank (M-60) Random Vibration and Intermediate
Frequency Periodic Vibration*
Wheeled
Shelter Module Mobilizer Low Frequency Periodic Vibration®
(XM-720)

Transported by Truck (M35)

van (Trailer - M359) (M220) Random Vibration

Jeep (M38) Moderate Shock and Mod:rate Pulse
Duration
Airborne
Helicopter (CH-47 Chinook) Low Frequency Periodic Vibration®
Propellor Aircraft (OV-1C Intermediate Frequency Periodic
Mohawk ) Vivration® and Crash Safety Shock

* NOTE:

Approximate frequency limits given qualitatively, correspond
to the following ranges:

Low Frequency - 0-55 Hz
Intermediate Frequency - 30-500 Hz
High Frequency - 200-2000 Hz

These frequency ranges are by no means exhaustive, but
represent the average experiences which may be encountered.
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VOLUME I
METHODOLOGY AND DESIGN PHILOSOPHY

SECTION 3 - DESIGN APPROACH TO STRUCTURAL RELIABILITY

Some Ground Rules for Successful Design of Iquipment
Structure

Countering Shock and Vibration Effects in Army EQuipment
Designing Equipment Structure for Stiffness and Lightness

Tailoring the Natural Frequency Parameter to SBuit the
Enviromsent

The Application of Damping to a Structural B,r-t-
Mounting Fragile Components in Equipment Packages
A Design Outline for Ixproved Structural Dynamic Integrity




3 - Design Approach to Structural Reliability

Some of the most important preliminary considerations in the design and anmalysis of
equipment structure are often the cnes that are overlooked until very late in the

m

After the elements of terminology and the analytical philosophy of dynam-
ics are made familiar to the equipment designer, he must then address
himself to the problem of; "Exactly how do I proceed into the design of
support structure for my equipment package?” The first steps in this
process are often the most elementary and unfortunately are also the ones
most often overlooked, The art and science of designing for structural
reliability is of such inherent complexity that certain fundamental con-
siderations sometimes are lost in the static of the signal,

It is basic that the designer must make himself thoroughly familiar with
the procurement specification, particularily those secticns that deal
with the intended service enviromment ard the required Quality Assurance
provisions, Often, the very rigorous shock and vibration test provisions
contractwrally required of the equipment system are not fully evaluated
until the equipment is designed, fabricated, and ready for test, It is
economically too late to disciver that the system must be subjected to a
ballistic shock test, for example, when the pre-production system models
are ready for validation, Panic fixes that are generated at this point
in time are usually not very sound technically, and are invariably expen-
sive, They also tend to compromise the intended system function,

: Read the equipment procurement specification - understand
the imposed test and service enviromments - relate these requirements to

equipment class, including any special test provisions,

Once the exact test requirements are firmly established, it remains to
relate these requirements with resulting structural excitations. The
analytical procedures outlined in Volume XI are based upon three classes of
excitation; sinusoidal vibration, shock,and random vibrations., Analyti-
cal procedures are proposed for each of these situations, It follows

then, that the designer must plot an envelope of his particular test
environments, The detail data corresponding to each of the test require-
ments is available by squipment class in Volume II, and by individual

test category in the chapter on testing in Volume III,

Rule No, 2: Plot the similar excitations resulting from Quality Assurance
test provisions on the same scale in the frequency domain - pick out the
critical frequencies and accelerations - assess the fatigue damage poten-
tial by establishing the number of iterations of load resulting from each
of the excitation elements, 2
The shock and vibration excitations inherent in the standard dynamic
tests are sometimes truncsted to suit the test machine and procedures,
These limitations are discussed in detail in the chapter on dynamic
similation, Volume III, It is a fact of life that tests only approximate
the real world in some cases, and the service enviromment may differ sub-
Wmmwmw The designer must be zon-
stantly avare of this limitation and cover these aress in his design. An
example of this difference is the lower limit of the vibration teets,

10 Ez, Many excitations in service will dwell for extended periods of
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time at frequencies in the 0-10 Hz range, The test cutoff is for the
convenience of the test mmchine only, Soft isolation systems in this
range could cause serious field failure due to low frequency resonance,
if this possibility is not considered in the design analysis,

Rule No, 3; Understand the service environment needs- recognize the
possibility of some differences between the imposed test excitations and

the real vorld in the field.

There are serious differences in the response of structural systems to
shock ve vibration excitations, The following topics in this Volume deal
with the details of these divergent design approaches, BShock pulses of
short duration for example, will usually excite the higher frequencies in
a structure, Vibration associated with the road mobility enviromments will
cause excitation of the systems to nearly zero Hz, B8oft mounting systems
may survive shock loads very nicely, but may also cause extreme resonant
behavior from a low level vibrational disturbance, Stiff structure may
survie the low frequency vibration enviromment very nicely, but may pre-
cipitate failure of secondary components due to high transmissibility of
only minor shock loads, It is imperative to recognize the basic disparity
in deaign philosophy for shock ve vibration; an equipment structure must
be analyzed with both enviromments in mind, Design adequacy for shock
loads does not insure equal structural integrity for vibrational
disturbances,

Rule No, 4: Consider the combined effects of both shock and vibration in
the analysis of equipment structure - note the conflict between the two
types of dynamic experiences - all equipments are subject to elements of
both excitations.

RULE NO, 1 - Read and understand the procurement
specification,

RULE NO. 2 — Plot all of the dynamic excitations on the
same piece of paper, to the same scale,

RULE NO. 3 — Understand the service enviromment and the
impact of potential differences with the
Quality Assurance test provisions,

RULE NO. 4 — Consider the effects of both shock and
vibration, and recognize the conflicting
needs of the two excitation types,.

BASIC GROUND RULES: There are certain fundamental steps that the designer
must follow before the design analysis is firm, These preliminary steps
are elementary and often overlooked.
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Bection 3 - Design Approach to Structural Reliability

COUNTERING SHOCK AND VIBRATION EFFECTS IN ARMY EQUIPMENT

The design approaches for countering dynamic excitation are twofold; live with it or
keep it out., Coupled with this choice are the divergent response characteristics
of soft vs stiff structure,

3-2

There are two basic approaches of importance to the equipment designer
for countering the effects of shock and vibration excitation in Army
equipment; provide support structure and component capability of suffi-
cient integrity to wvithstand the raw enviromment without failure; or
insulate all or part of the environment away from the fragile elements,
8ince the equipment designer has little control over the intensity of raw
environment, then these two steps, or combinations of them, are the pri-
mary alternatives open to him,

L]
Equally dichotomous are the diverse effects of shock and vibration on
structure, BShock which is characterized by accelerations for relatively
short pulse duratiors, requires large elastic excursion capability to
dissipate the impact energy without bottoming or over-excursion, The
lovwer frequency ranges (or "soft" structure) may offer some escape since
the shock environment is generally lower at the low frequencies, a fact
that is apparent from the input excitations shown in Volume II, Sect'on 2,
The danger of over-excursion during shock is met by the use of stiff
structure which experiences only small deformations from the impact.
These tvo shock responre effects are self-cancelling, a situation that
creates a design dilemma,

Classically, vibration mounts have been soft devices implying low natural
frequency., Unfortunately, the vibration enviromment extends to virtually
zero frequencies, Thus, the soft mounts and soft structure will resonate
within the service vibration frequency range contrained to the equipment,
causing maximum excursion and maximum dynamic stress, This characteris-

tic is at odds with the usual structural acceptance criteria of stiffness,

Two factors emerge from this apparent conflict between soft and stiff
structure:

1, There is no pat design approach that is successful in all cases,
Each structure must be evaluated on its own merits of stiffness
and fragility just as each equipment class is subjected to a
differing range of environments, What works for one may be dis-
astrous for another,

2. Shock and vibration effects must be evaluated simultaneously,
Minor changes in structural characteristics may cause little
response change due to shock, but may cause failure from
resonant vibration response, or vice-versa,

The characteristics of soft (low natural frequency) structure may be
sumarized as follows: soft structure may cause compound resonance of
secondary components, wire leads, and shafting, which are usually low fre-
quency elements; can cause secondury rocking modes of response; requiree
more space for excursion, larger packages, more danger from bottoming;
best suited for fragile components within the equipment package; attenu-
ates those excitations of frequencies above about 1.4 times the natural
frequency of the element, 2aC
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The higher natural frequency (stiff) structure also exhibits character-
istic response effects, such as: greater transmlissibility of energy to
secondary components; less strain and excursion, which implies more com-
pact equipment packages; exhibits no energy attenuation capability below
the natural frequency of the basic .tructure; generally causes less
fatigue of wires and small elements; limits the excursion due to over-
turning moments associated with high C,G, packages,

Sstiff
Response
Load
/ Soft
Response
Deflection =
Environmental
Frequency Range
-
Transmissibilty Amplification
Ratio Region
1.0+
Attenuation
Soft \ | Stiff Region
45 | f“ <;7
| \
L]

Frequency ——

"STIFF" VERSUS "SOFT" STRUCTURE: The load response characteristics and
resonant response effects of structure vary markedly with stiffness or
natural frequency.
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Section 3 - Design Approaeh to Structural Reliubility

DESIGNING EQUIPMENT STRUCTURE FOR STIFFNESS AND LIGHTNESS

S8tiffness and lightness imply higher natural frequency in equipment structure, The
results are not always beneficial, however,

In the preceding topic, some of the tradeoff considerations concerning
soft vs stiff structures were outlined, In general, stiffness is thought
+0 be a desirable characteristic in equipment structure, although there
are structural situations where the opposite is true,

Stiffness is a structural property characterized by emall elastic defor-
mations for a given load, The factors that tend to raise stiffness
include high material elastic modulus, good creep resistance (to minimize
time-load effects), high yield strength (to preclude plastic deformation),
short bending spans, and high area moment of inertia in the structural
sections, 8tiffness in an equipment package does two things for the
designer; stiff structures exhibit relatively higher natural frequencies,
and stiff structures deflect less under a given load, thus reducing rela-
tive motion arnd required clearances, which is manifest as more compact
packages, Stiffness in an equipment package also implies a greater abil-
ity to tranemit energy through structure, thus causing a potential hazard
to secondary elements that are mounted to the basic structure,

The classic transmissibility curve for a single degree-of-freedom system
illustrates the attenuation problem in stiff systems, The excitations at
freauencies belov the fundamental are amplified at least one times the
input; attenuation occurs oniy for frequencies above about 1.4 times the
fundamental, Thus, if the fundamental resonant frequency of the package
is higher than the environment, there will be no attenuation of energy
from the support structure; the secondary components will feel the full
intensity of the enviromment. This situation is not always fatal, but
should be recognized by the designer,

There are several practical steps that the designer may take to improve
the stiffness of the equipment structure:

1, Reduce the unsupported length of loaded members.

2. Provide moment carrying capability at beam support joints and
structural interfaces,

3, Use structural members in tension and compression, and avoid
bending elements, particularily the cantilever,

4, Use fasteners in shear, Avoid secondary bending and combined
tension-shear interaction,

5, Use reinforcing elements(such as gussets)st joints and inter-
faces,

6. Use structural configurations that have inherent stiffness, such
as the triangle and the truss, Avoid shapes that parallelogram
under loed,

- e NS .u-'mt,.
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7. Think in terms of capture rather than support vhen attaching
elements to basic structure,

8, Use small members and miniature components where practical, as
they tend to be more reugged and exhibit generally high natural
frequency.

Of equal importance to the concept of higher natural frequency in struc-
ture is the avoidance of excess weight, Natural frequency varies directly

with stiffness and indirectly with weight. Thus, a savings in one at the
expense of the other can be self-cancelling,

Weight-saving techniques are generally familiar to the designer. Some
ideas that may help reduce the veight penalty include:

1, Avoid unnecessary Joints and interfaces,
2., Use the high strength-weight materials where feasible,
3, Use the light alloys where the design criteria is merely bulk,

L4, Avoid redundant elements, Design for direct load paths that are
eagy to analyze,

5. Shave off excess material, Use lightening holes amd truss-like
configurations wherever possible,

" ~ 500 1o
150
5 QL N éll q l
T 1 Loading
I Geometry
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Stress
Bending
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Pulse Duration (Milliseconds) =
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STIFFNESS EFFECTS: Stiffness may be improved by judicious use of beam
section properties (1)
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Section 3 - Design Approach to Structural Reliability

TAILORING THE NATURAL FREQUENCY PARAMETER TO SUIT THE ENVIRONMENT

The designer should study the frequency plot of his required shock and vibration
inputs to optimize the fundamental frequency of Lis equipment structure,

The preceding topics have discussed the concepts of stiffness and light-
ness, and developed some design approaches to enhance these structural
factors, The effect of changes in these parameters have a parallel effect
on the resonant frequency of the structure, some of the details of which
are discussed in depth in Volume III of this Design Guide, To reduce the
design choices to the fundamental, there are basically two dynamic factc.s
vhich the designer may adjust by changing the characteristics of the sup-
port structure; the natural frequency of the structure, and the degree of
damping., Both factors affect the response of the equipment package to the
imposed enviromment; the frequency parameter affects the frequency range
at vhich the interaction occurs,

Natural frequency in simple structure may be estimated by calculating the
static deflection of the element under cne-g loading, Thus, all the
structural factors which affect deflection also affect natural frequency,

To use the selection of the basic frequency range to advantage, the
designer must first have a frequency-domain plot of the expected input
excitations, To illustrate this approach, the figure at right is offered;
a converted plot of random vibration response vs frequency for the road
mobility experiences of the Munson Road Test, This particular plot is
typical for wheeled vehicles, over all the Munson Courses, for a variety
of vehicular speeds, This test requirement is often imposed on equipment
modules that will be transported in the field by wheeled vehicle, such as
the M-35 truck,

There is a definite lull in the resonant response curve for structure
with a fundamental frequency in the range of 25 Hz, Obviously, the
designer would be well advised to use this figure as a first approximation
for stiffness criteria, It is also apparent that very soft support struc-
ture as vell as structure stiffer than 25 Hz will offer no relief in this
enviromment, This hypothetical curve applies to equipment subjected to
the Munson Coursre alone (aboard an M-35 vehicle)., The requirements of
other Quality Assurance tests which might be constrained to a given
equipment system would substantially alter this picture; the pl-+ serves
only to demonstrate the principle,

The natural frequency of beam-like structure may be estimated from the
static deflection of the structure under a one-g loading, with the fol-
lowing approximate formula:

Natural Frequency = x (approximately),

\static deflection

The lower plot at right presents a graphic solution for this approximation,
If the static deflection is known, an estimate of fundamental frequercy
may be derived, This concept is presented in greater detail in Volume II,
Section 3, and the chapter on "Natural Frequency" in Volume III,
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EXCTTATION ENVELOPE FOR }4-35
T VEHICLE OVER MUNSON COUK3E
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NATURAL FREQUENCY: This structural parameter .1as a great influence on
the response of an equipment system to the imposed environment.
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Bection 3 - Design Approach t. Structural Reliability

THE APPLICATION OF DAMPING TO A STRUCTURAL SYSTEM

The degree of damping present in a resonant aystem determines the uxtent of the
resonant rise, as vell as the decay rate of the response curve,

3-8

The preceding topics were concerned primarily with those factors that
affect the natural frequeincy parameter of the equipment support structure
and its components, A design prerogative of equal importance is the
degree of damping that the designer may wish to provide at jointo and
interfaces and in isolation devices.

The effect of damping in an equipment complex is manifest in the
"sharpness" of the response curve, illustrated at right. A lightly
damped system exhibits a high response at resnnance; the response then
falls off rapidly with an increase in frequancy input, until almost all
the energy is absorbed at 5-10 times the resonant frequency, The sharp-
noss of the peak and the response falloff rate are directly proportional
t0 the amount of damping present in the system,

A highly damped system, alternatively, exhibits a flat response curve,
The response buildup at resonance is slight, but the falloff above
resonance is also less rapid, The important point here is the design
choice of high vs low damping in the structural complex or isolators,
The response must be evaluated through the entire range of frequencies
contained in the imposed enviromment, The most damaging energies may
occur at frequencies other than resonance depending upon the input
intensity,

Damping may be manifest in a structural system by one of three basic
mechanisms, or their combination, Internal, or hysterisis damping, is a
characteristic measured by the matevial's ability to store and re’-as2
energy vithout loss; viscous damping which is a fluid dynamics phenomena;
and Coulomb-friction damping, Air damping is a fourth possibility, which
may be classifiod as viscous since the phenomenon generally follows 'Le
laws of fluid mechanics, Internal damping is largely a charactoristic of
the material used; viscous damping is velocity dependent, reflectirg the
relative motion between the oscillating body and the resisting body;
Iriction damping is proportional to the force being exerted upon the
moving interface and the coefficient of friction between the materials,

The chapter on "Dynamic Attenuation” in Volume III presents a spectrum of
attenuation devices arranged in order of the degree of damping present in
the systems, The designer may choose an isolating device with varying
amounts of damping as well as vary!iz natural frequencies,

Structural damping may often be introduced after the design is fairly well
established, without seriously compromising the intended function, Potting,
the use of conformal coatings, panel deadening materials, and compliant
spacers are examples of this application, Care must be taken to evaluate
the impact from other enviromment.s on the damping materi:l ac well as the
component, In general, dauping materials are most efficient in shear
applications, since they teri to act as a spring in tension-compression
situations,
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Damping
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RESPONSE OF A SIMPLE SYSTEM: The effect of damping on a resonating iystem
may reduce the response at resonance, but also increase the response

beyond N2 x fn.
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SBection 3 - Design Approach to Structural Reliability

MOUNTING FRAGILE COMPONENTS IN EQUIPMENT PACKAGCES

Iarly detazmination of the fragile elements in an equipment system is an important
design prerogative, Some general rules are outlined to implement this tssk,

3-10

The ideal equipment design 1s ore in which all the components are more
rugged than the imposed enviromment, This is, the fragility of all ele-
ments exceeds the inmput excitations, In this ideal situation, the opti-
mum design would consist of a relatively stiff support structure (to
minimize dynamic deflections), where each successively smaller element is
assigned successively higher matural frequencies,

In the practical situation, there are usually components that will not
survive the dymamic enviromment, A good general rule for both shock and
vibration is to haxd mount the basic structure, design the support struc-
ture for maxdimm stiffness (high natural frequency), and isolate those
elements that will not survive the raw enviromment, The isolation or
mounting frequencies of the fragile components should be about half that
of the primary structure, If compromise is necessary in the application
of this rule, then follow the concept that component resonant frequency
should never coincide with that of the support structure,

The previous generality is most effective in countering the vibration
enviromment, but poses a different problem for shock situations, Bort (8)
reports an increasing shock effect in structure exhibiting increased
mounting frequency. Thus the lower matural frequency bases would appear
to be best for shock applications, This approach, however, causes
increased activity from the secondary components, and more possidility of
collision iumage or overexcursion from the shock, This is particularly
true of the ballistic shock, constrained to class 4 and S equipments,
vhich is a high acceleration-short pulse duration experience,

The conflict in design philosophy here is apparent, The rule is; consider
all of the dynamic influences in preliminary design, evaluate both shock
and vibration effects, and get the system into pre-qualification testing
as soon as possible,

In the case where most of the equipment elements are under strength for
the imposed enviromment, then isolation of the entire equipment system

is the only altermative, In this instance, a stiff support structure is
indicated, particularily in the vicinity of the isolators, The components
should be stiffly mounted to the basic structure with increasing matural
frequency, as the element size becomes smaller, The selection of the
isolator characteristics is the subject of the chapter on "Dynamic
Attenvation" in Volume III, The rules for optimizing the frequency par-
ameter outlined in a previous topic are applicable,

()
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Vacuum
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COMPONENT STRENGTH: Determination of the most fragile elemesnts in an

equipment system is an important design task. Vibration resistance and

shock resistance vary widely for some common electronic components.
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Section 3 - Design Approach to Structural Reliability

A DESIGN OUTLINE FOR IMPROVED STRUCTURAL DYNAMIC INTEGRITY

SBome ground rules are offered as a systematic approach to the problem of dynamic
integrity in an equipment system, At best, the accepted design procedures are
complex, and at times contradictory,

3-12

A reviev of the published philosophies on the design of support structure
for shock and vibration enviromments reveals a variety of design approaches,
As stated previously, there appears to be no set solution to the problem,
Each situation must be reviewed in the light of the particular environ-
mental stresses and the fragility of the individual items to be housed
within the package,

8tiffness and high damping may be the best approach to some dynamic situ-
ations, vhile softness and nominal damping may be more effective for the
majority of ground environments, The decision to hard mount or isolate
must reflect the individual needs of the fragile components,

If the foregoing paragraphs appear complex and contradictory, then the
designer is vell into the problem, The design of structure that consis-
tently resists a varying shock and vibration enviromment is contradictory;
the analysis of multi-degree-of-freedom models of the equipment system is
indeed complex, The only method that is universally successful is a
design based on functional needs which is tested into structural ade-
quacy, This approach is costly and time-consuming,

There are hovever, some basis steps that the designer may follow which
will help him approach the problem in a systematic manner, and assist
him in avoiding some of the pitfalls along the way, In the final analy-
sis, any approach is a comparative compromise; a comparison of what the
equipment elements will survive versus what the imposed enviromment has
in store, and a compromise on the degree of safety and cost in mass and
money that the designer is willing to pay to achieve this survival,

The best background is experience, but experience may not always be
extrapolated to new dymamic situations, Nevertheless, the following
ground rules are offered as an approach that the designer may follow to
improve structural integrity in an equipment system:

1, Structural integrity is a "systems" problem, The Army Quality
Assurance provisions are written to qualify complete systems
rather than individual elements, The equipment is constrained
to function in the field as a unit, rather than a collection of
components, The designer must consider all the affecting fac-
tors and other euvirommental stresses, The best functionmal
system in the world is of no value in the field if it cannot be
transported there without failure,

2. A thorough understanding of the test and service environment is
essential to successful design, Assess the complete loading
criteria, and make a composite plot of all the imposed
excitations,
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In general, the environmental intensity for each equipment class
increases with increasing natural frequency. Soft structure
would then better resist damage, but would also require more
space for excursion.

Make a one=degree-of=-freedom approximation of the equipment
structure, and select preliminary structural frequency rarjes
and damping perameters that best counter the environment.

Identify the fragile elements that will not survive the raw shock
and vibration excitations. Use dynamic attenuation techniques

to protect those marginal elements. Provide ample stiffness at
the interface of the element to be isolated.

Design for capture rather than support. Dynamic loads are usually
omnidirectional. Keep the C.G. of the element within the support
pattern to reduce the effect of secondary rocking modes of
resonance,

Always analyze for both shock and vibration inputs. Any change
in the structural parameters required for one excitation will
undoubtedly affect the response characteristics caused by the
other,

After the preliminary loads criteria are established, an expert
dynamacist may be helpful in organizing a math model of the
structural system to analyze the transfer characteristics of the
system. An early estimate of the adequacy of the equipment
elements will result,

A structural model of the system with masses and stiffnesses
represented may also prove effective. The response character-
istice at critical locations under the impetus of shock and
vibration excitations may be measured in the lab,

fs the equipment system takes shape, early measurements of energy
-ransfer characteristics will be helpful. These measurements can
be taken nonedestructively from the actual equipment systems
using mechanical impedance techniques.

3-13
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VOLIME I
METHODOLOGY AND DESIGN PHILOSOFHY

SECTION 4 - USING THE DESIGN GUIDE

o Information Content of the Design Guide

o Hov the Design Guide Supports an Equipment Develcpment
Progran

A o Information Flow of the Amlytizal Procedure, Volume III
D . e Organization of Volume III, Related Technologies

o Application and Limitations of the Amlytical Procedure

o Valus Decisions Based Upon a Calculated Margin of Safety

o Amlytical Procedures for the Evaluation of Structural
Capability

e Bupporting the Validation Effort of an Equipment System
Development Program c

o Using the Bardware-Oriented Chepters of Volume III




} IT of the Design Guide will provide the responsible engineer with an idealized
iical mwalcmha-rmotnfcw. vuummm.m

- An equipment development program leading to an Army electronic equipment
system will generally enccmpass five steps in the evolution of a qualified
equipment system; issuance of an equipment procurement specificution,
generation of a system concept, a system design program, prototype fabri-
cation, and a qualification test program, Complete validation of the sys-
tem will then follow field trials under operational conditions.

Volume II of the Design Guide, "Anmalytical Procedures", will provide a
methodology for establishing first-cut dynamic characteristice of the
system after equipment class requirements are defined by the equipment
procurement specification, The class parameter will outline the input
locad spectrum resulting from Quality Assurance Provisions, The system
concept effort will in turn, provide preliminary structural character-
istics to the amalysis chain, after functional parameters and gross sys-
ten characteristics are defined from the procurement specification., Thus,
the analysis procedure outlined in Volume II will operate on the input
load criteria and first-cut structuwral definition to establish preliminary
structural boundaries for the formal system dezign program, As the sgys-
tem is more cleavly defined, an amalytical iteration will take place to
firm the structural parameters, After the first system prototype is
fabricated, the actual energy transfer characteristics can b. established
by measurement of mechanical impedance, Following design changes that
may be incorporated into the first system, the analysis procedure provides
for final safety margin calculations in support of equipment qualification,

Volume III of the Design Guide, "Related Technologies”, provides a back-
ground of the mechanical disciplines needed to support the equipment
development program. Although the chapters of Volume III are all design
oriented, the informetion may be categorized into three main areas; an
amlytical group which will support the calculations outlined in the
anslysis procedure; a group of chapters directed towards the equipment
Wmm,mumdm-wwwmtmm
validation phase of the program,

Since all of the sections of Volume I1l are concerned with packaging Army
electronic equipments for the shock and vibration enviromment, there will
maturally be some cross-over in the use of the material, The chapter on
Stress Concentration for example, will be useful to the packaging engi-
neer during the design, analysis and test phase of the equipment program.
The same is also true for Volume II; the analytical procedures outlined
will support the entire equipment program, from preliminary design through
gqumalification,

k-0
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SUPPORTING THE BQUIPMENT DEVELOPMENT PROGRAM: The guide will aid in the
development of an equipment system, procurement specification through system

qualification.
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Section 4 - Using the Design Guide

INPORMATION CONTENT OF THE DESIGN GUIDE

The fhock and Vibration Technical Design Guide is a collection of design-relevant
treatises on the design, amalysis, and fabrication of electronic ejuipment systems
constrained to survive the Army service enviromment and to be qualified by a unique

set of required dymamic tests,

lzuspunt Level Criteria : )
8V/10G gl
Volume I System Pac ng Concepts lg;a:rt

"Methodology ard
Design Philosophy”

"Optimum Mechanical
Packaging Handbook'

® Roadmap through the Design Guide | @ Packaging philosophy

_ ® Designing for dynamic integrity | ¢ Quality Assurance provisions
o Equipment class categories e Optimizing component location
e Limitations inherent in testing | ¢ Controlling dynamic enviromment

SV/DG
Volume II

"Analytical g:i:' -
Procedures” |

¢ Shock and vibration input spectrum by equipment class

e One D-0-I" Idealization
e Structural Response
Random
8inusoidal
ghock
o Strength Calculation
® Design Evaluation - Margin of Safety
o Illustrative Examples

Newv Equipment Concepts
Existing Equipments
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8v/ DG

Volume IIT

"Related
Technologies"

ARALYTICAL

Machanica

Btatics

Dynamics
Material Mechanics

Natural Frequency

Calculation, Estimation
Measuremant
Application & Control

" VALIDATION 1
¢ Dynamic Simulation

Test Excitations

Betup & Fixturing

Quality Assurance and
Developmental

# Instrumentation

Data Acguisition
Data Reduction
Transducer Application

e Proodlity

Pragility Burfaces

Fracture & Failure Nodes

Calculation, Estimation,
Measurement

Fqud pmsnt

Mechanical Impedance

Tranafer Function
Impedance Matching

Bystem

Measuremant, Application

Stress Concentration

Btress Raisers
Geometric Anamolies
Noteh Bensitivity

Patigue

Minimizing Fatigue
Effects

Decreasing Dynamic
Btress

Increasing Dynamic
Integrity

—

HARDMARE 1
¢ Dynamic Attenuation

Isolation, Absorption

Damping, Tuning
Characteristics, Selection

# Materials and Processes

Material Selection
Proper Manufacturing Tech,
Process Belection

¢ Mounting & Installation

Attachment, Interface
Design Constraints
8ige, Weight, Shape
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Section 4 - Using the Design Guide

INFORMATION FLOW OF THE ANALYTICAL PROCEDURES, VOLUME III

The analytical procedure is essentially a response calculation which designs a force

related number by factoring the imposed input with an energy transfer furction.

Loy

The analytical procedure offered in this design guide 18 presented on the
premise that a value decision relating the dynamic integrity of a struec-
tural element may best be expressed as a number, or safety margin. The
margin of safety 1s calculated by comparing the anticipated dynamic
response of the element with its measured or calculated fragility. The
safety margin is thus a numerical comperison of dynamic strength with

dynamic load.

The essence of the response calculation is the definition of a force
related number (for easier comparison with fragility) by factoring the
input disturbance with an energy transfer function; that is,

Response = Input x Transfer Function. The input excitations, as previ-
ously indicated, are a matrix of static equivalent accelerations result-
ing from the required Quality Assurance tests. These inputs are arranged
as to category, (steady-state, random, and shock loads) and are designated
by the equipment specification. The transfer characteristics are largely
dependent upon structural parameters (such as natural frequency and
damping) which are measured, calculated, or estimated from the equipment
system, Tt follows that the better the estimate, the more confidence may
be expected from the response calculation.

A limitation in the accuracy of the response is inherent from factors in
the equation. Input excitatlions are defined for the total system only,
since the tests are required for entire equipment group. Inputs are
measured or defined at the interface of the test machine with the equip-
ment base, providing system rather than component loading information.,
Furthermore, some impedance feedback of specimen to machine is likely in
some of the Quality Assurance tests, making complete load definition
difficult.

The transfer characteristics are also subject to some speculation, par-
ticularly in the preliminary design effort where very little phase
information exists to describe the dynamic relationships between indi-
vidual spectural elements. As the design progresses to a well simulated
model, better information may be calculated and measured.

A general model of the analytical procedure is illustrated in the accom-
panying figure. The first line of design information is derived from the
equipment specification. Contractural requirements of equipment class
and resulting Quality Assurance tests lead to a spectrum of input loads.
The specification also provides the first-cut system concept parameters,
leading to preliminary estimates of energy transfer character‘stics. The
calculated structural response in turn provides one element ot the com=

parative analysis,

The resistive capability of the equipment element is then factored into
the comparison by measuring, calculating, or estimating the equipment
fragility. The resulting caomparison leads to a safety margin which may
be accepted, rejected, cr refined as the case dictates, If the alterna-
tives are refine or reject, then the entire analysis loop must be

i
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iterated, Changes in the structural characteristics to lmprove fragility
for example, will usually also affect the elements resonant parameters,
transfer characteristics, and ultimately response; a new safety margin

" calculation is then needed,

e FIXED, CONTRACTURAL
Equipment REQUIREMENTS
Specification
® Equipment Class
® Quality Assurance
Tests
System
goncepy ¢ Equipment Class Input
Loading Spectra
Equi % Measure,
— uipnen Estimate,
System or Calculate
Structural . \ 4
Parameters
Measure c Structural
—Calculate, Response
or Estimate Calculation
Equipment
Fragility
1 Comparative
Analysis
Reject or Refine

ANALYTICAL PROCEDURE: An iterative process is offered to evaluate the
response of an equipment structure to the imposed dynamic énvironment.
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ORGANIZATION OF VOLUME III,"RELATED TECHNOLOGIES"

The design-relevant information presented in Volume III is organized into threae
functional categories; the mechanical engineering disciplines of analysis,

validation, and hardvare application,

Volume III of the Design Guide, "Related Technologles", is a compendium
of design aids, technical details, and mechanical disciplines that are
useful in structuring the electronic equipment package, The information
is presented in straight mechanical engineering terms, and is generally
oriented for the structural design engineer, There are sections of the
Volume that will be useful to other technical disciplines related to the
design of structure for the dynamic enviromments; the Project Engineer,
loads and stress analysts, test engineer, as well as the equipment
packaging designer will find information of use in performing his par-
ticular speciality,

The elements of Volume III are categorized into three areas of roughly
similar technical content; analysis, validation, and hardware, There
will of course be much cross-over of information between the categories,
For example, the analyst and the designer will both be vitally interested
in stress concentration, while the stress analyst and test engineer will
be concerned with instrumentation problems, The program manager or
project engineer will probably be interested in all of the fields, since
a general knovledge of all the technical details is vital to his decision
making processes,

The analytical section of Volume III will include chapters on basic
mechanics, natural frequency, fatigue, stress concentration, and mechan-
ical impedance, The second category, hardware, is typically concerned
with the nuts and bolts aspect of the packaging problem, and includes
chapters on dymamic attenuation, materials and processes, and mounting
and installation techniques, The group of chapters concerned with vali-
dation are test oriented, and include dynamic simulation, instrumentation,

and fragility.

The intent of each of the chapters in Volume III is tc acquaint the
reader with the language of the particular field, and summarize the
knowledge of the techniques in abstract form, A bibliography is included
in each chapter which not ¢rnly supports the thesis of the chapter, but
also vill offer an annotated reference list on the subject for study in

greater depth,

Each of the chapters is introduced in context with the equipment pack-
aging problem for the unique Arwy shock and vibration enviromments, The
appendix of each section includoes a glossary and symbology list, and a
collection of handbook type data of use to the mechanical engineer,

Some of the technical material offered in the "Related Technologies"
volume will appear rather basic and somevhat tutorial to an engineer who
1s expert in that area, The scope of the material presented in this
volume is intended to acquaint the reader with the discipline, to reviev
the material for those who have been awvay from school for a number of
years, and provide a camnon base of language from vhich further study can
build, Many technical people concernsd vith packaging have matriculated
from the electrical fields, and thus have a great need for information
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in the mechanical disciplines, Similarily, structural engineers may
often be weak in instrumentation, isolation, testing, or metallurgy. The
rhilosophy of this volime is then, to sum the diverse technical skills
needed to accomplish the equipment packaging task,

VOLUWME III — RELATED TECHNOLOGIES

ical

o Basic Mechanics

® Natural Frequency

e TFatigue

e Stress Concentration

e Mechanical Impedance

Hardvare
¢ Dynamic Attenuation
o Materials and Processes
o Packaging Design Techniques

Validation
¢ Dynmamic Simulation
¢ Instrumentation

o Fragility

S

VOLUME IXI, RELATED TECHNOLOGIES: A compendium of design aids, technical
details, and mechanical disciplines that are useful in structuring the
electronic equipment package.
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APPLICATION AND LIMITATIONS OF THE ANALYTICAL PROCEDURES

The analysis approach is based upon the response characteristics of an idealized

single-degree-of-freedom modal for which the matural frequency and resonant rise is

known or can be satisfactorily estimated,

The intent of the analytical procedure presented in Volume II is to provide

the packaging designer with an approach to the numerical evaluation of an
equipment structure and its components, The elements of this analytical
process are inputs, transfer functions, responses, fragility, and the
calculation of a safety margin, Stated in general terms, a procedure is
defined to assess the dynamic strength of the structural element and com-
pare this value with the anticipated eavirorment,

The source of mmerical loads for system input, the start of the analysis
chain, are the excitations resulting from the required Quality Assurance
tests, The details of these loading criteria were discussed in depth in
& preceding section of this volume, There are important limitations to
these input loads which the analyst must recognize; the loads are defined
on a system basis for a specimen of indeterminate resonant character-
istics. As the actual equipment structure varies from the norm, so do
the exact values of the input excitations,

The idealization of the complex system with a single degree-of-freedom
model has certain inherent limitations, The approach does however, offer
a simplified procedure for defining the first-cut responses of the com-
Plex syatem, The determipation of dymamic strength which results from
this calculation is a reasonable approximation of the first resonant mode
of the equipment system, Disastrous failu s most often occur due to the
first resomant peak of the system, Then, as the system structure becomes
better defined and the prototype model is fabricated, the actual transfer
characteristics may be measured by impedance techniques, This non-
destructive measurement will reflect the exact phasing relationships
within even the most complex structure,

The amalysis approach is based on the response characteristics of the
element for which the resonant frequency and resomant rise are known or
can be adequately estimated, The input loads are expressed in terms of
an equivalent static force or acceleration plotted against natural fre-
Quency, Comparison of fragility with calculated response, leads to a
value decision based upon the safety margin, a concept discussed in
detail in the following thesis,

An impoartant feature of the expression of inputs in force related numbers
is the use of frequency-domain plots, The response of the structural
element to a given input, is dependent upon matural frequency and damping,
Further, all input excitations are then viewed on the same scale, an
approach which allows easy determination of the most critical frequency
ranges for a given equipment class, This knowledge alone is helpful to
the designer in selecting stiffness ranges and isolation frequencies
vhich will be optimum for his equipment,
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Elements of the
Analytical Procedures

Some Important Limitations

Input Excitations

Response Characteristics

Fragility Comparison

Safety Margin

Value Decision

Uncertain Test Load Inputs
System Level Only

One D-0-F Approximation
Difficult to Estimate Complex
System

Little Data Available During
Preliminary Design Phase

Validity Dependent Upon Previous
Analytical Elements

Validity Dependent Upon Previous
Analytical Elements

THE ANALYTICAL PROCEDURES: A numerical evaluation of the structural

adequacy of the equipment package.
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VALUE DECISIONS BASED UPCN A CALCULATED MARGIN OF SAFETY

The intent of the analytical procedure is to provide the Mechanical Engineer with a
method of calculating a safety margin., Follow-on procedures are based on this margin,
vhich may be negative, positive, or borderline.

L-10

The elements of the analytical prccedures outlines in Volume II are
pointed towards the last comparison process in the chain, the value
decision on the structural adequacy of the element in its intended
dynamic enviromment based upon a calculated margin of safety, This cal-
culation chain is, in practice, an iterative procedure, and is usually
upgraded as better information becomes available to the analyst.

The calculated safety margin will conveniently fall into one of the fol-
lowing groups; acceptable, very negative, very positive, or a borderline
(marginal) situation., The very positive or very negative margins are
critical and demand immediate attention by the analyst and structural
designer, The net effect in the equipment system is an overweight penalty
in an excessively positive margin situation (which is intolerable in
modern mobility concepts), or a dymamically weak structure in the case of
the negative margin, leading ultimately to a service failure, The inter-
mediate case, or borderline margins are often the most demanding since no
clear-cut action is indicated and the fixes are usually more subtle and
less responsive. Acceptable margin implies sufficient dynmamic integrity,
and the design 18 left as 1is,

Safety margins which are very negative usually occur only in the prelim-
imary design phase, with the exception of a gross oversight. In most
cases, direct and usually severe action is indicated, since service
failure is almost ‘nevitable, Some of the first corrective design steps
include a strengthening or stiffening of major support atructure to avoid
any damaging resonant situations; or isolation of the most critical
fragile components, Some of the more drastic design changes precipitated
by very negative margins include: isolation of the entire equipment
system; a complete redesign of the major structural elements; restriction
of the system operational enviromment to reduce the anticipated excita-
tion severity; or a downgrade in the equipment class to a less demanding
category, All of these altermatives are expensive and constitute a major
change in the system structural concept. Obviously, highly negative mar-
gins should be avoided,

Very positive margins alternatively, do not usually cause catastrophic
failures but more often result in system operational degradation due to
overwveight, Some of the most effective design changes indicated in this
case are: the use of lighter alloys for major atructure, such as magne-
siun and aluminum substituted for steel shapes; reduction of the number
of structural interfaces, which has the effect of reducing the number of
Joints; design of major structure at a constant stress (constant margin)
using a consistent material for maximum material efficiency; reduction of
the number of isolated components wherever practical, to reduce the
veight expenditure for structural interfaces and isolation units; upgrade
the operatiomal category or equipment class,

In those marginal cases where the safety factor is minimal, certain
design steps may be taken to improve the situation without a major
revork, These approaches include: local stiffening of critical structure,
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particularily joints; detuning of resonant structure by adding masses
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and springs; damping of vibrating panels and elements to reduce resonant
rise; isolation of critically fragile elements; and change in the mode of
support to alter the resonant frequency of the element,

VERY NEGATIVE MARGINS
o Complete Redesign

e Isolation of Entire
System

e Strengthen Major Structure

e Isolate Critical Fragile
Components

o Downgrade Operational
Category

@ Reatrict System Operation

i

VERY POSITIVE MARGINS

¢ Check for Constant Stress/
Stiffness

® Reduce Structural Inter-
faces

¢ Hand-Mount Elements Where
Practical

o Uge Lighter Alloys

¢ Upgrade Operational
Category

Elements

Rige

BORDERLINE MARGINS

e Local Beef-Up of Major
Structure

e Isolate Most Fragile

¢ Detune with Added Mass

® Support Alteration for
Mode Change

¢ Damp to Reduce Resonant

e Stiffen and Damp Joints

o B o BeTadiile

MARGIN OF SAFETY: Alternative courses of action are indicated for the
varying margin situations,
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ANALYTICAL PROCEDURES FOR THE EVALUATION OF STRUCTURAL CAP/BILITY

An amalyticelly coriented category of chaptere is presented in Volume III to assist the
evaluation effort, These chapters include treatises on BPasic Mechanics, Natural Fre-
quency, Fatigue, Stress Concentrstion, and Mechanical Impedance,

The analytically oriented group of chapters within Volume III are treatises
on Basic Mechanics, Natural Frequency, Fatigue, Stress Concentration, and
Mechanical Impedance, Although the material presented in this group is
primrily directed towards the design and evaluation of new equipment con-
cepts, the material will also be useful during the validation of equip-
ments and the analysis of failed elements for fault isolation and correction.

The chapter on mechanics is intended to be a refresher on the mechanical
disciplines of statics, dynamics, and mechanics of materials, It is
assumed that the reader has had some course work in these areas and is
basically familiar with the material, The chapter will then serve to
peak-up his knowledge, review the approaches and terminology, and gener-
ally provide the procedures for evaluating & complex structure, The
material covered includes the concepts and methods used in force analysis
of static structures, the determinmation of stresses in members, and the
dynamics of vibrating systems,

The mechanics chapter will support the analytical procedures outlined in
Volume II, and will fimd utility with all the technical people interested
in effective packaging; the Project Engineer, structural designer and
amlyst, The material is heavily stress oriented and leads into the
evaluation of stress effects, and hence safety margin, Since the analysis
chain is an iterative process (as the dynamic parameters pass from the
conceptual to the hardware phases) the disciplines outlined in the
mechanics chapter will be applicable throughout the evolution of the
equipment system,

Moving one step further into the detail of a structural analysis aimed at
dynamic integrity, the analyst and designer will be concerned with the
parameter of matural frequency, The chapter on matural frequency will
establish the importance and limitations »f the resonmant parameter, and
discuss in detail the application of fundamental frequency to balanced
structural design. In addition, this chapter will provide ground rules
for the measurement, estimation, end calculation of matural frequency,
The intent of this chapter is to ocutline, for the designer, the major fac-
tors affecting fundamental irequency, and the usual methods for shaping
the parameter into more efficient structure. 8Since matural frequency
does reflect the important structural elema~ts _such as support mode,
deflection characteristics, and material el'.stic modulus), the designer
must understand their impact and use these elements to his advantage,

The phenomenon of fatigue is of vital importance to structure which will
be subjected to dynamic enviromments, Excessive vibratory stimulus
usually results in a fatigue failure of the material; in some cases where
repeated shock loadings excite a structure at resomance, a fatigue failure
my also be induced, The chapter on fatigue addresses the basic design
choices available to the equipwent package engineer; improve element
strength or reduce the dynamic stress effect of the structure exposed to
fatigue conditions, This section discusses the nmature of fatigue, the
mjor factors affecting fatigue strength, and the accepted analysis
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procedures for structural fatigue evaluation, The fatigue chapter also
outlines the methods for the application of fatigue technology to equip-
ment packaging problems, and the design techniques for the improvement of
fatigue resistance in support structure,

Most failures of engineering materials emanate from an incipient flaw or
stress discontinuity within the structure or material, These stress mag-
nification effects are known as stress raisers and are evaluated by stress
concentration factors, The chapter of Volume III devoted to stress con-
centration is intended to establish the importance of the stress raiser
effect to the design of equipment packages, and generally outline the
influence of stress concentration on dynamic structural integrity., Data
is presented which evaluates the concentration effect in terms of the
theoretical factor, the fatigue stress concentration factor, and material
notch sensitivity, Stress amplification in structural members is illus-
trated by strength calculations for elements subjected to static, impact,
and repeated loads, Some rules and suggestions are outlined to reduce
the stress amplification effect in ejuipment structure,

Mechanical impedance techniques represent a new approach to the evaluation
or structural response in complex systems, Impedance analysis provides

a methodology for the mumerical evaluation of the coupling effects and
energy transfer characteristics of dynamic excitations in multi degree-of-
freedom systems, The chapter on mechanical impedance introduces the
reader to the basic concepts, language, and limitations of the approach
and outlines the electrical anmalogy of impedance, The impedance charac-
teristics of mechanical systems are discussed and the concept of four pole
system analysis techniques is outlined to assist the analyst in using this
tool, The experimental possibilities of mechanical impedance evaluation
of complex systems 1s offered as an approach to energy transfer analysis,
one factor in the analysis procedure presented in Volume II, The appli-
cation of the technique vo practical hardware is offered for cases
involving shock attenuation, vibration isolation, and noise control,

VOLUME III - DESIGN ARALYSIS CHAPTERS

¢ DBasic Mechanics

o RNatural Frequency

e Fatigue

o Stress Concentration

o Mechanical Impedance

VOLIME III: The initial set of chapters in this volume of the Design
Guide, will review the analytical disciplines important to the evaluastion
of equipment structure.
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VOLUME I
Section 4 - Using the Design Guide

SUPPORTING THE VALIDATION EFFORT OF AN EQUIPMENT SYSTEM DEVELOPME. /ROGRAM

A category of test oriented chapters are presented to assist the design engineer
through the validation phase of his program, These chapters include treatises on

Dynamic Simulation, Instrumentation, and Fragility,

The success of an equipment development program is generally measured in
terms of the operational suitability of the system, One of these opera-
tiopal suitability parameters is the structural adequacy of the system
during service envirommental influences, The Quality Assurance provisions
are directed towards the demonstration of this structural adequacy under
loading duress, particularily shock and vibration, Thus, the shock and
vibration tests are conceived to demonstrate the dymamic structural
integrity of the equipment system during eaccelerated and simulated ser-
vice conditions, To assist the designer-analyst, and responsible equip-
ment program manager through this phase of the equipment development
program, a group of chapters is presented in Volume III dealing with the
validation of the equipment system, These chapters include treatises on
Dypamic Simulation, Instrumentation, and Fragility,

The Dynamic Simulation chapter describing the actual testing aspect of

the validation effort, is divided into two categories of shock and vibra-

tion testing: developmental testing, which is largely exploratory and is

designed to establish the structural parameters of the system to assist

the amalysis procedures, as well as establish a confidence that the sys-

tem will in fact pass the required tests; and the Quality Assurance tests,

vhich are a contracturally required group of teats, reflecting the needs

of a given equipment class, The intent of this chapter on dynmamic testing N
is to present some of the qualitative aspects of the range i tests
unique to Army electronic equipment validation, Detaile are g.ven on the
physical description of the individual tests, such as in“ormation of the
test machines, fixturing needs, test parameters, failur¢ or acceptance
criteria, and some of the important functional and phys’ ‘al limitations
of the test, The primary concern of the designer and aralyst is the
dynamic excitations resulting from the tesct spectrum, Acc lerations
peculiar to the individual tests are plotted in the frequercy domain to
illustrate the damage potential inherent in the experience. The sumation
of these inputs, by equipment class, is the basis for the design criteria
presented in Volume II, "Analytical Procedures," Some design-relevant
observations are presented for each of the imdividual tests, including
information on the pulse shape, load iteration, and random aspects of

the dynamic stimuli.

A frequently misused and often misunderstood aspect of the testing dis-
ciplines is the science of instrumentation, Instrumentation, as it is
presented in Volume III, deals with both data acquisition and data
reduction, In the testing business, a great deal of data is usually
accumulated for a range of tests, The subsequent value of this informa-
tion to the equipment designer is more often than not lost due to a
variety of inlluences, most of which could be avoided by proper pre-test
pmm.

Some of the important decisions that must be made by the responsible
engineer prior to the test include: an overview of the end-use of the

information, including the desired format of the data; the type and range
of the transducer to be employed; the location of the transducer on the (“
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test specimen (this point alone accounts for & good deal of lost data);
and a good idea of the rarameters of the peripheral gear to be used vith
the transducers, such as tue degree of sigmal conditioning and filtering
that will be employed, The central theme of the Instrumentation chapter
is aimed at providing answers to these and other questions concerned with
dypamic data provisions, in a language understandable to the mechanical
engineer, A good portion of this chapter deals vith the marual and auto-
matic data reduction techniques currently available to the structural
engineer, and how he may more efficiently use the facilities for improved
structural integrity.

The Fragility chapter is directed towards the problem of equipment fail-
ure, and how the failure surface may be expressed in terms useful to the
mathematical process, The resistive capability of an equipment element

to shock and vibration excitations is one half of the anmalytical process
leading to a safety margin, This chapter addresses the problem of defining
this surface in engineering terms,

The failure modes of various equipment levels is discussed, along with the
fracture characteristics of common engineering materials, Equipment fail-
ures are classified into two basic groups; failure by the first influence
of load, or failure due to the repeated application aspect of load, such
as vibration, Failure may be a fracture or fatigue of the base material,
an elastic instability, an over-excursion or bottoming, or a functional
failure or degradation following the dypamic stimulus, The details and
differences inherent in these failure modes are discussed in this chapter,
and the design inferences and importances outlined,

VOLUME III — CHAPTERS ON THE VALIDATION OF EQUIPMENT SYSTEMS

e Dynamic Simulation

¢ Instrumentation

e Fragility

VOLIME III: A group ~f chapters are presented to assist the designer and
Project Engineer through the validation phase of an equipment development
program,
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Section 4 - Using the Design Guide

USING THE HARDWARE-CRIENTED CEAPTERS OF VOLW.XE III

Dissertations on Dynamic Attenuation, Materials and Processes, and Packaging Design
techniques are directed towards the packa engineer,

The last group of chapters in volume III deal basicaily with hardware
disciplines and are thus directed towards the packaging engineer and the
problems of support structure for the equipment package, The group con-
tains summary treatises on Dymamic Attenuation, Materials and Processes,
and Mounting and Installation Techniques,

The Dynamic Attenuation chapter deals with the array of devices available
to the designer for the control of the dynamic enviromment within the
equipment itself, The concept of attenuation is developed as a means of
categorizing the common energy absorpticn techniques; isolation, absorp-
tion, and damping, A spectrum of these devices is cataloged on the basis
of response of the attenuator, an independent variable which relates the
resonant rise of the device, The selection procedure offered in this
chapter matches the anticipated enviromment with the component fragility,
to arrive at an allowable transmissibility curve, This plot then dis- .
plays the frequency ranges that are critical, and provides the basis for
the selection of a suitable attenuating device, The response spectrum

is supported by a discussion of the mechanical characteristics of the
materials employed in the available attenuation devices., A section on
the details of current attenuation techniques is featured in this chapter,
The approaches and hardware recommended in this section are based upon an
arbitrary equipment "level" c ’uieation, developed in the Optimm
Mechanical Packaging Handbook, The equipment levels used are component,
sub-chassis, chassis, and console, and include discussions on techniques
of isolation and absorption as attenuation procedures.

The Materials and Processes chapter provides an overview for the mechan-
ical designer on the optimizing of packaging materials, their heat treat
processing, and the array of manufacturing processes that may be applied
during fabrication of the equipment system, The concept of balanced
design is introduced; the numerical comparison of the stress induced in
the equipment from the dynamric enviromment with the resistive capability
of the fabricated structure, or dynamic structural integrity, The mater-
ials portion of this chapter deals with the important physical properties
of engineering materials, how these properties are determined experi-
mentally, and the characteristics of the metallurgical mechanisms influ-
encing strength, such as wear, surface effects, and alloying elements,

A summry section on materials presents some guidelines for the selection
of an optimum material for a given structural application, The alloys
cataloged include the ferrous alloys, aluminums, magnesium, copper and
nickel alloys, beryllium, titanium, and some common plastics, The manu-
facturing processes are categorized into three groups; joining procedures,
forming procedures, and material processing procedures, All of the
important fabrication processes may be lumped into one or more of these
categories, The emphasis of this chapter is directed toward the physical
aspect of materials and manufacturing procedures as they relate to
dynamic structural integrity. The scope of the information and data
covered summarizes the physical material characteristics for the designer
to promote more effective equipment packaging, Some metallurgical and
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fabricational problems will necessarily fall outside of these boundaries,
but will be recognizable to the non-expert so that help may be sought.

The chapter on packaging design techniques will probably by the most often
used of Volume III by the mechanical packaging engineer., The subject
matter covers the nut and bolt aspect of effective equipment packaging.
This chapter will supplement the preceding section of Volume I on packag-
ing methodology, since the design approaches and philosophies developed
there will be implemented in the mounting and installation chapter. Some
0. the details presented inclule design tips for the support of fragile
components, the application of isolation and absorption devices, the
design of interfaces and attachments, designing for proper accessibility,
the impact of reliability and other operational suitability requirements,
and some design constraints associated with the application of engineering
materials and manufacturing processes.

VOLUME III — HARDWARE ORIENTED CHAPTERS

e Dynamic Attenuation
e Materials and Processes

e Packaging Dusign Techniques

VOLUME III: This volume also presents a group of chapters concerned with
the hardware aspect of equipment packaging.
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VOLUME I
Section S - Appendix

TYPICAL WHEELED VEHICLES

Vehicles Gross Weights (1b)
Truck, cargo, 3/4 ton, Lxk, M37 7,500
Truck, cargo, 2-1/2 ton, 6x6, M35 17,500
Truck, cargo, 2-1/2 ton, 8x8, M4lO 13,750
Truck, cargo, 1l0-ton, 6x6, M125 52,000
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TYPICAL TRACK-LAYING VEHICLES

Vehicle Gross Weights (1b)
Carrier, personnel, T116 10,500
Carriage, gun motor, M56 15, 000
Carrier, armored, personnel, M113 23,000
Tank, 90-mm gun, M4l 52, 000
Tank, main battle, 105-mm gun, M60 103, 000
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Section 5 - Appendix

EXAMPLES OF CLASS I THROUGH VI EQUIPMENT

CLASS I EQUIPMENT: Transported as loose cargo or manpacked.
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MANPACK EQUIPMENT: This portable equipment is often housed and trans-
ported in a single case., Design consideiation must also be given to

exposure to environmental extremes, as well as the transport shock and
vibration inputs.



VOLUME I
Section S5 - Appendix

EXAMPLES OF CLASS I THROUGH VI EQUIPMENT (conti ued,

5-6

CLASS II EQUIPMENT: This categciy .ncludes equipment which is normally
installed in a shelter or van, and is operated within this shelter
while the transport vehicle is at rest., The fragile equipment is some-
times shock-mounted.
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CLASS IIT EQUIPMENT: Equipment in this category is installed in much
the same manner as Class II Equipment, except that the equipment sys-
tems are required to function while the vehicle is in motion.
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EXAMPLES OF CLASS I THROUGH VI EQUIPMENT (continued)

5-8

CLASS II AND III EQUIPMENT: Equipment in these classes are firmly
affixed to the transport vehicle. They may or may not be constrained
to operated while the vehicle is in motion.

CLASS IV AND V EQUIPMENTS: Equipment in these classes are normally
installed in (firmly affixed to) a tracked vehicle, or an equipment
shelter which is transported by a tracked vehicle, The distinction
between classes IV and V depends upon whether the egu!pment is con-
strained to operate in motion (V) or at rest (IV).
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CLASS II/III AND VI EQUIPMENT: Although there may be a functional similarity
between equipment classe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>