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FOREWORD 

This Design Guide resulted from a study program conducted by the Environmental 
Engineering Department of Hughes-Fullerton, Hughes Aircraft Company, 
Futlerton, 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 DAAB07-67-C-0111.  The USAECOM Project Engineer was 
Mr. J.J. Oliver!, 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 Army 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 Design 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.B. 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. 
0AAB07-67-C-011?., issued by the United States Army 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 will 
thus enable the Project E.^'^-er to evaluate basic dynamic design situations that 
arise in the development of nis equipment system. 

Although the Design Guide is written with the Mechanical Project Engineer in w 
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. 
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BOOK ABSTRACT 

Volume I, 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 II, Analytical Procedures, presents a straightforward 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 III, 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 includes disserta- 
tions on analytical tools and procedures, validation procedures, and hard- 
ware oriented disciplines. 
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VOUMI I 
MBHOPOLOOY AXD DBZOH PPLOflOPHY 

AB8DIACT: 

*'Oa» latent of this VOIUM it to provlda an anr«nrl«v to the Mechanical 
Engineer on the approach he will uae in designing dynamic structural 
integrity into the equipaant package under consideration.   Th« elwanti 
of this general discussion include: 

• An introduction to the subject of structural dynamics« the 
characterstics of a shock or vibration excited system, and a 

of the design choices available to the designer. 

* Jrdiscussion of the kevy transport methods employed in the field, 
how they relate to the Army equipment class categories, how the 
equipment class is used to define Quality Assurance tests, and 
ultimately the input loading criteria for the equipesot system. 

•v* v design approach to structural reliability which is supported by 
the Design Guide, including some ground rules for tailoring 
natural frequency and damping to optimise the inherent dynamic 
resistance of the equipment package.  , 

* i. roadmap through the Design Quids, and a qualitative overview of 
the design relevant information contained in Volume III and the . 
application and limltottons of the analytical procedures outlined                                  *-*" 
in Volume II. t 
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METHODOLOGY AND DESIGN PHILOSOPHY 
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VOLUME I 

MBTHODOLOOT ARD DKIQM PHILOSOPHY 

SSCTIGH 1 - IFFRGDUCTION 

• Dynudc Structural Integrity of Electronic Equipment 
Fuckegeo 

• The CbareeteriBtict of a Vibrating System 

• Shock Effects in Equipment Structure 

• The Single Degree-of-Freedom Concept 

• Control of the Dynamic Environment 

* 
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--~ lloUGD l - lDt:roduction 

A 'balaDce between eD'f'iroDDental strese am structural adeq1acy is the best approach 
to 4;p!!d.c 1uteg1t,y. 

1-0 

1he 1tructur&l neceeaities iJaposed upon Arrrq electronic equip!lent elements 
b7 lhoclt aD1 vibration require.lrts are the 11101t eevere and deDBDling of 
&ll the mecm.nical disciplinea needed to accomplish the packagins task. 
!~here il probabq more materiM avaUable in the technical literature on 
~ca aD1 leae basic underetandins of the phencaena on the part ot the 
Mecbanical Paclalglns BDgl.neer tban all the reet of his requirements. 'lbis 
occur• in part ae a ree\llt ot the caapl.exity of the dytlamic sciences, and 
part traa a ccaa.mications gap between the people doins the applied 
reeearch, &nd the people performing the package design function. 'lbis 
design guide will attempt to bridge some ot this knowledge gap by out­
Untng a design methodology-, an analysis procedure, and a caupendium of 
related mecbanical dieciplines, 

In the p&.st, a designer could atten afford the luxu:ry ot ultra-conservative 
loading criteria, since most of the mechanical systems were ground mob­
ilized, and hence bad an abundance ot power available for the task. 
Modern transport modes by aircraft and helicopter have placed increased 
empbaais on vei8)lt and bulk of Aniiv equipment paclsages. 'lbe sledge-hammer 
approach to support structure is no longer an acceptable alternative; all 
thie coupl.ed with hi8)ler relit\b111ty constraints, two trems whi,ch are 
diTergent, · 

Balanced design is the proper correlation between strength and stress. 
Aa the strength side ot the equation is ~uced vi th min.im!l.l aatety mar­
gin (a necessary consequence al reduced bulk), c.loaer definition ot the 
structural integrity ot the package is then required to proportionately 
reduce the pad on input loads. 'lbis is another way of a~ng tbat more 
rigorous analytical techniques &l:e indice.ted to exercise the structure at 
his!ler stress levels, while mairrbaining a high level ot reliability. 

Dynamic structural integrity, as the term is used in this design gui'ie, 
is the i nherent ability of the equipr~ent support structure to sustain the 
ltress induced by shock and Vibration loadings. 'lbe approach to the 
problem ot 1naur1ng integrity entails an understanding of the 6ever1ty of 
the input excitations, the mecbanisms o'! energy transfer through the 
structure, the material characteristics and fabrication processes which 
make up the structural package, and a V&l'iet,y ot other mechaniC'.&l disci­
plines which ~ enb&Dce the capability o! the structure. 

The analytical procedures outlined in Volume II are methods for numerically 
eval.1atins structural integrity. 'lbe approach is based upon the premise 
that static equivalent acceleration~ be calculated fran input loads 
and dynamic transfer characteristics. 'lbis effective load may then be 
cca.pared vi th element strength ( tragili ty) in the frequency dcmU.n1 and 
a tactar ot satety calculated, '!bus, the. value decision made as a result 
ot this analysis is based upon numbers, fran which a numerical confidence 
'lllq' be calculated, 

Volume III at the design guide presents a sUIIII:l!Ll",Y ot mecbanical disciplines 
and ak1lls needed by the Mechanical ProJect EJ'Igineer to properly evaluate 
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VOLUME I 

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 
iuality AssuranceJ 

Requirements o Functional 
Concept 

THE SHOCK AND 
VIBRATION 
TKHNICAL 
DESIGN GUIDE 

Volume I 

"Philosophy 
and Design 
Approach" 

Volume II 

"Analytical 
Procedures" 

SUPPORTINC EQUIPMOJT STRUCTURAL INTEGRITY:    The Design Guide supports the 
equipment development program from functional concept through service- 
ready hardware. 
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Section 1 - Introduction 

TBB CHABACTBRIOTICS OF A VIBRATING SYSTEM 

DM long tin» repetitive aspect« of vibration can cauae lerloua fatigue problemi in 
eqwiwnt ■tructure» aa well ag component malfunctlona.  

Vibration, as the ten. la used In this Design Guide, is an oscillatory 
motion of a mechanical system.    Vibration Is characterized by a mean or 
central value about which the oscillation occurs, an amplitude describing 
the peak intensity of the vibration, and a frequency which describes the 
rate of occurrence of the excitation. 

Service environment vibration is often found to be a repetitive, sinu- 
soidal excitation, a situation which is called steady-state.    Occasion- 
ally, vibratory components occur aa a super-position of many sinusoidal 
quantities, each of which are integer multiples 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 vibratlonal 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 vibration-time history.    In contrast, if the vibratory excitation 
la completely unpredictable, then the response is known aa 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 la excited by some driving disturbance, an excitation which nay be 
either random or deterministic, depending upon the characteristic of the 
source.    Free vibration often results from u sudden pulse of energy, or 
shock, and is then transient in nature.    The frequency of the oscillation 
will >e the natural or fundamental frequency of the structural system. 
The response frequencies of a forced vibrating tiystem will contain ele- 
ments of the forcing frequency as well as response frequencies of the 
structural elements. 

Structural failure resulting from vibratlonal 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, it is 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 naxlmum 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 



VOUMI I 

Tb» level of the resonant reeponae, or reeonaot rise, is • function of 
the damping characterietlce of the dynamic eystem. The lower the damping 
quotient, the higher the resonant response of the system (or quality 
factor Q) and the sharper the peak. Highly damped systems exhibit a 
broad response near the resonant frequency. Damping is the dissipation 
of energy in a dynamic system which manifests as a diminishing of system 
response with time. This basic concept is illustrated below. 

VIBRATION CHARACTERISTICS 

t 
^/V 

Response 

I 

Steady State, Sinusoidal 
Excitations 

Multiple, Periodic 
Excitations 

Complex, Random 
Excitations 

Time 

RESONANT CHARACTERISTICS 

f 
rransBissibility 

Ratio    l#0 

Little Dampening (Q High) 

Highly Dampened (Q Low) 

Amplification 

Natural 
Freq. 

Attenuation 

Frequency 

THE VIBRATING SYSTEM: A system excited by H  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 VFBCT8 IN BQUIBIBNT STRUCTURE 

Shook nay came Initial fracture, overexcurilon, or functional failure in electronic 
eaulB—nt»   Fatigue deaage ig aleo a potential hageril. 

Shock in a mechanical eyatem nay be described as % sudden transient dis- 
placement, a sudden change in velocity, or an acceleration experienced 
over a relatively short period 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 characterised by the concepts of suddenness and 
severity. 

The effect of shock stimuli on equipment structure is similar in some 
respects to the effect of vibratlonal excitation.    If the shock pulse is 
short in duration, then the structural response will reflect the natural 
frequency of the structural 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 
resonances of the responding system. 

Shock occurs in the service environment of Amy 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 Assuranci Tests have been 
devised to simulate this environment, and are discussed in detail in later 
sections. 

Shock Inputs to Anqy equipment resulting from test requirements are nor- 
mally specified either by pulse characteristics, aa 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 cure 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 response of a series of single degree-of-freedom mass- 
spring systems to the Imposed impact load.    This effect is plotted in 
terms of the natural frequency of each of these spring-mass complexes, 
and thus is analogous to structural elements of the same resonant 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 
with 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 comnon occurrence in shock testing. 
Material fracture or excessive plastic defamation are other failure modes 
which may result from the first acceleration of the equipment system. 
Excessive excursion of the unit as a whole is also a comnon Impact 
failure; this motion response may not necessarily be disastrous by Itself, 

1-U 
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but Day cause secondary collision iopaots or bottoalof of isolators whieh 
in turn may caose structural failure.   A series of transient shocks occur« 
ring at regular Intervals nay excite a structural element into a resonant 
vibration with subsequent fatigue failure; an exaaple Is the bouncing 
excitation experienced during transport over rough terrain.   Any of the 
above failure modes nay also cause an operational ealfunction, a fact 
which must be considered when designing support structure and evaluating 
component fragility. 

f 
'•ctlon 

Displacement 

Velocity 

Acceleration 
ACCSXRATIdl, VMUXITt, AID 
DISPUCSfBTT CHAJUCTBUSTZCS 
OF A HAU-8I« SHOCK FULBI 

Time 

r 
Static 

Equivalent 

SHOCK 8PBCTRIM ÜUSSFOIM OP 
A HALF-SDIK SHOCK PUMB 

Input 

Frequency 

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

) 
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B«cilon I • Introduction 

m SXMOLI DUREK-Gr-PREDOM CONCEPT 

UM •IngXt d«gr««-of-frtcdaB IdMllMtlon aids in •ImpUfylng the complex calculatlona 
MtocUt^d with dynamic malytle. 

The «ingle degree-of-freedon approximetlon of e complex meetaenical lyttem 
i« used to eiBplify the enelytieal technique» needed to evaluate an equip- 
ment eyetem. In an analytical area as complex as the determination or the 
■hock and vibration response« of structurally complicated equipment pack- 
ages, simplification is necea«ary. 

The degree-of-freedon of a mechanical system is the number of independent 
coordinates required to define completely the position of all parts of 
the system at any Instant of time."' This concept is manifest as the 
number of separate, independent displacements thet are possible in the 
system's motion. The single degree-of-freedom system then, is one for 
which only one orthogonal coordinate is necessary to completely define 
the position of the eystem at any instant in tim- when the system Is dis- 
placed as a result of a dynamic farcing function. 

This approach will 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 idealisation very adequately describes the response characteristics 
of the package. The individual equipment components within that package 
are not treated analytically however, 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 input 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 resonant rise. If little damping 
is present in the system, then high peak response nay 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 natural frequencies above the fundamental 
of the system will experience a higher input to the element from the sys- 
tem when the system is highly damped. The extent of damping which is 
built into a system must be carefully selected, with consideration given 
to the effect of resonance on the high natural frequency components. 
The relatlonohlp existing between the parameters of resonant rise, natural 
frequency, and damping ratio are well illustrated with the single degree- 
of freedom response curve. 

1-6 
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THE dlNOLB-DBOREE-OF-FRKBDOM MODEL 

Response ,4L- 
7 Jr 

Mass (M) 

Spring 
Stimuli   A <   Rate H 

wij i 0") Critical Damping Ratio 

\ \ v s v 

FREE OSCILLATION OF THE SINGLB-DBOREE-OF-FREEDCM SYSTB4 

f 
Displacement 

Time 

Oscillation 
Decay Due to Damping 

THE SINOLB-DiOREE-OP-FREEDCM CONCEPT: A convenient analytical method for 
a complex system. 
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8«etloo 1 - Introduction 

OQIDIOL er TU mrnac mvmomsKT 

j 

lb« ••v«r« tffcott of abock and Vibration diaturbanota nay be controlled by adjuatment 
of atruoturml reaponaa« or iaolation. or alaaanta of both tachnlguaa.  

1-8 

Th« control of the abock and vibration envlronnent to Amy electronic 
•qulpvent ayatema la accCBpllahed largely by tbe laplementatlon of tvo 
procedurea or their coubinatlon.    Theae are; tbe laolatlon of the equlp- 
■•nt fron the dynamic envirounent and/or the reduction of the reaponae 
characteriatica within the equlpawnt.   The reduction of the dynaaic atlm- 
ull at ita auui-ce la a third alternative, which baa only limited appllca- 
tioca to Amy equipment.   The control of the aource of dynamic excitationa 
in order to reduce the aeverlty of the equipment reaponae involvea the 
balance of moving parta and the improvement of fita and clearance».   This 
alternative la not alwaya open to the designer of Any equipment pack- 
agaa.   The environment la uaually either specified, or la beyond his 
control.   However, when possible,reduction of the aource of the load is 
an obvious solution to severe loading problems, 

laolating tbe equipment from dynamic stresses nay also be accomplished by 
isolating the source of the disturbance.   This approach might be helpful 
in the case of equipment which is required to operate wii.le a transport 
vehicle is in motion.   This method would also Include the 'eolation of 
offending machinery in the vicinity of sensitive equipment,    laolatlon of 
the equipment itaelf from the effecta of the environment is 4Jie most often 
applied approach to packaging fragile electronics.   When the dynamic stim- 
uli la apedfied by a Quality Aaaurance provision, reduction of the 
excitation at the source is not feasible. „   „ 

Isolation systems are dlacuaaed in more detail in the chapter on "Dynamic 
Attenuation" in Volume III of the Design Guide.    There eure elementP of 
conflict in the practice of laolatlon technlquea; the frequency and damp- 
ing characteriatica which offer the best protection from the Vibration 
envlronmsnt, are far fron optimum for resistance to Impact loads.    Iso- 
lation systems which are designed to succesafully pass Quality Assurance 
teats may sometimes fall in service due to the inability to completely 
duplicate the operational environment in the laboratory. 

The moat effective approach to the control of the dynamic environment 
11 ea 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,    Uhus an increase in stiffness denotes an 
accompanying increase in natural frequency. 

In general, the natural frequency for sea transportable equipment should 
always exceed 35 Hz.  since most of the shipboard excitations will be 
below this value.(1)    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. ,   ^, 

' "il—lnyBm^ 
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Dynamic energy may alto be dlulpated within the equipment structure by 
Increased damping, nils In turn reduces the amount of resonant rise at 
the critical frequency, without appreciably affecting the frequency Itself. 
Energy may also be absorbed within auxiliary resonant masses, tuned to 
dissipate as much of the disturbing stimuli as possible. 

ISOLATION 

e    Isolation of the entire system 

e    Isolation of the fragile elements 

e    Isolation of the source 

i             * Reduction of stimuli at Its source 

1            RESPONSE 

Use of rugged components 

Improved stiffness 

Decreased mass 

Proper use of damping 

Application of tuned resonators              1 

CONTROLLING TEE ENVIRONMENT: übe destructive effects of the Imposed 
shock and vibration environment may be met In an equipment structure 
by the management of Isolation or response, or some ccnblnatlons of each. 

1-9 
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!be tour traDaport catesariea of 1mportance t,o equipment class detiDi tion are 
••u.d, Tehicular liiOIDJted, abelter azd van mounted, azd airbal'ne, 
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1be Arrq Bl.ectroDic Bquipment CallalaDl deaigr.a~a service aDd Quality 
M8UNDCe test requirelllenta tar their equipment by "equipment class", 
!!ala claaa deaismtion differentiates catesaries by the mode at equipment 
tra~Wpcsrt1 azd b,y t.be operaticmal. requirements ot the equipment systems 
u mb111aed, The equipment class also defines the loading eD'IirODDent 
in terM ot the Qlal1 ty Assurance testa nor-.Uy required ot equipment 
-.nu:tacturera, 1bua the equipment class liB¥ be expressed in terms of an 
eDYel.ope ot loading parameters reflecting the ind1 vidlal teat inputs con­
strained to tbe class, 'lbere are exceptions to the class cr1 teria in the 
cue ot apeeial equi:p~~enta tbat tit none ot the categories; these require­
menta v1ll then DCil'IIBl.l7 be detailed in the equipment specification. 

There are toar equipment mounting categories which are ot importance in 
tbe det1D1tion ot equipment class, 1beae groups are mupack, 7eh1cular 
.aunted, abel.ter azd van mounted, azd airbarne. 

Maupack equitaent is generally operated in the field without benefit ot 
Yehicle, Ahelter, ar van protection, The equipment is constrained to 
prortde ita own eDV1ronmental protection in service, a factor which might 
han illpact on 4yDui.tc structural integrity. 1beae equipments are highly 
portable aD1 are often housed in a eanbination trans! t case am environ­
.utal. carer, EquiJlMDt in this category ia DOl'lll&.l.ly transported loose 
on the cargo area ot the transport vehicle, am is al~ operated exter­
nally tram the vehicle. 

Vehicular mounted equipment is usually firmly affixed to the transport 
vehicle, either with or without isolators. 1be equipment is thus con­
strained to operate within the vehicle; the equipment function~ occur 
with the vehicle moving ar stationary, as dictated by the system speci­
fications. 1bt vehicle may be expected to provide a measure of emr'lron­
mental protection, am will also attenuate some of the dynamic excitations 
-.ar.ting tram the terrain, It is also possible tor the vehicle to mag­
n11Y certain frequencies, a factor which IIIUBt be carefully considered, 
Both tracked and wheeled vehicles are included in this category; the 
resulting excitations differ greatly 1n their input to the equipment. A 
·~ ot the road mob111ty enviroDment is given in the testing cb&pter, 
Vol.lale ni, and is also imposed by equipment clast' loading criteria pre­
sented in Volume n. 

Sbelter ar van operated equipment is narm&l.ly mounted am operated frcm 
within an enclosure 1 and thus recei vee the :tull. benef1 t ot the protection 
provided by the shelter. Shelters in thiE. category are usually trans­
parted on the cargo bed of a transport vehicle, or are mob1llzed by wheel 
cOIIp].exea where the shelter itself serves some ot the chassis function, 

Airborne equipment liB¥ be either transparted by aircraft, or may be con­
atrained to operate within the aircraft while the vehicle is in flight, 
Virtually all equipment must be capable ot air shipment as a mesne of 
trampart1 while onl¥ class 6 equipaent is required to function in flight. 
ibe detaUs ot these requirements are delineated in paragraphs 3,0 am 
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U.O   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 

Airborne 

:oxo)—KO: 

J5@=S. 

EQUIPMENT CLASS AND TRANSPORT MODE: Transport categories for Army 
equipment reflect the mounting method, and mobility mode. 

2-1 
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Section 2 - Structural Design Criteria 

QUALITY ASSURANCE PROVISIONS AND EQUIPMENT CLASS 

Hie equipment class designation used by the Arny in procurement specifications is a 
convenient method of sunmarizing the required Quality Assurance tests.  

Hie transport mode and operational requirements are generally designated 
by the applicable equipment class in Array electronic equipment procure- 
ment specifications. In addition, the equipment class also delineates 
the required Quality Adcurance provisions that the equipment systems must 
pass to be approved by the contracting officer, nils class categorization 
may then be used to define the shock and vibration excitations resulting 
from the required tests, an approach which is employed in Volume II of 
the Design Guide to develop input load criteria. The adjacent figure 
summarizes the required shock and vibration tests according to equipment 
class. 

The  tests are also delineated for the type of excitation that Is input to 
the system; i.e., steady-state vibration, random vibration, or shock. 
Die steady-state or sinusoidal vibration excitations are well defined as 
peak acceleration vs frequency plots since acceleration, velocity, dis- 
placement, and frequency eure definable by dynamic relationships. Random 
excitations will be presented as power spectral density plots 
(G^/HZ VS frequency). Statistics may then be employed to express the 
probability of experiencing a given fraction of peak acceleration for a 
given frequency interval, nie 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 Arny 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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Clati II: Includes equipment which Is Installed in (firmly affixed 
to) an unarmored vehicle, shelter cr van and is operated when 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. 

Claas 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 when 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 »ame 
vehicles as in Class IV but may be operated while the vehicle is in 
motion. 

Class VI! Includes equipment that is installed or transported by 
aircraft. The equipment nay be either operated or stowed while the 
aircraft is in flight. 

Equipment Cla ss 
Test To Be Performed 

Equipment Operating 

z TT TTT TY Y YT 

X Vibration (Resonance Search)(l0-55 Hz) 

Vibration (5-500 Hz) X 

Vibration (Resonance Dwell) X 

Bounce, Loose Cargo X 

Bounce, Vehicular X X 

Shock, Ballistic X 

Munson Road Course X X 

Perrlmen Road Course X X 

Equipment Non-Operating 

Vibration (Resonance Search)(l0-55 Hz) X X X 

Bounce, Loose Cargo X 

Bounce, Vehicular X X 

Shock, Ballistic x 
Shock, Bench Handling X X X X X 

Shock, Drop X X X X X 

Shock, Crash Safety X 

Munson Road Course X X 

Perrlmen Road Course X X 

Railroad Hump Teat X X 

2.3 
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8«otion 2 - Structural Dealgn Criteria 

LINZTATIONB INHERBMT IN THE QUALITY ASSURANCE TESTS 

UM Quality Aaauraace tests are representations of the service environment that nay be 
enoountered by Army equipments. Exceptions and limitations nay also constitute a 
dealip loads constraint.  

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

Tbe 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 aosess 
their Influence on his particular equipment system. 

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

1. Vibration - Tbe  resonant survey for Army systems begins at 10 Hz 
for ground equipment, and 5 Hz for airborne equipment.  This 
lower cutoff is for the convenience of tbe test machines which 
are sometimes amplitude limited in the lower frequency ranges. 
The actual service environment has Inputs down to nearly zero Hz. 
This is apparent from the low 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. Shock - 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 is a degree of risk Involved in 
designs which meet the contractural Quality Assurance test levels 
marginally. 

Similarly, the shock intensities experienced during handling drop 
tests cure proportional to the drop height. It is reasonable to 
conceive of rough handling situations of shipping packages in the 
field which would exceed these limits. 

Z-k 
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Ballistic «hock test Inputs to the equipment paokage *r« depen- 
dent to a degree on the characteristics of the test speclnen. 
Since the test machine does riot have Infinite Inpadance, the 
specimen nay feed-back energy as a two degree-of-freedom system, 
and thus Influence the Impact intensity and i requsnoy content at 
the machine-specimen Interface. 

3. Random Excitations - This test category which Includes cargo 
bounce and vehicular bounce tests, Is quite representative of 
the actual shipping envlroment. The same problem of specimen- 
machine fo«dback exists In these tests. The random aspect of 
the test also contributes to weakness In Input load definition. 

* 

TRRB IDBfTICAL 
squiRfBrr 
SYSTWS 

<* 

<► UHREE DIFFEREWT 
ENVIRONMENTAL 
EXPERIENCES 

t 
Environmental 

Severity 

« 

Potential 
Problem Area Test 

• No. 2 

Frequency 

9 
LIMITATIONS: Quality Assurance tests are representative of an average 
severe service environment. It is possible for an Individual equipment 
to fall in service in spite of a successful test qualification. 
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Section 2 - Structural Design Criteria 

SOME TTPICAL AFMf TRANSPORT METHODS AND VBHICLES 

Two categories of vehicles are Important to the Army equipment classes; those vehicles 
to which the equipment Is firmly affixed, and those vehicles which transport the 
equipment as loose cargo or tled-down modules.  

VHilCLEB USB) TO FIBLD-TOANSPORT 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 Shock Durln; Coupling 
(Vertical and Longltudl.ml) 

Truck-Cargo 

Wheeled Vehicles (M35) Low Impact Bounce, Low and Inter- 
mediate Frequency Random Vibration 

Tracked Vehicles (T 6) Low Impact Bounce, Intermediate 
Frequency Periodic Vibration* 

Sea 

Cargo Ship (AKA) Low Frequency Vibration, High 
Excursion Inclination 

Amphibious Carrier Low Frequency VlbraMor, inclination, 
and Moderate Bounce 

Air 

Jet Cargo Aircraft (C-lUl) High Frequency Vibration,* Crash 
Safety Shock 

Propeller Cargo Aircraft 
(C-130) 

Intermediate Frequency Vibration, 
Safety Shock Crash 

Cargo Helicopter (CH-U7) Low Frequency Vibration, Crash 
Safety Shock 

2-6 
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VEHICLES IN WHICH BQUIiMIMT 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 MobllUer 
(XK-720) 
Transported by Truck (M35) 

Low Frequency Periodic Vibration* 

Van (Trailer - M359) (M220) Random Vibration 

Jeep (M38) Moderate Shock and Mod .'rate Pulse 
Duration 

Airborne 

Helicopter {CR-kl  Chinook) Low Frequency Periodic Vibration* 

Propellor Aircraft (0V-1C 
Mohawk) 

Intermediate Frequency Periodic 
Vibration* and Crash Safety Shock 

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

Low Frequency 

Intermediate Frequency 

High Frequency 

0-55 Hz 

30-500 Hz 

200-2000 Hz 

These frequency ranges are by no means exhaustive, but 
represent the average experiences which may be encountered. 
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ac.e ot tbe ..t ~ ~ ccmaideratioua 1D tbe deaicn and azal.yaia at 
~ atncture are often the cmea that are OYerlooked untU very late in the 
pope. 

After tbe U..Dta at terminolos;r and the analytical philoaopby at dymm­
ica are -.de 1'aa111ar to the equi~nt deaiper1 he must. then addreea 
bS=eJ.t to tbe probl• at; "-..ct17 hov do I proceed into the design ot 
auppart atructure tor IV equi~ paclrapfu 1!18 tirat steps in this 
proceaa are often the 1II08t elementar,r and untot:tUDitely are also the ones 
.:Mit at"t;em cmtrlooked. 9MI art and ecie~JCe ot designing tor structural 
rel1abWty 18 at such inhel'ent cc.plexity that certain tumamental con­
aidefttiom ac:.etU.e are lost in the atatic ot the eigaal. 

It ia buic tbat the deaiper muat IBlat h.iJDHlt thorougbly tam:lllar v1 th 
the proc:ur..nt apecitication, part1cul.&1:1.ly those sections that deal 
v1 th the 1DteD:1ed eenice envirolllent am the required Qlali ty' Assurance 
protiaiou. Often, the Vflr7 r1goroua shock and vibratitm teet prOV'ieions 
ccatract~ required ot the equi~nt Q11tem are not t'uJ.ly evaluated 
UIIUl the equi~nt ia deaipaed, fabricated, and~ tor teat. It is 
ecOiallcall7 too late to diaciver that the qatem mu.at be subJected to a 
'beJlJ.atic ahock teat, tor exa"Wle, when the pre-production Q11tem models 
azre ~tor ftlld&tion. Panic tixea that are pDerated at this point 
1D tue are 'WI1al.l¥ not Vflr7 80Wid technicaJ.l.T, and are imariably expen­
•in. !bq &leo teD1 to ccaptc:.lH the inteDded Q11tem tunction • 

.,,, lp. 1: Bead the equipaent procureMnt epec1t1cat1on - understand 
tbe t.poaed teat and service envirom~ents - relate these requirements to 
equi-s-zrt cl.ua, incl\llios aey apec1al teat pro'lisions. 

~ the uact teat requirements are firmly eatabllllhed, it remains to 
relate the1e requirements vitb resulting structural excitations. The 
&D&l7tlcal procedures outlined in Volume II are based upon three classes of 
excitation; linuao14&l Vibration, ehock, and randan Vibrations. Analyti­
cal procedure• are proposed tor each ot tbeee aituatione. It tollovs 
then, that the deaigDer muat plot an eliV'elope ot hie particular teat 
emiroalenta. !!he detaU data correepcmding to each ot the teet require­
.nta 18 available b7 equipment elaae in Volume II, and b7 individual 
teat cate8oey 1D the chapter on testing 1D VolWDe III. 

Bu.le Jo. 2: Plot the aimilar excitations resulting trom Quality Assurance 
teat prOV'iaions on tbe 881118 scale in the frequency dCIII&in - pick out the 
critical t'requenciee and accelerations - aaaeae the fatigue damge poten­
t1al b7 eatabllllhiag the llUIIIber ot iterations ot loe4 resulting tran each 
ot the excitation elements. • 
9le shock and vibrstion excitations inherellt in the standard dynamic 
testa are s~e truncated to suit the test mchine and proeeduree. 
~H 11ll1tatiozw are discussed 1D detaU in the chapter on dymmic 
aiaalation, Vol..-e m. It is a tact ot lite that teats oa1y approxiate 
the real varl4 1D aaDe caeee, aDd the service eun.roz.ent 118¥ ditter sub­
~ f'rca the blpoaed teat requtre.ente. ~ de&isP81' IIIWit be '!on­
ataut.q aware ot thia 11111 tation and conr theae areas 1D his deaicn. An 
ewwp1e ot tbia ditterence ie the lower 11m1t ot the vibration teet., 
10 Ha. ~ excitaticma 1D eern.ce v111 4vell tor extended perioda ot 
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time at frequencies In tho 0-10 Hz range. Th» teat cutoff li for the 
convenience of the teat machine 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 world in the field. 

There eure serious differences in the response of structural systems to 
shock vs vibration excitations. The following topics In this Volume deal 
with the details of these divergent design approaches. Shock pulses of 
short duration for example, will usually excite the higher frequencies In 
a structure. Vibration associated with the read mobility environments will 
cause excitation of the systems to nearly zero Hz. Soft mounting systems 
may survive shock loads very nicely, but may also cause extreme resonant 
behavior from a low level vlbrational disturbance. Stiff structure may 
survl"e the low frequency vibration environment very nicely, but may pre- 
cipitate failure of secondary components due to high transmlsslbillty of 
only minor shock loads. It Is Imperative to recognize the basic disparity 
in design philosophy for shock vs vibration; an equipment structure must 
be analyzed with both environments in mind. Design adequacy for shock 
loads does not Insure equal structural Integrity for vlbrational 
disturbances. 

Rule No. k:    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. 

1             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 environment and the 
Impact of potential differences with the 
Quality Assurance test provisions. 

RULE NO. J* - 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. 

3-1 
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Seetlon 3 - Design Approach to Structural Reliability 

COUKTIRIIK} SHOCK AND VIBRATION EFFECTS IN ARMY EQUHttENT 

lb« 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.  

There are two basic approaches of Importance to the equipment designer 
for countering the effects of shock and vibration excitation In Amy 
equipment; provide support structure and component capability of suffi- 
cient Integrity to withstand the raw environment without failure; or 
Insulate all or part of the environment away from the fragile elements. 
Since 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. 

• 

Equally dlchotonous are the diverse effects of shock and vibration on 
structure. Shock which Is characterized by accelerations for relatively 
short pulse durations, requires large elastic excursion capability to 
dissipate the Impact energy without bottoming or over-excursion. The 
lower 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. 
Tte danger of over-excursion during shock Is met by the use of stiff 
structure which experiences only small deformations from the Impact. 
These two shock response effects are self-cancelling, a situation that 
creates a design dilenaaa. 

Classically, vibration mounts have been soft devices Implying low natural 
frequency. Unfortunately, the vibration environment extends to virtually 
zero frequencies. Ihus, the soft mounts and soft structure will resonate 
within the service vibration frequency range contralned to the equipment, 
causing maximum excursion and maximum dynamic stress. Biis 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. Uiere 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 shook, but may cause failure from 
resonant vibration response, or vice-versa. 

The characteristics of soft (low natural frequency) structure may be 
susnarlzed as follows: soft structure may cause compound resonance of 
secondary components, wire leads, and shafting, which eure usually low fre- 
quency elements; can cause secondary rocking modes of response; requires 
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. 
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The higher natural frequency (stiff) structure also exhibits character- 
istic response effects, such as: greater transmlsslblllty 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 structure;  generally causes less 
fatigue of wires and small elements; limits the excursion due to over- 
turning moments associated with high C.G. packages. 

t 
Load 

Stiff 
Response 

Soft 
Response 

Deflection 

Environmental 
iPrequency Range 

I 
Transmissibilty 

Ratio 
1.0- 

Ampllflcatlon 
Region 

Attenuation 
Region 

7 

"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 Approach to Structural Reliublllty 

DESIONINO EQUIPMENT STRUCTURE FOR STIFFNESS AND LIGHTNESS 

Stiffness and lightness Imply higher natural frequency In equipment structure,   ühe 
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 
to be a desirable characteristic In equipment structure, although there 
are structural situations where the opposite Is true. 

Stiffness Is a structural property characterized by small 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.    Stiffness 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 and required clearances, which is manifest as more compact 
packages.    Stiffness in an equipment package also implies a greater abil- 
ity to transmit energy through structure, thus causing a potential hazard 
to secondary elements that are mounted to the basic structure. 

The classic transmlssibllity curve for a single degree-of-freedom system 
Illustrates the attenuation problem in stiff systems.    The excitations at 
frequencies below the fundamental are amplitled at least one times the 
input; attenuation occurs only for frequencies above about l.k times the 
fundamental.    Ihus, 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 environment.    This situation is not always fatal, but 
should be recognized by the designer. 

There eure severed practiced, steps that the designer nay take to improve 
the stiffness of the equipment structure: 

1. Reduce the unsupported length of loaded members. 

2. Provide moment carrying capability at beeun support Joints and 
structural interfaces. 

3. Use structured members in tension and compression, and avoid 
bending elements, particuleirlly the cantilever. 

k.    Use fasteners in shear.    Avoid secondary bending and combined 
tenslon-sheeu* interaction. 

5. Use reinforcing elements (such as gussets) at Joints and inter- 
faces. 

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

' 
) 

3-4 



VOLUME I 

7. Think In terms of capture rather than eupport when attaching 
element« to baoic structure. 

6. Use small members and miniature components where practical, as 
they teal 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. Tau»,  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 weight penalty include: 

1. Avoid unnecessary Joints ^nd Interfaces. 

2. Use the high strength-weight materials where feasible. 

3. Use the light alloys where the design criteria is merely bulk. 

k.   Avoid redundant elements. Design for direct load paths that are 
easy to analyze, 

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

1 
150 

f 100 
Dynamic 
Stress 

(ksi) 

50 

fn = 8.8 Hz 

500 lb 

10" I 
Loading 
Geometry 

Natural 
Frequencies  ^ 

i) 1+0 
Pulse Duration (Milliseconds) 

> 

STIFFNESS EFFECTS: Stiffness may be improved by Judicious use of beam 
section properties (l) 
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Section 3 - Design Approach to Structural Reliability 

ZAILGRIHO TSR nAIUBAL FREQUENCY PARAMETER TO SUIT THE ENVIR01MENT 

The dealgner should study the frequency plot of his required shock and vibration 
Inputs to optimise the fundamental frequency of his 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 facto, s 
which 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 enviroment; the frequency parameter affects the frequency range 
at which the Interaction occurs. 

Natural frequency in simple structure nay be estimated by calculating the 
static deflection of the element under one-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 well as structure stiffer than 25 Hz will offer no relief in this 
environment. This hypothetical curve applies to equipment subjected to 
the Munson Courpe 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 pic4* 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 leading, with the fol- 
lowing approximate formula: 

Natural Frequency ■ —— (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 frequency 
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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EXCITATION ENVELOPE FOR H-Zb 
VEHICLE OVER MUNSON COUklE 
(ASSUMES Q - 10) 

Optimum Design Range 

20                   1*0 60 
Natural Frequency (Hz) ^ 

.100 -- 

Static 
Deflection 
(inches) 

.050 

APPROXI ATE NATURAL FREQUHJCY 
BASED UPON STATIC DEFLECTION 

10 20 
Natural Frequency (Hz) 

NATURAL FREQUENCY:    This structural parameter  las a great Influence on 
the response of an equipment system to the Imposed environment. 
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Section 3 • Design Approach to Structural Reliability 

THE APPLICATION OF DAMPING TO A STRUCTURAL SYSTEM 

The degree of damping present in a resonant system determines the extent of the 
resonant rise^ as well as the decay rate of the response curve,   

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

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

A highly damped system, alternatively, exhibits a flat response curve, 
nie 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. 
Ihe response must be evaluated through the entire range of frequencies 
contained in the Imposed environment. Ihe 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 hysterlsis damping. Is a 
characteristic measured by the material's ability to store and re's ab; 
energy without loss; viscous damping which is a fluid dynamics phenomena; 
and Coulomb-friction damping. Air damping is a fourth possibility, which 
may be classlfiod as viscous since the phenomenon generally follows the 
laws of fluid mechanics. Internal damping is largely a characteristic of 
the material used; viscous damping is velocity dependent, reflecting the 
relative motion between the oscillating body and the resisting body; 
friction damping is proportional to the force being exerted upon the 
moving Interface and the coefficient of friction between the iraterlals. 

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, Ihe designer may choose an isolating device with varying 
amounts of damping as well ^s vaxyizj, natural frequencies. 

Structural damping may often be introduced after the design Is fairly well 
established, without seriously corapromising 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 environment« on the damping materiAl ac. well as the 
component. In general, damping materials are most efficient in shear 
applications, since they tern to act as a spring in tension-compression 
situations. 

i   ) 

.t 

3-8 



VOUMB I 

Damping 
Beneficial 

10.0, _ 

TranamieBlbility 
Ratio 

1.0 

0.1,. 

0.01. 

0.1 

Damping 
Detrimental 

Lightly Damped 

Highly Damped 

Amplification 

0 
Attenuation 

1.0 10.0 

Excitation Frequency ir ^ 
Undamped Natural Frequency    " 

RESPONSE OF A SIMPLE SYSTQ4:    The effect of damping on a resonating  jyetem 
may reduce the response at resonance, but also Increase the response 
beyond ^2 x fn. 
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8«otlon 3 • DMlgn Approach to Structural Reliability 

NOUKFDB FRAOILI CGMPORDirS IN BQUIPMnw PACKAGES 

larly datarmimtlon of tht fragil« •lamanta ID an equlpnant syatem It an Important 
toalm praro^tlv«. Boa« ganaral rulaa are outlinad to inplwnant thia laak.  

Iha ideal «quipnant design is one In which all the componenta are more 
rugged than the impoaed enviroanent. This is, the fragility of all ele- 
ments exceeds the input excitations. In this ideal situation, the opti- 
mum design would consist of a relatively stiff support structure (to 
minimise dynamic deflections), where each successively smaller element Is 
assigned successively higher natural frequencies. 

In the practical situation, there are usually components that will not 
aurvive the dynamic enviroment. A good general rule for both shock and 
vibration is to hard mount the basic structure, design the support struc- 
ture for maximum stiffness (high natural frequency), and isolate those 
elements that will not aurvive the raw environment, übe 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 
enviroment, but poses a different problem for shock situations. Bort (8) 
reports an increasing shock effect in structure exhibiting increased 
mounting frequency. Thus the lower natural frequency bases would appear 
to be best for shock applications. This approach, however, causes 
increased activity from the secondary components, and more possibility of 
collision damage or overexcursion from the shock. This is particularly 
true of the ballistic shock, constrained to class k and 5 equipments, 
which 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-qualificatlon testing 
as soon as possible. 

In the case where most of the equipment elements are under strength for 
the imposed envlroixnent, then isolation of the entire equipment system 
is the only alternative. 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 natural 
frequency, as the element size becomes smaller. The selection of the 
isolator characteristics is the subject of the chapter on "Cynamic 
Attenuation" in Volume III. de rules for optimizing the frequency par- 
ameter outlined in a previous topic are applicable. 

o 
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Poor Good 

Vacuum 
Tubes 

Electric 
Leads 

Mechanical 
Tabs 

Tube 
Sockets 

Relays 

Capacitors 

Resistors 

Transformers 

Transistors 

Switches 

Vibration 
Resistance 

Poor Good 

COMPONENT STRBNCTTH: Determination of the most fragile elements In an 
equipment system Is an Important design task. Vibration resistance and 
shock resistance vary widely for some common electronic components. 

3-11 



voum z 
Station 3 - Dtslgn Approach to Structural Reliability 

A D1BI0N OUTLINE FOR IMPROVED STRUCTURAL DYNAMIC INTBORITY 

Boat ground rules are offered as a «yitematlc approach to the problem of dynamic 
Integrity In an equlpnent eyetem. At beet, the accepted design procedure! are 
coiplexj and at tiaee contradictory.  

A review of the published philosophies on the design of support structure 
for shock and vibration envlronnents reveals a variety of design approaches. 
As stated previously, there appears to be no set solution to the problem. 
Bach 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. 

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

If the foregoing paragraphs appear complex and contradictory, then the 
designer is well into the problem. The design of structure that consis- 
tently resists a varying shock and vibration environment Is contradictory; 
the analysis of multl-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 however, 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 environment 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 nay not always be 
extrapolated to new dynamic situations. Nevertheless, the following 
ground rules are offered as an approach that the designer msy follow to 
improve structural integrity in an equipment system: 

1. Structured 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 environmental stresses. The best functional 
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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3. 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. 

k.   Make a one-degree-of "freedom approximation of the equipment 
structure, and select preliminary structural frequency ranges 
and damping parameters that beat counter the environment. 

3. 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. 

6. Design for capture rather than support. Dynamic loads eure usually 
omnidirectional. Keep the CO. of the element within the support 
pattern to reduce the effect of secondary rocking modes of 
resonance. 

7. 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. 

8. After the preliminary loads criteria are established, an expert 
dynamaclst 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. 

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

10. /s the equipment system takes shape, early measurements of energy 
transfer characteristics will be helpful. These measurements can 
be taken non-destruotively from the actual equipment systems 
using mechanical impedance techniques. 

> 
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SUPPORTING THE BOJIFMBIT DEVELOPMENT PROGRAM:    The guide will aid In the 
development of an equipment system, procurement specification through system 
qualification. 
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8«otlon k - Using the Design Oulde 

XXPOIMATIOM OOMTOfl GP TBE DEBIQR QUIDI 

9M Shook end Vlbxmtlon Tiohnioal Design Oulde Is • collection of deslgn-relevsnt 
treotlsos on the design, analysis, and fabrication of electronic e-iuipnent systesis 
constrained to sunrlre the Axwy service enrlronment and to he qualified by a unique 
set of required dynsalc tests. 

SV/TDO 
Volvne I 

"Methodology apd 
Design Fhil08ophyn 

I 

Equipment Level Criteria 

Systen Packaging Concepts 

 f  n "Optimum Mechanical 
Packaging Handbook" 

e Boednap through the Design Oulde 
e Designing for dynamic Integrity 
e Equipment class categories 
e Limitations inherent in testing 

e Packaging philosophy 
e Quality Assurance provisions 
e Optimising component location 
e Controlling dynamic environment 

sv/roo 
Volume II 

"Analytical 
Procedures" 

1 r i 

e Shock and vibration input spectrum by equipment class 

• One 0-0-7 Idealisation 

e Structural Response 

Random 
Sinusoidal 
Shock 

e Strength Calculation 

e Design Evaluation - Margin of Safety 

e Illustrative Examples 

New Equipment Concepts 
Existing Equipments 

U-2 



) 

VOUNIZ 

D 

VALIMTIOi 
• Dynamic Slaulatlon 

Test BKoitatlona 
S«tup & Tlrturlng 
Qoality Asturano« and 
Developmental 

Inetrunentatlon 

Data Aoqulaltlon 
Data Reduction 
Traneduoer Application 

fn? iUty 

Fragility Burfaoet 
Fracture & Failure Modes 
Calculation, Estimation, 
Measurement 

HARDWARB 
Dynamic Attenuation 

Isolation, Absorption 
Damping, Tuning 
Characteristics, Selection 

Materials and Processes 

Material Selection 
Proper Manufacturing Tech. 
Process Selection 

e Mounting & Installation 

Attachment, Interface 
Design Constraints 
Sise, Weight, Shape 
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Saetlon k - Using the Design dulde 

INFORMATIQN FLOW OF THE MALYTICAL PROCEDURES, VOLUME III 

The soalytical procedure Is essentially a response calculation which designs a force 
related number hy factoring the imposed input vith an energy transfer function. 

The analytical procedure offered in this design guide is presented on the 
premise that a value decision relating the dynamic integrity of a struc- 
tural element nay best be expressed as a number, or safety margin. The 
margin of safety is calculated by comparing the anticipated dynamic 
response of the element with its measured or calculated fragility. The 
safety margin is thus a numerical comparison of dynamic strength vith 
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 axe measured, calculated, or estimated from the equipment 
system. It 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 excitations 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*sties. The 
calculated structural response in turn provides one element ol the com- 
parative analysis. 

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

Ü 
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Iterated. Changes In the structural characteristics to Improve fragility 
for example, will usually also affect the elements resonant parameters, 
transfer characteristics, and ultimately response; a new safety margin 
calculation Is then needed. 

Equipment 
Specification 

__>Sy8tem 
Concept 

FIXED, CONOKACTURAL 
REQUIREMENTS 

• Equipment Class 

• Quality Assurance 
Tests 

• Equipment Class Input 
Loading Spectra 

Equipment 
System 

Measure, 
Estimate, 
or Calculate 

Measure 
■Calculate, 
or Estimate 

Structural 
Response 
Calculation 

Comparative 
Analysis 

Reject or Refine 

| Accept 1 

ANALYTICAL PROCEDURE: An iterative process is offered to evaluate the 
response of an equipment structure to the imposed dynamic environment. 
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Section k - Using the Design Guide 

GROMIZATION OF VOLUME III, "RELATED TBGHNQLOOIES" 

TbB design-relevant information presented In Volume III Is organized Into three 
functional categories; the mechanical engineering disciplines of analysis, 
validation! and hardware application.  

Volume III of the Design Guide, "Related Technologies", is a compendium 
of design aids, technical details, and mechanical disciplines that axe 
useful In structuring the electronic equipment package, übe 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 eovlronments; 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 exBople, 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 knowledge of all the technical details Is vital to hla 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 dynamic! 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 to acquaint the 
reader with the language of the particular field, and sumnarize the 
knowledge of the technique« in abstract form. A bibliography is included 
in each chapter which not only supports the thesis of the chapter, but 
also will offer an annotated reference list on the subject for study in 
greater depth. 

lach of the chapters is introduced In context with the equipment pack- 
aging problem for the unique Army shock and vibration enviroxments. The 
appendix of each section include» a glossary and symbology list, and a 
collection of handbook type data of use to the mechanical engineer. 

Sons of the technical material offered in the "Related Technologies" 
volume will appear rather basic and somewhat tutorial to an engineer who 
is expert in that area. The scope of the material presented in this 
volume is intended to acquaint the reader with the discipline, to review 
the material for those who have been away from school for a mmber of 
years, and provide a conmoc base of language from which further study can 
build. Many technical people concerned with packaging have matriculated 
from the electrical fields, and thus have a great need for Information 

I  I 
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In the mechanical disciplines. Slmllarlly, structural engineers may 
often be weak in Instrumentation, isolation, testing, or metallurgy, übe 
philosophy of this volume is then, to sum the diverse technical skills 
needed to accomplish the equipment packaging task. 

VOLUME HI - RELATED TECHNOLOGIES 

Analytical 

Basic Mechanics 

Natural Frequency                                                                  I 

Fatigue                                                                                     | 

Stress Concentration 

Mechanical Impedance 

Hardware                                                                                                 1 

e Dynamic Attenuation 

• Materials and Processes                                                       1 

e Packaging Design Techniques 

|                      Validation 

e Dynamic Simulation                                                             1 

e Instrumentation                                                                     1 

e Fragility 

VOLUME III, RELATED TBCHNQLOOIES: A compendium of design aida, technical 
details, «aid mechanical disciplines that are useful in structuring the 
electronic equipment package. 
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Section k - Uslug the Design Guide 

APPUcmoH AND LmmTicm OF TBE ANALYTICAL PROCEDURES 

The analysis approach is based upon the response characteristics of an Idealized 
single-degree-of-freedom modal for which the natural 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, ana the 
calculation of a safety margin. Stated in general terns, a procedure is 
defined to assess the dynamic strength of the structural element and com- 
pare this value with the anticipated environment. 

The source of numerical 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 
a preceding section of this volume. There eure 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, nie approach does however, offer 
a simplified procedure for defining the first-cut responses of the com- 
plex system. The determination of dynamic strength which results from 
this calculation is a reasonable approximation of the first resonant mode 
of the equipment system. Disastrous fallw a most often occur due to the 
first resonant 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 analysis approach is based on the response characteristics of the 
element for which the resonant frequency and resonant 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. Conqparison 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 important 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 natural 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. Oils knowledge alone is helpful to 
the designer in selecting stiffness ranges and Isolation frequencies 
which will be optimum for his equipment. 
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Elements of the 
Analytical Procedures Some Important Limitations 

Input Excitations Uncertain Test Load Inputs 
System Level Only 

Response Characteristics One D-O-F Approximation 
Difficult to Estimate Complex 
System 

Fragility Comparison Little Data Available During 
Preliminary Design Phase 

Safety Margin Validity Dependent Upon Previous 
Analytical Elements 

Value Decision Validity Dependent Upon Previous 
Analytical Elements 

THE ANALYTICAL PROCEDURES: A numerical evaluation of the structural 
adequacy of the equipment package. 
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Bcotlon if - Using the Design Qulde 

VALUE DKISIQRS BASED UPON A CALCULATED MARGIN OF SAFEK 

Die 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, 
which msy be negative, positive, or borderline.  

The elements of the analytical procedures 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 environment 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 
modem mobility concepts), or a dynamically weak structure In the case of 
the negative margin, leading ultimately to a service failure.   The inter- 
mediate case, or borderline margins eure often the most demanding since no 
clear-cut action is indicated and the fixes eure usually more subtle and 
less responsive.    Acceptable margin implies sufficient dynamic Integrity, 
emd the design is left as is. 

Safety margins which eure very negative usually occur only In the prelim- 
inary design phase, with the exception of a gross oversight.    In most 
cases, direct and usually severe action Is indicated, since service 
failure is almost inevitable.    Some of the first corrective design steps 
Include a strengthening or stiffening of major support structure 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 structured elements; restriction 
of the system operational envlroanent to reduce the emtldpated excita- 
tion severity; or a downgrade In the equipment class to a less demeuading 
category.   All of these alternatives 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 
overweight.    Some of the most effective design changes indicated in this 
case are: the use of lighter alloys for major structure, such as magne- 
slum and aluminum substituted for steel shapes; reduction of the number 
of structural Interfaces, which has the effect of reducing the nvanber of 
Joints; design of major structure at a constant stress (constant margin) 
using a consistent materleQ. for maximum materiell efficiency; reduction of 
the number of isolated components wherever practiced, to reduce the 
weight expenditure for structural Interfaces and isolation units; upgrade 
the operational category or equipment class. 

In those marginal cases where the safety factor Is minimal, certain 
design steps nay be taken to Improve the situation without a major 
rework.   Ihese approaches Include: local stiffening of critical structure. 
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partlcularlly Joints; detuning of resonant structure by adding nasses 
and springs; danplng 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 WBCSATTVE MARGINS VH*Y POSITIVE MARGINS 

• Complete Redesign a Check for Constant Stress/ 
Stiffness 

e Isolation of Entire i 

SyEteo a Reduce Structural Inter- 
faces 

• Strengthen Major Structure 
a Hand-Mount Elements Where 

e Isolate Critical Fragile Practical 
Components 

a Use Lighter Alloys 
e Downgrade Operational 

Category a Upgrade Operational 
Category 

a Restrict System Operation 

BQRDERT.TNE MARGINS 

a Local Beef-Up of Major 
Structure 

a Isolate Most Fragile 
Elements 

a Detune with Aided Mass 

a Support Alteration for 
Mode Change 

a Damp to Reduce Resonant 
Rise 

a Stiffen and Damp Joints 

_J 

J 
MARGIN OF SAFETY:    Alternative courses of action are Indicated for the 
varying margin situations. 
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Saotion k - Using the Design Guide 

AMLmCAL FROCHWRBS FOR THE EVALUATION OF STRUCTURAL CAPABILITY 

An enalytlctlly oriented category of cbaptere la presented In Volume III to assist the 
evaluation effort.    These chapters Include treatises on Basic Mechanics, Natural Fre- 
quencYi Pktiguej Stress Concentration 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 
primarily 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 seme 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 a complex structure.    The 
material covered Includes the concepts and methods used In force analysis 
of static structures, the determination of stresses In membere, and the 
dynamics of vibrating systems. 

The mechanics chapter will support the analytical procedures outlined In 
Volume II, and will find utility with all the technical people interested 
in effective packaging; the Project Engineer, structural designer and 
analyst.   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 natural frequency.   The chapter on natural frequency will 
establish the importance and limitations of the resonant 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, e.nd calculation of natural frequency. 
The intent of this chapter is to outline,  for the designer, the major fac- 
tors affecting fundamental frequency, and the usual methods for shaping 
the parameter into more efficient structure.    Since natural frequency 
does reflect the important structural elements 'such as support mode, 
deflection characteristics, and material elastic modulus), the designer 
must understand their impact and use these elements to his advantage. 

Bje phenomenon of fatigue Is of vital Importance to structure which will 
be subjected to dynamic envlrotments.    Excessive vibratory stimulus 
usually results In a fatigue failure of the material; in some cases where 
repeated shock loadings excite a structure at resonance, a fatigue failure 
may also be induced.   The chapter on fatigue addresses the basic design 
choices available to the equipment package engineer; Improve element 
strength or reduce the dynamic stress effect of the structure exposed to 
fatigue conditions.   This section discusses the nature of fatigue, the 
major factors affecting fatigue strength, and the accepted analysis 
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procedures for structural fatigue evaluation.    Tat 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,   ühese stress mag- 
nification effects are known as stress raisers and are evaluated by stress 
concentration factors,   de chapter of Volums 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 eiulpment structure. 

Mechanical Impedance techniques represent a new approach to the evaluation 
of structural response in complex systems.    Impedance analysis provides 
a methodology for the numerical evaluation of the coupling effects and 
energy transfer characteristics of dynamic excitations in multl degree-of- 
freedom systems.   Ihe chapter on mechanical Impedance Introduces the 
reader to the basic concepts, language, and limitations of the approach 
and outlines the electrical analogy of Impedance.    Tte 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.    Ihe experimental possibilities of mechanical Impedance evaluation 
of complex systems is offered as an approach to energy transfer analysis, 
one factor in the analysis procedure presented in Volume II.   Ihe appli- 
cation of the technique to practical hardware is offered for cases 
involving shock attenuation, vibration Isolation, and noise controls 

VOLUME III - DESK» ANALYSIS CHAPTERS 

Basic Mechanics                                                                       I 

natural Frequency 

Fatigue 

Stress Concentration 

Mechanical Impedance                                                             | 

) 

VOLUME III:    Hie initial set of chapters in this volume of the Design 
Guide, will review the analytical disciplines important to the evaluation 
of equipment structure. 
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Saetlon k - Using the Design Guide 

SUFPORKDB USB VALIDATION STORT CF AH EQUHMBNT SYSTBt DEVELQFNE.. .-BOGRAH 

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 
Dynaalc Slaulatlon, Instnsnentatlon, and Fragility.  

The success of an equipment development program Is generally measured In 
terns of the operational suitability of the system. One of these opera- 
tional suitability parameters Is the structural adequacy of the system 
during service environmental Influences. The Quality Assurance provisions 
are directed towards the demonstration of this structural adequacy under 
loading duress, partlcularlly shock and vibration. Bms, the shock and 
vibration tests are conceived to demonstrate the dynamic structural 
Integrity of the equipment system during accelerated 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, übese chapters include treatises on 
Dynamic 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 analysis procedures, as well as establish a confidence that the sys- 
tem will In fact pass the required tests; and the Quality Assurance tests, 
which are a contracturally required group of tests, reflecting the needs 
of a given equipment class. The intent of this chapter on dynamic testing 
is to present some of the qualitative aspects of the range ui° tests 
unique to Any electronic equipment validation. Details are g^ven on the 
physical description of the individual tests, such as information of the 
test nachiiies, fixturing needs, test parameters, failur« ur acceptance 
criteria, and some of the important functional and phys' al limitations 
of the test. The primary concern of the designer and ama/st is the 
dynamic excitations resulting from the test spectrum. Ac», leratlons 
peculiar to the individual tests are plotted in the frequeicy domain to 
Illustrate the damage potential Inherent in the experience, übe suamatlon 
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 individual 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 instnmtentation. 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 inforna- 
tion to the equipment designer is more often than not lost due to a 
variety of influences, most of which could be avoided by proper pre-test 
planning. 

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 a good deal of lost data); 
and a good Idea of the paraasters of the peripheral gear to be used with 
the transducers, such as tae degree of signal 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 
dynamic data provisions. In a language understandable to the mechanical 
engineer. A good portion of this chapter deals with the manual 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. 

I^e 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 analytical process 
leading to a safety margin. This chapter addresses the problem of defining 
this surface In engineering terms. 

Hie failure modes of various equipment levels Is discussed, along with the 
fracture characteristics of conmon 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 dynamic stimulus. The details and 
differences Inherent in these failure modes are discussed In this chapter, 
and the design Inferences and Importances outlined. 

VOUKE III - CaAPTBRS OM THE VAUDATIOB OF BQUIPMBHT SYSTBC 

e Dynamic Simulation 

e Instrumentation 

e Fragility 

VOLUME III: A group of chapters are presented to assist the designer and 
Project Engineer through the validation phase of an equipment development 
program. 

:> 
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UBHO ms HAEDKARS-ORIEHIED CEAPTHIS OF VOLUKS HI 

Dissertations on Dynamic Attenuation, Materials and Processes, and Packaging Design 
techniqass are directed towards the packaging engineer.  

The last group of chapters In volume III deal basically 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 smaary treatises on Dynamic Attenuation, Materleds and Processes, 
and Mounting and Installation Techniques. 

Tb/e Dynamic Attenuation chapter deals with the array of devices available 
to the designer for the control of the dynamic environment within the 
equipment Itself. The concept of attenuation Is developed as a means of 
categorizing the comoon energy absorption 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 environment with the component fragility, 
to arrive at an allowable transmissibility curve. Kils 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 reconmended in this section are based upon an 
arbitrary equipment "level" classification, developed in the Optimum 
Mechanical Packaging Handbook.to) ihe 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 optimiting 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 dynamic environment with the resistive capability 
of the fabricated structure, or dynamic structural Integrity. The mater- 
ials portion of this chapter deeds 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 sunimry section on materials presents some guidelines for the selection 
of an optimum material for a given structured application. The edloys 
cataloged Include the ferrous edloys, 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 nay be sought. 

übe 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 
d the details presented include 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 OHXHrTH) CHAPTEBS 

• Dynamic Attenuation 

• Materials and Processes 

e Packaging Design Techniques 

VOLUME III: This volume also presents a group of chapters concerned with 
the hardware aspect of equipment packaging. 
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Section 5 - Appemix 

TYPICAL WHEELED VEHICLES 

Vehicles Gross Weights (lb) 

Truck, cargo, 3/4 ton, 4x4, M37 7,500 
Truck, cargo, 2-1/2 ton, 6x6, M35 l7 ,500 
Truck, cargo, 2-1/2 ton, 8x8, M410 13,750 
Truclc, cargo, 10-ton, 6x6, M125 52,000 
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TYPICAL TRACK-LAYING VEHICLES 

VP.hicle 

Carrier, personnel , Tll6 
Carriage, gun motor, M56 
Carrier, armored, personnel, Mll3 
Tank, 90-mm gun, M4l 
Tank, main battle, 105- JTII!l gun, M60 

Gross Weights (lb ) 

10, 500 
15, 000 
23, 000 
52 , 000 

lo3, ooo 
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Section s - Appendix 

ElCAMPLI!B 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 consideA.·ation must also be given to 
exposure to environmental extremes, as well as the transport shock and 
vibration inputs. 



VOUICB I 
Section 5 - Apperxlix 

EXAMPLES OF CLASS I THROUGH VI EQUIPMENT ( c -:mti ued 1 

5-6 

CLASS II EQUIPMENT: This categc~y .ncludes equipment which i s 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 III 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. 

VOLUME I 
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Section 5 - AppeDdix 

EXAMPLES OF CLASS I THROUGH VI EQUIR-!ENT (continued) 

5-8 

CLASS II AND III EQUIFM»fi': Equipment in these classes are firmly 
af~ixed 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 t.hese 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 equ! 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 classes, the me+~od of transport may greatly affect the 
structural necessiti es of the eq~pment package. 
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Section 5 - Appendix 

EXAMP.r.g:; OF CLASS I THROUGH VI EQUI:EMENT (continued) 

5-10 

CLASS VI EQI.IPMENr: Army equipment in this class is normally installed 
in an ~ aircraft. These aircraft include a variety of helicopters, 
short takeot'f and laming (STOL) aircraft, and a range of propellor 
driven observation and transport aircraft. Equipment in this class is 
normally operational while unier stress from the shock and vibration 
environment. 

( 
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Section 5 - Appendix 

MOUNTING AND TRANSPORT ILLUSTRATIONS 

5-12 

TRANSIT CASE: Class I Equipment is frequently housed in a rugged tran­
sit case. This is particularily true of equipment that is to be trans­
ported loose in the rear of a vehicle 

Rucksack Rucks~~k and Frame 

RUCKSACK: Equipment in Class I is often field trunspor~ed by manpacking . 
These equipments are usually highly transpo table, and are operated from 
their transit cases in the raw environment . 



SHELTER MOUNTED EQUIPMENT: Class II Equipment is normally operated 
while firmly affixed to the vehicular shelter, ·wh~le the vehicle is 
at rest. The van or shelter will normally !rovide some measure of 
protection from the external environments. 

VOLUME I 
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MOUNTING AND TRANSPORT ILLUSTRATIONS (continued) 
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TRANSPORT BY WHEELED VEHICLE: Virtually all classes of A.rmy Equipment 
are constrained to be transportable by ground vehicle. 



) 

) 

SHELTER MOUNTED EQUIPMENT: These eqJdpm~nts are normally operated 
from within the transport shelter and takes full benefit of the pro­
tection afforded by the shelter or van. The shelter or van is 
normally affixed to a vehicle while being transported in the field. 

VOLUME I 
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MOUNTING AND TRANSPORT ILLUSTRATIONS (continued) 

5-16 

VEHICULAR MOUN"i ED EQUimENT: Equipment in this category is nornally 
operated when firmly affixed to the transport vehicle. The equipment 
may be operative or inoperative while in motion, as constrained by 
the equipment class. 



VOWME I 

AIR TRANSPORTED EQlJIFMENT: Virtually all classes of Army equipment 
which are not permanently affixed to a vehicle, are required to survive 
transport by air, These transport aircraft include; helicopters, both 
slung-lifted and cargo area transported; propellor and turbo-prop trans­
port aircraft; and jet powered transport aircraft. 

5-17 
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VOLUME II 
ANALYTICAL PROCEDURES 

ABSTRACT: 

The objectives of this volume are two-fold. Primarily, Its Intent Is to 
provide engineers at the design and supervisory levels with specific 
information and methods for evaluating the structural adequacy of USAECOM 
equipment. The specific information Is provided by presenting the dynamic 
characteristics of the various quality assurance tests required by 
USABCQM. The evaluation methods. In addition to satisfying this primary 
objective, eure also Involved with a secondary (and perhaps even broader) 
objective; to provide a unified method of presenting general design 
requirements. This Is accomplished by development of general response 
spectra, which are the means of translating various dynamic environments 
Into dynamic responses of equipment. Responses are presented In terms of 
static equivalent acceleration (a force-related quantity which Is relevant 
for structural design) as a function of equipment natural frequency. The 
methods for generating these spectra are developed for shock, random, and 
sinusoidal excitations. The methods are based on the separation of basic 
information into two different factors, one Involving the characteristics 
of the dynamic environment and the other involving the structural char- 
acteristics of the item under study. The dynamic environments are 
determined on the basis of the specific tests involved. The structural 
data are organized in terms of structural transfer functions for the dif- 
ferent types of excitations. The static equivalent accelerations are then 
derived by operating on the Inputs with the appropriate transfer functions. 
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The qualitative and quantitative measures of design adequacy, besides pro- 
viding value Judgments, also serve to indicate the presence of design 
deficiencies. Thus the means eure provided for determining what design 
changes will improve the dynamic structural integrity of the design. It 
should be noted that such changes may be desirable for improvement pur- 
poses even if the original design is adequate. 

After a design change is effected, the entire evaluation process should 
be repeated because the properties depending on the design will have been 
modified. Thus, vhile the input is the same, the transfer function, 
response, and fragility will be changed. It is seen, therefore, that the 
process must be iterated until a satisfactory design Is obtained. 

1 

Equipment 
Equipment \ Class        ^ 

System   ) ^ 
Concept 

Quality 
Assurance 
Requirements 

Dynamic 
Parameters 

■t» 
Analytical 
Evaluation 

Fragility 
Estimate 

Reject or 
Refine 

Response 

It 
Comparative 
Analysis 

Safety 
Margin Value 

Decision 

GENERAL ANALYSIS APPROACH: The technical logic of the analysis may be 
represented by three analytical procedures, leading to a value decision. 

) 
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Section 1 — Introduction 

SLBBRIS OF TBS AHALYTICAL PR0CH3ÜRE 

nie iDdependent variable In the logic chain describing the dynamic excitations unique 
to Ar^y equlpaent is equipnent "class". The class designation (based on intended 
usage) leads to a description of the anticipated loadings which can then be compared 
with flrajdllty.  

The operational environnent which is anticipated for each unique category 
or class of Amy equipment is simulated by a series of environmental tests 
or Quality Assurance provisions. The dynamic tests of interest here are 
defined by the equipment class designation, leading to a set of input 
excitations used to calculate equipment response. The equipment classes, 
based on anticipated usage, are sianarised in the accompanying table. 

The input excitations result from the dynamic environments to which the 
equipment will be subjected during Quality Assurance testing. The 
required tests are determined by the equipment class to which the system 
belongs as illustrated in simmary form in the adjacent figure. Each of 
the tests may be described in terms of the "type" of dynamic loads imposed 
on the tested equipment. For exmaple, the steady state (or sinusoidal) 
tests are described by vibration levels as a function of frequency. The 
adjacent figure sunoarises the individual test requirements in terms of 
this excitation type, a categorisation which will be utilized throughout 
this analysis procedure. 

The ultimate objective is to develop curves of Gae (equivalent static 
acceleration) vs fQ (natural frequency of the equipment) for each class 
of equipnent. BJUS the responses to each test will be expressed in terns 
of 0se according to the prescribed procedures. The results will then be 
sumnarlxed and arranged by class. 

The transfer function is a characteristic of the design Itself, being 
determined by the equipment's natural frequency and marlimim dynamic ampli- 
fication factor. It is used to compute the dynamic responses resulting 
from the Quality Assurance test dynamic Inputs. 

Th« response to the dynamic inputs is expressed in terms of static equiv- 
alent acceleration. Thus the response can be used to compute stresses in 
the structure of the equipment. The response is computed by operating 
oathematically on the input using the transfer function in a prescribed 
fashion. 

An Item's fragility is a quantitative measure of Its strength. It is 
expressed in tens of the waxlimmi dynamic response which the item is 
capable of surviving. Thus, evaluation of the adequacy of a design can 
be performed by simply comparing the response and fragility. 

Margin of safety is the classical measure of an Item's strength. It is 
a direct comparison of actual stress (or load) with allowable stress 
(or load), and indicates not only whether a design is adequate, but also 
how close the design is to being inadequate. 

1-2 
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1 Summary of Equipment Classes 

1 Class I  - Loose cargo and/or manpack. 
1 Class II - Installed in unarmored vehicle. not operating in motion.    1 
1 Class III - Installed In unarmored vehicle. operating in motion.       1 
1 Class IV - Installed in tracked vehicle, not operating In motion.     1 
1 Class V  - Installed in tracked vehicle, operating in motion.        | 
Class VI - Installed in aircraft. 

1 summary of Quality Assurance Tests 

Class of Equipment    1 

I II III  IV  V  VI1 

Vibration, Survey & Dwell (V) (5-500 Hz) X 1 
Vibration, Survey (V) (10-55 Hz) X X       X         1 
Bounce, Loose Cargo (R) X 
Bounce, Vehicular (R) X  X  X  x    1 
Shock, Ballistic (S) X   X 
Shock, Bench Handling (s) X X   X   X   X 
Shock, Shipping Drop (S) X X   X   X   X 
Shock, Crash Safety (S) X 
Road Mobility (R) X   X   X   X 
Railroad Hump (S) X       X 

Excitation lypes 

Shock (S) Vibration (V)          Random (R) 
| (G VS. Frequency)     (G2/Hz VS. Frequency] (Gse vs. Frequency) j 

Resonance Survey      Bounce, Loose Cargo Shock, Ballistic    1 
Bounce, Vehicular Shock, Bench Handling 1 

Resonance Dwell Shock, Shipping Drop 1 
Road Mobility Shock, Crash Safety | 

Railroad Hump      | 

) 

FUNDAMENTAL INFORMATION:    The analytical procedures are predicated on the 
Quality Assurance tests Imposed on the various classes of equipment. 
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naALIZISG THE COMPLEX SYSTEM 

It Is alvays desirable, und usually possible, to Idealize even a very complex system 
as a slgpllfled nodel for purposes of evaluating the design.  

Most Items of equipment encountered under normal drcvrastances are  quite 
ccnplex In their dynamic behavior. Any particular Item, If It were sub- 
jected to a sinusoidal vibration Input of constant amplitude and with a 
frequency varying from very low to very high, vould exhibit many resonant 
frequencies. Bach such frequency would have an associated mode shape, 
with various portions of the Item moving In a variety of directions. For 
each such frequency there would also be a corresponding maximum response 
at some point In the equipment, thus defining the local dynamic amplifi- 
cations factor. In order to describe the dynamic behavior of such a 
complex system, an analytical model must be generated wherein all the 
nodes of Interest can be described by specific geometric coordinates. 
Generally sina a model Is described In terms of discrete masses and 
springs, sush that the number of degrees of freedom Is at least as great 
as the number of resonant frequencies. Obviously, such a task Is a very 
difficult one. 

For purposes of evaluating the major structural elements of a piece of 
equipment. It Is usually sufficient to consider only the fundamental 
(that is, lowest frequency) mode of vibration. This is true because in 
the fundamental mode all the elements of the equipment are moving in 
phase with each other, thereby producing inertia loads all in the same 
direction at any given moment. Thus maximum stresses result in the 
major structural elements; this condition is usually the most critical 
one for structural design. Limitations and qualifications of this con- 
cept are presented in detail in the following topic sections. 

If only the fundamental resonant frequency is of interest (as Just 
described) then it is possible to study the .omplex system by means of a 
simplified dynamic model. For purposes of design evaluation, the complex 
system can be idealised as a simple one-de^ree-of-freedom system. This 
consists of three elements: one mass, one spring, and one damper. 

The dynamic characteristics of the one-degree-of-freedom system can be 
described in terms of resonant frequency (fn) and maximum dynamic ampli- 
fication factor (Q). Knowing these quantities, it is possible to sketch 
the applicable response curve, as shown. 

0 

n 
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ANALYTICAL IDEALIZATION: A simplified Model is used to determine the 
dynamic response of a complex system. 
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UMTEATIOHS JS THE APPROACH - ACCURACY 

The analysis approach described herein has certain Inherent limitations which must 
be recognised - one of these Is accuracy.  

A simple structural system can be analyzed quite accurately after the 
dynamic Inputs have been described. Bile follows because the dynamic 
behavior of a simple system can be computed readily. On the other hand, 
the complex systems under discussion here cannot be analyzed quite so 
accurately. Rather, the analysis approach described herein has certain 
inherent limitations which must be recognized In order to prevent Improper 
conclusions. The accuracy limitation is discussed below. 

The quality assurance tests imposed on USABCOH equipment are sometimes so 
complex that their dynamic characteristics cannot be described in deter- 
minate mathematical form. For example,  the bounce test consists of 
resting the item on a vibrating platform without tying it down. The  Item 
bounces in an unpredictable fashion, so that Its motions cannot be completely 
described mathematically. Uhus even the starting point in the evaluation 
of a design — the dynamic Inputs - nay be obscure. This situation Is 
remedied by specifying the envlronnent in terms of typical values which 
have been measured during test. Thus the equipment in question is evalu- 
ated on the basis of typical, not exact, dynamic Inputs. 

The Idealization of a complex structural item as a one-degree-of-freedom 
system cannot always be accomplished meaningfully. In certain cases 
where stiffnesses and/or masses are distributed In a very non-uniform or 
non-synnetrieal fashion, the fundamental mode of vibration may exhibit 
some masses moving in different directions. In such cases, idealization 
as a one-degree-of-freedom system will not lead to suitable descriptions 
of internal stresses. More detail is required In the idealization, which 
may have to include more degrees of freedom in order to account for the 
complicated motions. 

Whenever it appears that the one-degree-of-freedom idealization is inade- 
quate, an expert in engineering mechanics should be consulted. The sig- 
nificant factors to consider when deciding whether to seek expert advice 
are unusual stiffness and/or mass distributions. Unusual stiffness com- 
prises those cases in which forces on the structure in a given direction 
produce deflections in some different direction. Poor mass distributions 
Include those cases in which large masses eure concentrated at points 
remote from the overall center of gravity of the system. 

U 

0 
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Actual 
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Idealized 
Inputs 
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Frequency 
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DBGREE-(F-FREEDOM 
SYSTB4 

Frequency 

) 

ACCURACY UMTATIOW:    TtM Idealized response, based on a one-degree-of- 
freedoo model.  Is useful even though It may not be exact. 
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LDHTATIOBB IN THE AFFRQACH - BEBQLUTIOH 

The one-degree-of-freedon idealization limits the resolution of the analysis 
wall ccnponente are igpored,  

The approach taken here treats only the major structural elements of the 
system, while ignoring smaller components, This limitation arises from 
the one-degree-of-freedom idealization. The result is that if some small 
structural element is more likely to fail than the major structure, such 
failure will not be predicted. This situation can usually be anticipated 
by means of careful qualitative analysis of the system in its entirety 
before establishing the idealized analytical model. 

Most pieces of equipment are built up from many smaller components, all 
Interconnected by major and/or minor structural elements. This leads to 
a situation in which the first failure to occur in the system might be a 
functional failure of a component rather than a structural failure. 
Dynamic loads inpoeed on such components depend on the relationship 
between their natural frequencies and the fundamental natural frequency 
of the system. For purposes of illustration, consider a two-degree-of- 
freedom system consisting of a large mass (representing the major itiuc- 
ture) on which is mounted a small mass (representing the small component) 
as shown. 

The shock response of the large mass can be computed by classical means, 
and is relatively Independent of damping. The response is, at most, 
twice the input. However, if damping Is snail, the large mass will 
vibrate through many cycles at the shock response level. This will look 
like a vibration input to the component, and will be amplified according 
to the amount of damping associated with the component. Thus the com- 
ponent response can be many times as great as the original shock input. 
This situation nay arise whenever the natural frequency of the component 
is close to the fundamental natural frequency of the system. 

In the event that the component has a high natural frequency relative to 
that of the system, the response to vibratory Inputs could be large at 
high frequencies. The conditions giving rise to this situation are high 
damping in the structure (and therefore high transmission above resonance) 
and low damping in the component (and therefore high amplification at 
resonance), Ihis situation Is Illustrated in the accompanying diagram. 

It is seen that, although the one-degree-of-freedom approach is very use- 
ful, there are certain limitations which must be kept In mind. It is 
advisable that an expert in the field of engineering mechanics be con- 
sulted whenever it appears that either of the following situations nay 
develop: the natural frequency of a snail coqponent is close to the fun- 
damental natural frequency of the system; the major structure is highly 
damped and some high-frequency component is lightly damped. 

o 
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RBSOUinON LDOTATICM:    The responae of small items is not considered 
In the analyses due to the one-degree-of-freedcm idealization. 
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...W to '*" iipeCltic ~. !Ilia can a<BetiJDea be acc~IJhecl 
tfw Clllfta1D apec1al ~. In tbe aiD, however, auy- particular item 
01 ~,...at ooal4 be apoM4 ';o a ftriety ot ellVi.roiiDente. !lbe uncer­
-- u ~ to eae ext.ut lJ¥ 14entif'71ng variou.e cluaea ot 
~~ ~ tbe clau1t1oat1ou are .-de on tbe buia ot antici­
JIItel .werlv ot MrYice. Die particular claaeea were defined in the 
~ca, 8ect1oD 1. !lbeH claaeea encaapaae sl.l. typea ot equ1paent 
pad ,.., _, tbe Uld. ted eta'tH Arrltt. !beret ore the7 can eerve as guide­
U.. tar cl.Ma.utoaUon ot ~t.. · 

Ill -.r 'to prort4e eae UIUI'&DCe that tbe equ1paent wUl pert~ eatis­
~ 1n MI"Yice, certa1n ~t,y u8Ul'aDce teata lw.ve been epecitied 
bT tbe Ar.,. !beee 'tHt. are dHiped on the bui.s ot the act\lll. envir­
~atal ~ce, and are epacitied according to the aforementioned class 
oa~t1011. !!ae qual.i"t7 UI\IN.DCe teats are onJ..7 representative, in 
'tile .... tllat tbe.r Ml" be e1tber 'too HYere or nat HYere enouah relative 
'tO tile act1al ~ upai.enced bT a particular piece ot equipaent. 
!IIIII 'tile fact tbat a particular dMip palMI (or ta1l.a) the HCJ.uired 
t.t1.a1 40M not pnntee that each ita::l v1ll never (or alvqe) tall in 
aot.a1: HrYice • 

.,,. parpoeee ot 4ea1p and ua:cy.1e, tbe teste have been deacribed in 
tcwe ott tbe1r ~c ~ltica. !l!lat ia, each teet produces a 
c.rta1n ~c input into the te8ted itc. !lbeee inpute bave been deter­
atDid .o that the;r can be ca~ bT claaa and b,y teet. 

!lae JU"ticular te8t8 requ1red are 8hown 1n the toll.owins topic. !1bey can 
be ~ into catecarie• retl..ecting tbe r:ature ot the •thematical 
4ellcript1on ot their 1Dpute to the equi~ to be teeted. !lbeae cate­
pi.H are eboclt, ailm8o14al vibration, and random exci tat1on. !Ibis 
oateaariUUOD v1ll ..U ii; poea1ble to cc:.pate equ1paent responses to 
'tbe tena b,y ~ ot atamar4 am.Jytical ...-thode eaa1J.¥ deacr1bed and 
eaaiJ¥ ut1llsed. Dle catecar1ea are deDOted in tbe table ot tests* by the 
l.e'ttera 1n parentbeaea: "S" refers to IAoclt, "V" retera to aimuJoidal 
rtbrratiOD, "'l" :retera 'to l'8D1ca excitation. Al.ao included 1n the toll.ow­
ill8 topic ia a repet1 tion ot . the claaa deacriptiou. It !a repeated 
tblfre tar comen1ence and •17 reference tor CQillU'iaon vi th the table ot 
~. 

* Table ahowu in the tol.lov1ng topic. 



VOLUME II 

TYPICAL SERVICE TRAMSPORT AMD 
MOBILIZING VEHICLES 

Ground 

• Rail Flatear (open) 

• Rail Boxcar (enclosed) 

• Wheeled Vehicles 

• Tracked Vehicles 

• Trailer Complexes 

Sea 

Air 

Cargo Ship 

Amphibious Carrier 

Jet Cargo Aircraft 

Propeller Cargo Aircraft 

Helicopter 

RANGE OF REQUIRED QUALITY 
ASSURANCE TESTS 

• Sinusoidal Vibration 

• Drop Shock 

• Ballistic Shock 

• Rail Humping 

• Bounce 

• Road Mobility 

t 
Static 
Equivalent 
Acceleration 

ENVELOPES 
ARRANGED BY 
EQUIPMENT CLASS 

Frequency 

QUALITY ASSURANCE TESTS:    The range of dynamic tests which are used to 
qualify a given equipment system, reflect the transport newls of the 
equipment class. 
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VOUMB n 
Section 2 — Shock and Vibration Inputs 

BQUIIMSrr CLASSES AND QUALTIY ASSURANCE TESTS 

Hie detail definitions of equipment class serve to define the quality assurance tests 
required for an/ particular item of equipment. 

0 

1. Classes of equipment - Equipments shall be considered to be of the 
following classes, according to their basic use and mode of transporta- 
tion employed in that use: 

a. Class I.    Includes equipment which will be fie.: transported as 
loose cargo and/or manpack.    Equipment designed in a combin- 
ation shipping and operation container or transit case is Included in 
this class,    nie equipment shall be capable of being shipped by rail, 
truck,  sea,  or air. 

b. Class II.    Includes equipment which is installed in (firmly 
affixed to) an unarmored vehicle,  shelter, or van and is operated 
when the vehicle,  shelter,  or van is not in motion,    übe installed 
equipment shall be capable of being shipped by rail,  truck,  sea,  or 
air. 

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

d. Class 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 when the vehicle is not in motion.    Thia ^   * 
vehicle may be either armored or unarmored.    The installed equipment 
shall be capable of being shipped by rail,  truck,  sea,  or air. 

e. Class V.    Includes equipment Installed the same way as in Class IV 
and is operated while the vehicle,  ahelter, or van is in motion. 

f. Class VI.    Includes equipment Installed in or transported by air- 
craft!    Ke equipment may be operated in flight in cases of aircraft 
Installed systems.    The air transported equipment is not normally 
operated while airborne. 

2. Definition of equipments 

a. Manpack equipment.    Equipment in this category Is operated in the 
field without benefit of vehicle,  shelter,  or van protection.    Equip- 
ment Is normally transported loose in the rear of a vehicle,  but 
operated external to the vehicle.    Equipment is portable,  and may be 
housed in a combination of transit case and equipment package. 

b. Vehicular mounted equipment.    Equipment in this category la nor- 
nally operated when flmly affixed to a vehicle, either with or with- 
out shock mounts.   Vehicle will provide a limited amount of protection 
from the external environment«. 

c.    Shelter or van mounted equipment.    Equipment In this category is 
nommlly operated from within and takes full benefit of the protec- 
tion afforded by shelter or van.    The shelter or van is normally 
affixed to a vehicle when being transported in the field. 0 
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d.   Alrboame equipnent.    Equipment In this category Is namally oper- 
ational idiile airborne In the case of Installed equipments.    The 
equipment will thus be subject to the range of enviroments associ- 
ated with these aircraft.    Equipment that is transported only by air 
will be subjected to the environment of the cargo area of helicop- 
ters, propeller aircraft, and Jet aircraft vfalle in the non-operational 
condition. 

Test To Be Performed 

Equipment Operating 

Vibration (Resonance Search 10-55 Hz)(V) 

Vibration (5-500 Hz)(V) 

Vibration (Resonance Dwell)(V) 

Bounce,  Loose Cargo (R) 

Bounce, Vehicular (R) 

Shock, BaUistic (S) 

Munson Road Course (R) 

Perrimen Road Course (R) 

Equipment Hon-operating 

Vibration (Resonance Search 10-55 Hz)(V) 

Bounce,  Loose Cargo (V)(R) 

Bounce,  Vehicular (V)(R) 

Shock,  Ballistic  (S) 

Shock, Bench Handling (S) 

Shock, Drop (S) 

Shock, Crash Safety (S) 

Munson Road Course (R) 

Perrimen Road Course (R) 

Railroad Hump Test (S) 

Class of Equipment 

I II III IV V   VI 

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 

X 

X X 

X 

X 

X 

X 

X 

In special cases only. 

QUALITY ASSURANCE TESTS: Illustrated are the matrix of tests nomally 
constrained to Army equipment, arranged by equipment class. 
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VOUMB II 
Section 2 - Shock and Vibration Inputs 

npur ncmnoMB DI ras fmamw DCMAIH 

Tbm quality assurance tests can be described in terms of the dynamic inputs seen by 
the testsd equlBBegt,  

* 

Bsch dynamic test can be described by its dynamic characteristics. In 
the ease of the U8ABCCM tests, the tests are categorised accordiug to the 
nature of these excitations: shock, sinusoidal, and random. In general, 
if sufficient Information were available, each shock test could be 
described In terms of the acceleration pulse applied to the equipment. 
This is the case when a shock test is specified in the form of a shaped 
pulse with given values for pulse amplitude, shape, and duration. How- 
ever, such a concise description is not available for the shock tests 
anticipated here - ballistic shocks and drop tests. Here, where the 
input is not known and is practically impossible to determine, the test 
characteristics are described in terms of the response of the tested 
item. Data are available which correlate the maximum response of the 
tested item (assumed to be a one-degree-of-freedom system) with its 
resonant frequency. Ihese data can be presented in graphical form as a 
plot of marlimim response acceleration versus system resonant frequency. 
Such a graph is known as a "shock spectrum."  Sinusoidal test parameters 
are generally known in terms of input acceleration (cr displacement) as 
a function of excitation frequency, for these are the parameters usually 
specified. Tests which appear to produce random inputs into the tested 
equipment can be described in terms of power spectral density, repre- 
senting the level of excitation energy present as a function of fre- 
quency. Such a description is sometimes necessary even though the test ""^ 
is not theoretically random (non-deterministic) in nature, because the            ^ J, 
actual input is so complicated as to be impossible to describe otherwise. 
Oxis is the case for the road tests and cargo bounce tests. The various 
tests, arranged in the aforementioned three categories, are described 
below. 

Included under the heading of shock tests are the ballistic «ihock, the 
railroad hunp tests, and the bench handling, drop, and crash safety tests. 
Shock response spectra are available for each of these tests, The sources 
of the information are: 

Ballistic Shock: Volume III, Chapter 6 of the Design Guide 
Railroad Hvmv: Volvsne III, Chapter 6 of the Design Guide 
Bench Handling: Appendix 
Drop Test: Appendix 
Crap* Safety: MIL-STD-SIO 

Hie individual shock spectra /or these tests are presented in later topics 
in this section. 

The drop tests required for USAECCM equipment comprise 4e/eral different 
drop heights for different weights of equipment. The heights specified 
are 12, 24, SO, 36, and k6 inches. The shock spectra illustrated later 
correspond to the worst case - that is, the aaximua drop height only. 
Since the shock response level is proportional to the square root of 
height (see Appendix), the shock spectra for heights ocher than k6 Inches 
can be determined directly from those given. 

o 
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VOLUME II 

Sinusoidal tests number only three: resonance search, vibration sweeps 
from 5 to 500 Hz, And dwells at resonance. The resonance searches eure 
performed at low levels and so are not critical with respect to strength, 
nie resonance dwells eure performed at the same levels as the frequency 
sweeps, so they will not be singled out. Die Input vibration levels eure 
shown in the following diagrams and topics. 

The tests characterized by random excitations eure the bounce and road 
tests. Available test data for the bounce tests eure presented in the 
following graphs. Also shown eure the excitations for the Munson Road 
Course. All these random excitations eure In the form of power spectral 
densities as functions of frequency. 

It should be noted that these test Inputs are net independent of the 
tested Item, but rather the dynamic Impedemce of the Item will have em 
Influence on the resulting motion. All the test data used to develop 
the accompanying Inputs were generated with nominal loads on the test 
machinery. Thus they should be valid and. In most Instances, relatively 
Insensitive to changes In the tested Item. 

;) 

2-5 



VQUMI II 
Saetioo 2 - Shock and Vibration Inputs 

nroi Bcmnais FOR KUIBSBTS CLASS I 

SINUBOIDAL VIBRATION - Not Applicable 

RAHDOM BCCITATIOW 

A 
0.40 

Power    0.30 + 
Spectral 
Density 

0.20+ 

(02/H«) 

0.104 - 

1000 + 

Static 
Equivalent 
Acceleration 

(0se) •e      100 

i j_ 

Envelope 
of Bounce 
Tests, 
Loose 
Cargo 

100 
Frequency (Hz) 

1000 

Drop Test 
(48- High) 

Bench 
Handling 

100 1000 

Resonant Frequency (Ez) 

o 

3 

t 
2-6 



VOLUME II 

; 

INPUT EXCITATICWS FOR EQÜIFMENT CLASS T.l 

t 
oM- ■ 

Power 
Spectral 
Density 

(02/Hz) 

0.30- -A 

0.20 

0.10 

1000 

Static 
Equivalent 
Acceleration 

(0    ) v ee' 
100 •- 

SIHUSOIDAL VIBRATIOH - Hot Applicable 

RANDOM EXCITATICll 

■e -»■ 

ion 
(Wheeled 
Vehicle) 

10 

SHOCK SPECTRA 

100 1000 
Frequency (Hz) 

Drop Test 
(48" High) 

Bench 
Handling 

R.R. 
Humping 

10 100 1000 

Resonant Frequency (Hz)    ^ 

3 
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VOUMB II 
Section 2 — Shock and Vibration Inputs 

HFOT EZCITATIGHS FOR BQUIFMHIT CLASS HI 

SINUSOIDAL VIBBATIOH - Not Applicable 

0.40.+ — 
RAMDCM KXCITATIOB 

0.30 & 

Power 
Spectral 
Density 

(G2/Hz) 

0.20 • 

0.10-• 

1000.. 

Static 
Equivalent 
Acceleration 

("..> 100.. 

f -i 
Envelope 

, »"'of Bounce 
^^        Tests 

i  

vMunson 
'     (Wheeled 

Vehicle) 

-♦- -»- 
100 1000 
Frequency (Hz) ^ 

SHOCK SPECTRA Drop Test 
(k6n High) 

Bench 
Handling 

100 1000 

Frequency (Hz) 

o 

t 
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nnvr acciTATiows FOR EQUIIMHJT CLASS IV 

■) 

D 

O.UO" 

0.30" 

Power 
Spectral 
Density   0.20"' 

(G2/Hz) 

0.10-• 

t 1000 .. 
Static 
Equivalent 
Acceleration 

<0..' 
100 •• 

SINUSOIDAL VIBRATIOM - Hot Applicable 

RANDOM EXCITATION 

Envelope 
of Bounce 
Tests 

Typical 
Munson 
(Tracked 
Vehicle) 

100        1000 
Frequency (Hz).  ^ 

SHOCK SPECTRA 

•op Test 
(48" High) 

101  of Ballistic 
Shock Test 

nch 
Handling 

Envelope 
of R.R. 
Humping 
Tests 

Nautral Frequency (Hz) 
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Section 2 - Shock and Vibration Inputs 

uror naiATiae roR EQUHMBIT CIASS V 

) 

SIWBOIDAL ymUTIOH - Not Applicable 

t 
Power 
Spectral 
Density 

(o2/iu) 

O.kQ - 

0.30  

0.20 

0.10 ■ • 

t 
Static 
Iquivalent 
Acceleration 

(0.e) 

Kmrelope 
of Bounce 
Tests 

Typical 
Munson 
(Tracked 
Vehicle) 

1000 •- 

Drop Test 
(U8* Hi^O 

elope of 
Ballistic 
Shock 

Bench 
Handling 

100'- 

Frequency (Hx) 

<  ) 

0 
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0 
HIPüT ExcnATiais FOR BQüIIMHW CLASS VI 

D 

SUfUSOIB/U. VIBRATIGN 

t 
100 4 

Peak 
Acceleration 

(0)   10 

Helicopter 
Equipment 

1 .. 

0.1 

In Engine 
Conpartaent 

Fuselage Near 
Engines 

100 ■• 

Static 
Equivalent 
Accelera- ^o 
tlon 

(Gse) 

Fuselage 
Remote Fron 
Engines 

Isolated Equipment 
(Helicopters and 
Aircraft) 

100 

Frequency (Hz) 

1000 

RANDOM EXCITATICHI - Mot Applicable 

SHOCK SPECTRA 

Crash Safety 
Shock Tests 

Half-Sine 
"Pulse 

Terminal Peak 
Sav-Tooth 
Pulse 

10   "  " 100 

Frequency (Ht) 

1000 
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VOWS II 

) 

t 
10 

Transmlsslbillty 
Ifetlo 
(T.R.) 

TR 

Virtually »o 
Danping 

Truncated Value 
of Q 

Llgjitly 
Danped 

Moderately 
Damped 

Natural Frequency 

Fins 
JWM 

(i) 

TR 

W 1 -ff^ 

(2) 

) 

THE GHS-DBGSEB-OP-FREB)GM IDBALIZATIdl:    The basic transnlsslbiUty curve 
defines the transfer functions for all types of excitations. 
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VOLUME II 
Section 5 - DyIlamlL, Reaponsea 

I 
I 

ÖTOUCTURAL RESPONÜK TO SINUSOIDAL VIBRATION INPUTS 

Sinusoidal vibration response is computed by multiplying the input by the transfer 
function (transmissibility).  

The computation of sinusoidal response for a one-degree-of-freedom system 
is a relatively simple matter. Since the transmissibility curve is 
originally defined as the ratio of sinusoidal response to sinusoidal input, 
it follows that the response to any given input can be computed by multi- 
plying the input by the transmissibility. 'Hiis is illustrated in the 
accompanying graph. The  input shown represents a typical vibration input 
spectrum, and Is a graph of input acceleration amplitude versus excitation 
frequency. This graph is multiplied point-by-point by the transmissibility 
value at each frequency. The result is a graph showing response acceler- 
ation amplitude as a function of excitation frequency, nils has been done 
in the accompanying sketches for two different systems, having natural 
frequencies f^ and fn2. Both systems have been assumed to have the same 
value of Q. It is seen that the maximum response can be computed for any 
given system simply by multiplying the input level at the resonant fre- 
quency by the Q for the system. !Rms it is possible to determine what 
the maximum response of any system would be If only Q and f„ were known. 
If it is assumed that all typical items of USAECGM equipment have the 
same value of Q (say Q ■ 10), independent of natural frequency, then an 
envelope can be drawn around all possible curves of response vs frequency, 
as indicated. This curve, then, represent« the maxiiman response of any 
system as a function of the natural frequency of the system. In that 
sense, each point on the curve (reproduced as a graph of Cfoe vs> fn) 
represents the maximum response of a different system but with a maxi mum 
amplification factor of Q equal to 10. For systems with other values of 
Q, the response curve may be ratiod directly. 

3.2 
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System 1 

lyateni 2 

Frequency ^ 

Ixettatlon    >„ 
Frequecey  ——^ 

Aeeelermtioo 

(oM) 

Invelope Around 
AU Fostlble 
IMPOBM Curves 

üturml Frequeoey 

fWOSSIM WOU SHOBOXDMI ncnUHOKt    ItepooM equels liq^ut 
■ultlpUed tgr trwMwliilUUty. 
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VOLUME II 
Section 3 - Dynamic Responses 

STRUCTURAL RESPONSE TO RAMDOM KXCITATION 

Design Information oun be obtained In the case of random excitation by means of 
appropriate computation methods involving the one-degree-of-freedom transmlsslblllty 
curve. 

The  sinusoidal transmlsslblllty curve Is used In computing random 
response. However« It cannot be used simply to multiply the Input, as 
was the case with sinusoidal excitation. Tills situation comes about 
because the random excitation cannot be described as a function of time, 
but rather Its energy distribution Is described as a function of fre- 
quency by means of a power spectral density graph. One of the properties 
of such a graph Is that the square root of Its enclosed area represents 
the rme level of the random signal. Thus, although the actual time 
history of the response cannot be determined, design Information can be 
obtained from the power spectral density graph of-the response. The 
necessary manipulations are performed as follows.(6) (All the steps are 
Illustrated In the accompanying diagram.) First the transmlsslblllty 
curve is squared (i.e. multiplied by itself point-by-polnt). Then the 
Input spectral density is multiplied by the squared transmlstibility 
curve. The resulting curve is the power spectral density of the response. 
The area under this curve is the mean-square level of the response! the 
rms level of the response then is the square root of the area. An approx« 
Imate formula for this rms level is shown as equation l.'o) 

The accompanying diagrams show (as examples) two response curves for two 
different systems, both with the sane Q but different natural frsqusneles 
fnl and fQ2. The area under each curve represents the mean square value 
of the response acceleration for the response acceleration for the cor- 
responding system. It is thus seen that the response ehsraeteristles of 
a system depend only on the Q and natural frequency of the system and the 
value of the Input spectral density at the natural frequency, Iherefare, 
it is possible, given Q and PSD, to determine the response as a function 
of natural frequency. Such a graph Is Shown In the fom of QM vs fn. 
Note that each point on this graph represents the response of a different 
system (hut all with the sane 4) to the indicated Input spectral density. 
For a Oausslan distribution of aaplltudes (which Is asswsd here) the 
rms level corresponds to the one-slgw, or one standard deviation, value. 
This level will he exceeded 31,7 percent of the tins. For design pur- 
poses, the naxtaum value Is usually assuasd to he three tlass as hltfi, 
corresponding to the three-slgpa level as Shown on ths graph, The proba- 
bility of exceeding this three-sign level Is only 0,5 percent, 

Response rms a^Area Uhder Response PSD Curve' 

orms - V'^2 ('„NQXPSD)' U) 

Response of System 1: 

0sel • Al 

Response of System 2: 

0se2 ■ A2 

Shown At Right 
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t 
INPUT 
PSD 

(G2/HZ) 

t 
(I.«.)' 

t 
Response 
FBD 

(02/HO 

t 
8yst«B 
Response 

«>s.> 

(PSD) (PSD), 

ArW"'/2 fnl Q (P8D)1 

Area - »/2 f^ Q (PSD) 

Peek Value 
(3<r) 

rms Value 
(W) 

TUMSm FUHCTIGR FOR RMDON JBBSmaKMt   Raodost response equals the 
under a curve defined hr **»• afuare of the transalssiblllty. 
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VOLUME II 
Section 3 - Dynamic Responaes 

STRUCTURAL RESPONSE TO SHOCK INPUTS 

Shock response is expressed in terms of maximum acceleration, which is determined 
on the basis of system natural frequency, ■ 

The treatment of shock phenomena is quite different from the treatment of 
vibratory excitation. In some instances it Is possible to determine the 
time history of the shock input, then operate on the input mathematically 
to determine the time history of the response. However, it is usually 
easier to obtain Information about shock test characteristics in the form 
of a shock spectrum, This is a graph of maximum response acceleration as 
a function of the natural frequency of the responding system. The shock 
spectrum of a given shock pulse, can be determined mathematically by com- 
puting (for example, by using Laplace transforms) the maximum responses 
of many one-degree-of-freedom systems with various natural frequencies. 
These maximum responses are then graphed versus natural frequency, thus 
defining the shock spectrum. An analogous procedure can be followed 
physically by imposing the shock pulse on a rigid block upon which is 
mounted a variety of one-degree-of-freedom systems, as illustrated in 
the accompanying diagram. The resulting shock spectrum is shown. In a 
strictly correct sense, the shock sprectrun depends on system damping. 
However, for small values of damping the shock spectrum is reduced only 
slightly. This reduction will be ignored since it is minor and since 
ignoring It will provide conservative results* 

The accompanying sketches indicate the responses of two different sys- 
tems to the same shock input. It is sssa that the dwrmcteristies of the 
responses depend on the natural frequsneles. In particular, the oaximum 
response acceleration is determined primarily by the natural frequency of 
the responding system. Once the shock spectrum is determined, the response 
of any system with the same natural frequency can be read directly. 

The procedure for detsrmlning the ■hock rssponss of a simple system is 
thus seen to involve only the determination of the system's natural fre- 
queucy and the shock spectrum of the Input •hook« 

A refinement must be msntionsd with respect to Shock rssponss. The 
responding system will exhibit residual vibratory rssponss in most cases. 
This is usually unimportant because ths oscillations dis out after a 
relatively snail nuribsr of cycles. Bousver, if ths damping in the system 
Is very small, a large nunbsr of sush residual vibrations could occur. 
The result is that fatigue damage will accumulate and, if a large number 
of shock tests are performed, fatigue failure could result. This should 
always be kept in mind when considering «hock response of a lightly 
damped system. 
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1 
Shock 
Acceleration 

(0) 

t 
T.R. 

t 
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VOLUME II 
Section 3 - Dynamic Responaea 

VIBRATION RESPONSE OF SBCONDAR* COMPONENTS 

•ßie vibration response of secondary components can be estimated on the basis of 
superposition of the primary and secondary transmlsslblllty curves,  

As previously pointed out, the one-degree-of-freedom Idealization causes 
a lack of resolution with respect to behavior of secondary components. 
This limitation can be surmounted somewhat by Idealizing a complex system 
as a pair of simple systems In series, as shown below. If It Is assumed 
that the secondary system (component, system 2) Is small enough that Its 
presence does not Influence the dynamic behavior of the primary system 
(major structure, system l) then the behavior of the component can be 
described as follows. The response of the major system to a sinusoidal 
vibration Input Is given by the ususal transmlsslblllty curve. The 
response of the major system Is Interpreted as the Input Into the com- 
ponents. This Is then amplified by the transmlsslblllty curve of the 
secondary system. The result Is the transmlsslblllty curve Indicated, 
(right) which represents the response of the component to a unit sinu- 
soidal Input into the equipment. 

The sinusoidal response Is then computed, as previously, by multiplying 
the Input by the compound transmlsslblllty curve. 

The random response Is computed by multiplying the random input spectral 
density by the square of the compound transmlseibility curve, and com- 
puting the area under the resulting curve. This procedure is the same as 
for the simple system, except that here two resonant pffaks must be 
considered. 

These calculation« have been performedv ' for the general two-degree-of- 
freedom system, «hen the two critical frequencies are widely separated 
and the component is small coaperad to the major structure, the formula 
f or the rms acceleration response of the component it given by equation 1, 
as noted, Ihe assumed (S-eipa) level is then Juet three times the rms 
level, as indicated. 

TWO DBQMEB-OP- 
FIOBDQM MOOD. 

Input 

System 

System 

3-8 



VOLUME II 

RESPONSE OF SYSTEM 1 ALONE 
TO SINUSOIDAL INPUT 

RESPONSE OP SYSTB4 2 
ALONE TO 3IHU30IML 
INPUT 

IBSFQIBI OP SY8T» 2 
TO A 81MÜS0IDAL INPUT 
TO THE OGMPOBITI SY8TB4 

MBFGmi TO A 8IIU80IDAL Bcmoioi 

REPOBSK TO A RMDGN BCITATIQi 

0M «  S^), 

(V«.-    ^/2 fj {*£) (PB^) ♦ V2 f2 (Vj) (»D2) 

CONKUIID 8mWi   SlBUBOldal Md rutai rt iponn« of coapoMnts «re based 
on the eoapounA traiwl—IMlity curve. 

3-9 



'■^^iviÄsft-- .•j-"' '■ ■ 

VOLUME II 
Section i - Dynamic Reaponaea 

SHOCK RESPONSE OF SECONDARY COMPONENTS 

The shock response of secondary components can sometimes be much more severe than li 
uaually recognized. 

A commom belief Is that the maximum shock amplification of a system Is a 
factor or two. This belief Is In error on two counts. It Is based on the 
shock response of a slngle-degree-of-freedom system, which Is a valid 
assumption for the analysis of major structure. However, the response of 
a small component depends on the degree of "tuning" between the component 
and the major system. The worst case occurs when the natural frequency 
of the component as a simple system Is approximately equal to the natural 
frequency of the major structure as a simple system. Then two effects 
come Into play. It Is assumed that the response of the major structure 
Is seen as an Input by the component. The maximum response (also called 
the primary response or highest acceleration peak) of the major structure 

1 

!(SV 
could be a factor of two times its input, if the input is a rectangular- 
shaped acceleration as shown, C2) 
wave, which is then amplified by a factor of 1,8 by the component« 
The second effect occurs when the system has very little damping* Than 
the residual response (that is, the vibratory response occurring after 
the pulse is removed) of the major structure is a sinusoidal oscillation, 
as shown. Since its frequency is near the resonant frequency of the 
component, the component will amplify it as time progresses, as shown. 
The amplitude which finally results depends on how much damping is in the 
system. In general, the result is that fatigue failure could be caused 
by the repeated cyclic loading, whereas the usual analytical treatment 
is to assume only one application of a «hock load. 
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VOLUME II 
Section 3 - Dynamic Reaponaea 

ANALYTICAL DETEHUNATION OF NATURAL FRBJUHMCTf 

Several analytical methods are available for determining the natural frequency of a 
structural ayatemf even before It leaves the design Btagee. 

The natural frequency of a structure can be computed analytically. For a 

simple system It Is given by f ■ s-y J» . This formula can be used 

for a complex piece of equipment if it is transformed into slightly dif- 
ferent form.  The mass of the item is its weight divided by g: M • U/g, 
The static deflection (i.e. the deflection due to an acceleration of 1 g, 
or a force equal to the weight) is A • W/k, so that the frequency formula 
can be rewritten as shown In equation 1 and simplified in equation 2. 
The force can be interpreted as acting at the unit's center of gravity or 
as being distributed over the unit in accordano« with the actual weigit 
distribution. The structural deformation A is interpreted as the dis- 
placement of the center of gravity, as shown In the aceoapangring diaflrw. 
Consider a uniform cantilever bssa as an ema£Uu Lst its total wei^bt 
be U, its length and stiffness be L and D, Under the action of a uni- 
formly distributed total force of V lb. (corresponding to a one-g load) 
the deflection at the center of the beam is: 

A- .<** IT 

The computed natural frequency would than bet 

fn 

The exact value^ ' is found to bet 

^V?-^ 

f-  11 n 1 WIT 

A similar computation for a siagLy-iupported beam «hows the static 
deflection to bet 

wr5 

d • .013   jj- 

so that the computed natural fraqpsmy Ut 

fn -v^VS V!F 
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coBpared to the exact value of: 

f . MJST n  Jw? 
Thus It is seen that the approxlaate fonaOa Is sowtiaes too high and 
soaetines too low, but usually within reasonable Halts of accuracy. It 
Is reasonable, therefore, to round off the constant 3.13 to be 3. Ihls 
subject Is discussed In aore detail in Voliaw III of the Design Guide. 

The foratoiog detandnation of fn can be used to establish the approxlaate 
transaissibillty curve as Indicated. The graph is drawn as a function of 
f according to the foraulat 

f 2 t 

he graph is drawn ai 

n 

The graph, iaataad of bell« allowed to becosw Infinitely high when 
f • fn. Is tmnoatad at the level T* • Q, UM deteraimtton of this 

aapliflcatloo Is discussed In the next topic. 
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VOLUMK II 
Sivtlon .^ — Dyiiami.«-' Ri*sjpuiia«?a 

ANALYTICAL DKTEH4INATION OF L5TRUCWHAL DAMPI»; 

Structural damping» a algnit'lccuit dynamic characteristic, can be estimated 
analytically before the design Is complete. 

As was seen In the foregoing sections, the dynamic behavior of a one- 
degree-of-freedom system Is determined on the basis of Its natural fre- 
quency and maximum amplification. 

The maxlmuBi amplification, called Q, is determined by the amount of 
damping in the system. The relationship between Q and damping is 
4 ■l/("t>)(l), where {  is the amount of damping, expressed as a fraction 
of critical viscous damping* This quantity really cannot be computed 
analytically for an actual piece of equipment, for it depends upon such 
factors as material hysteresis damping, energy losses in slipping Joints, 
energy losses due to impacting parts, and damping due to air turbulence 
and liquid turbulence. However, { can be predicted on the basis of prac- 
tical observations of the behavior of various pieces of equipment which 
have been built and tested in the past. A lower limit of { ■ 0,02 
applies for bolted and riveted asssahlies, and a probable upper limit of 
C ■ 0.10 is applicable to complex equipment such as a guided missile 
which contains moving parts. A good rule of thumb is to use a value of 
4 ■ 0,06 for a given item of equipment unless specific Information is 
available to make s better choice. The corresponding amplification is 

ft- rrbs "10- 
nie appropriate value of Q can then he used to truncate the transaissi- 
bility curve, as indicated in the aoeoapanylng disgna. 

Also shown is a family of trsnwri —ihility curves for various values of 
damping. It is seen that, altteutfi daaping is beneficial near resonance, 
it can be harmful for excitations at frequsneies hitfwr than %/z fn. 
This should be kept in mini when considering the advisability of 
adding damping to a system. 
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VOLUME II 
Section 5 — Dynamic Heaponaea 

DYNAMIC CHARACTBUSTICS OF ISOLATH) BYSTBIS 

A piece of equipment, when aupported on resilient ahock or vibration Isolators, can 
be treated analytically aa a rigid body on discrete springs. 

The equipment under discussion here generally (but not always) Is In the 
form of a rectangular nass supported on four resilient mounts, shown In 
the accompanying diagram. In such a situation, two planes of synmetry 
are apparent: x-z and y-z. The resulting lowest modes of vibration are: 
1) vertical bounce in the z direction; ü) lateral displacement (A) along 
the x-axis coupled with rotation (e) about the y axis; 3) lateral dis- 
placement (4) along the y-axis coupled with rotation (6) about the x-axls. 
The analytical determination of the fundamental resonant frequencies of 
this type of system is a straightforward natter. Five basic frequencies 
(two coupled frequencies In each lateral direction plus the vertical 
bounce frequency) oust be computed as follows: 

where kz  is the stiffness of each isolator in the i,  or bounce, direction. 

The chart shown in the diagram^) provides a simplified means of deter- 
mining the coupled frequencies. The inforantlon required inclues the 
stiffness characteristics of the springt and the radii of gyration of the 
item with respect to the x and y aws. 

For the coupled frequencies corresponding to the translation In the 
y-direction and rotation about the x-axis, a value is eoaputed for the 
dimensionless parameter 

t£ 
(Here kx la the stiffness of eseh Isolator in the x direction and p is 
the radius of gyration with respect to the y-axis.) Then the graph is 
entered, as •hewn, and the points corresponding to the appropriate «slue 
of a/p determine the values p/h   f/fs(f). The two values of f are the 
coupled frequencies being sought, lots that fs is the bounce frequency, 
determined previously. 

For the coupled frequencies corresponding to translation in the 
y-direetion and rotation about the x-axis, the procedure is similar. Only 
the numerical values of p,  a, and b are ehangsd, and ky is used instead of 
kx. As a practical matter, kx and ky are usually identical, and the value 
of "a" will not change. Thus, only p and b must be re-evaluated, (lotet 
the dimensions "a" and "b" refer to the spring spacing and position, as 
shown in the accompanying diagram.) 
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Prvbably th~ slmpl~st mean:; ,. r •xperirrentally de t e n r iu!r th dyritlrr i c 
hara t risti~s t' an it 'll u t' •quiprr nt is the so-call <i "humver" 0 1· 

"twa r •" test. 'llae -tulprr 'nt i o aused to vibrat by r apping 1 t, am the 
vi ratior! l evel l s r ec rueJ on an oGcil l graph as shown. A!'te r th h1gh­
f l'e'luency transients dal!.p ut, th " truce becanes a damped slue wav • 'llle 
frequency C!ln be measureJ directly by cow1t1ng the nurrber of ooclllations 
i n :> ne convenient time p'rlod. 'lbe dwnplrJt; can be corrputed(l) from the 

1 xl 
r e ttonship l. "' ~ ln Xoz where x1 and x. are uey two success! ve 

!W!pli tldes. 'lhis ls then nverted into amplification according t o the 
f n \.4l!l Q = 1/ ( t). 'lben, with !'n and Q known, the transmissibil ity curve 
ca1 be constructed as discussed previously. 

Si mihr rea\Uts can be obtained by means of an actual vibration test. 
Here the vibration response is plotted as a function of excitation fre• 
quency, so tbat the actual (rather tban approxlaate) transmissibility 
I.! W"Ve is ~efined. '1he natw-al frequency and aaximurn amplification can 
thus e determined directly, as ir~icated. !be inatr~ntation utilized 
t o accompliab this can vary from tbe very 8imple (accelerometer output 
read n a meter) to the very aopbi8tlcatecl (1111pedance bead between aba&er 
and item), with output reco~ed on an X•y plotter. 

I n the event tbat the laatrumeDtaUon requlrecl ror the aforementioned 
test proc~UI'e8 la not ava1lable1 81mllal' l'e8ulta can be obtained by 
means of a 8troboecop1c 11sbt and a flexible bar 8ucb a8 a 8teel ruler. 
'l'he bar 18 attacbeci to the equipment 80 tbat lt8 lengtb can be convent• 
ently varie4. 'Dlen tbe eqwpmeat i8 8ti'Ue&, or "t~", several tillle8e 
'l'he unsupported lellgtla of tbe bu' 1a ftl'te4 uotll 1ta N80Dallt rrequeacy 
1a the aame u tbat or tbe equlpaeat, 1Dil1cated vben tbe 'blu-'8 reapoaae 
ts •xS"•• 'a.n a 8troboeeope la \lle4 to 4etendoe tbe r"oaant rre­
~uency or tbe Y1brat1r-« bar. Dal8 call be 4aae b7 tvaaglng eitber tbe 
e~utpment or tbe bar. 'Dle a4ftlltaee ot ualag a\ICb a bar i8 tbat ita 
amplitldea vlll be larger tban tbe equlJIIIODt' 8 1 tbUI euing tbe atrobo• 
scopie o~~tloaa. 

Wl thout tbe meaaa for measuring clulplllCJ tbe MxSI!IUI!! ampllflcation h 
determined b7 means or J~nt, u UacUMecl preYlOUily. It v1U ranse 
between Q • 5 ud Q • 15, clepeadlag Oil tbe etruetural rature or tbe 
equipment. 
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ÜYNAMIC RKÖPONSEÖ BY  KUUITOKNT CLAÄ! CATKiX)Wf 

The iytamlc reaponses Ji' equipment in the various equipment classes can be determined 
by the grevloualy presented methoda. 

'Hie dynamlo Inputs resulting from the USAKCQM Quality Assurance tests 
were aunnarlzed, by class,  In  Section l    oV this volume,    Diese Inputs 
can be transformed Into dynamic responses (i.e., equivalent static accel- 
eratlon, G8e) by means of the methods presented previously In this 
section.    The responses are presented In the accompanying graphs, which 
are arranged according to equipment class. 

The responses to sinusoidal vibration (class VI only) were determined ty 
multiplying the Inputs by the naxlmum amplification factor Q.    In this 
case, the value Q » 10 was assumed as nominal.    If a particular Item of 
equipment has a different value of Q, the results presented here nay 
simply be scaled up or down as indicated. 

The responses to the random excitations were computed by the formula 

ase • 3 v~   fQ Q(PSD),   the value of Q • 10 was assunsd, so that 

the appropriate formula is   GM • 12 Jf   (PSD),   If an item has a 

different value of Q* the results presented can be sealed up or down by 
the square root of the ratio of Q's, 

The shock responses are read directly on the shock spectrum graphs, by 
definition.   Thus the shock response graphs presented here are simply 
reproductions of the spectra presented previously.   9M only system 
parameter of significance here is natural frequsney, so that the results 
presented are applicable to all systems regardless of the value of Q, 

In summary then. It is seen that the dynamic rseponees have been deter- 
mined according to the sehsmst 

oi0 ■ input x transfer function 

where the forms of the input and transfer function were dependent on the 
nature of the excitation • vibration, random, or «hock. 
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VOLUMK II 
Seotloii h - Strength Determination 

KACTORS AFFBCTINÜ STRENGTH CALCULATION 

In order to emLi«te a design with respect to structural adequacy. It Is first 
necessary to determine Its strength.    This determination deytends on the mode of failure 
and is expressed In terms of frmyility« 

The ultimate objective of this volume is to provide the tools for evalu- 
ating the structural adequacy of a particular design.   Ibis evaluation is 
based cm the strength of the design, where strength is defined as the 
quantitative measure of the ability of the structure to perform its 
function in the presence of adverse mechanical loading.    Such strength 
determination involves the relationship between loading and material char- 
acteristics, and considers the various possible modes of failure 
anticipated. 

Material properties and type of loading generally determine the aaxliman 
load which nay be applied to the structure.   Many different modes of 
failure must be considered, each mode being associated with a specific 
type of loading and a particular aaterial property.   For example, buck- 
ling depends upon the waximuin value of external load and the modulus of 
elasticity of the material, as veil as the structural configuration.   On 
the other hand, fatigue failure la governed by the number of times the 
loading is applied, the magnitude of the loading, and the fatigue strength 
of the material.   Other modes of failure must be considered also, of 
course.   To bring order into the potentially chaotic list of failure modes, 
it is convenient to group them according to the type of loading to be 
imposed.   Thus only two categories are required: ■axlw one-tim loads 
and loada which are applied In a repetitive oanner«   Ihose failures assoc- 
iated with the former Include yield, rupture, buckling, and excessive 
deformation.   The latter produce only one node of failuret fatigue. 

As if to complicate the situation further« it must be pointed out that 
the loading magnitude la not usually defined specifically, but rather is 
a function of the structure* s natural frequency.   Urns the overload 
strength of the structure varies with natural frequency also,   doing one 
step further, consider the case of fatigue strength.   If an oscillating 
load ia applied for a specified tias« then more cycles of stress result 
if the oeciUation frequency is high than if it is low.   Ihus the fatigue 
damage will be greater for the hitfier frequency system.   Ibis dependence 
on frequency gives rise to the eooeept of fragility, which ia simply a 
means of displaying graphically the variation of strength of a design with 
natural frequency. 
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ikvtlciii k —  iUiviif'.th DtaiM-MiliLitU'ii 

iJIMPLK OVl-üiLüAD KAILUHK 

Certain types of failure result froui a single application ol" an exceeslvely hl^i 
load, Theae Include fraoturi-^ exceaalve defomatlon^ and Inetablllty,  

The  mode of failure Identified aa "simple overload failure" corresponds 
to failure caused by Just one load application, as opposed to the fatigue 
phenomenon. Several types of failure can result from a single application 
of an excessively high load. 'Bieae Include yield, rupture, Instability, 
excessive excursion, and Isolator bottoming. The  particular failure which 
actually occurs In a given situation depends upon the structural config- 
uration and the mechanical properties of the material involved. 

The starting point in determining the anticipated mode of failure is to 
describe the anticipated dynamic loadings. Ulis should be done not quan- 
titatively but qualitatively, to determine the points of application of 
inertia loads and their directions. The inertia loads of interest (those 
associated with this type of failure) are identified as "static equiva- 
lent acceleration", or G8e, as presented in Section 3 • Dynamic 
Responses. 

It is assumed that the structure under study has been defined well enough 
to allow the determination of stress levels in the various structural 
elements resulting from the application of specific forces. This being 
the case, detailed stress analysis methods are invoked to determine the 
stresses and displacements due to loads applied to the structure in a 
manner similar to the anticipated Inertia loads. The results are then 
classified according to three parameters: displmc«»iits, tensile (and 
shear) stresses, eosqpressive (and shear) stresses. 

The conputsd displacements will be compared with the establlshsd values 
of allowable displacements to determine the margin of safety. Two types 
of displacements must be considered in discussing nodes of failure. The 
first, caused by structural defamation» leads to mechanical interfer- 
ences between neighboring compoaeots within an item of equlpmsnt or 
between neighhorlng items tlunwelvea. The second arises when an item of 
equipment is mounted on resilient isolators to protect it from large 
accelerations during shock and vibration. In such a case, the item will 
usually move like a rigid body with deflections caused by deformation of 
the isolators. Rot only could this cause interferenee between neighbor- 
ing items, but of even mare seriousness» an isolator can reach the limit 
of its resilient travel and "bottom out". This causes large dynamic 
forces on the equipment» thus negating the beneficial effects of the 
isolators. 

The modes of failure caused by excessive tensile (and «hear) stresses are 
callad "yield" and "rupture*. These phenomena depend only upon the 
strength characteristics of the structural materials. The allowable 
stresses are independent of the configuration of the structure. Yielding 
is considered to have occurred when the stress exceeds the yield strength 
of the naterial. Rupture constitutes actual separation of the material, 
and will occur when the stress readies the tensile (or shear) strength of 
the material. It should be pointed out that, while rupture per se con- 
stitutes failure, such nay not be the case with yielding. Rather, in 
some instances, yielding might be allowed if the displacements are not 
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excessive.    Thus the specific requirements of each particulsr design will 
determine whether yielding is to be considered a mode of failure. 

The modes of failure caused by excessive compressive (and shear) stresses 
are "yield", as discussed previously, and "buckling".    Buckling, also 
known as instability, occurs in the form of structural collapse (without 
rupture) when the applied loads exceed the level at which the structure 
becomes unstable.   The most connon form of buckling is the one which 
occurs in an axially loaded column.   Less frequently seen is the buckling 
of the thin skin of a shell-like structure.   The buckling mode of failure 
differs from the others in the respect that the critical stress is not 
dependent upon material properties alone.   Rather, the structural config- 
uration itself is the major governing factor in determining the critical 
stress.   The only material property of interest here is the modulus of /5\ 
elasticity.   Some typical formulas for critical cosipressive stress arer  ' 

»2« Pin-ended column:  8cr • (y-j g 

Axially loaded cylindrical shell:  S „ • 0.3 !r er      n 

Other instabilities involve such buckling modes as lateral deflection of 
beams and torsional deflection of ooluns« Chapter 1, Voluns III of this 
Design Guide presents a complete treatment of the buckling phenomenon and 
lists the formulas for critical stresses for many structures. 
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Sootloii ;t - liliviitUn DcU'i-n.li. it Kn 

DEftNINU KATIOJK KAILUHK 

Kepeated ioadlti^ oan cuuöe tHllure nt  stress levels sl^itlllettntly lower than the 
mterttU. yield atreinfth. 

Situations frequently arise, as have been observed repeatedly, in which 
structural elements fracture unexpectedly when the applied stress level 
Is relatively low. Such failures have historically occurred after con- 
siderable length of service, thereby giving rise to the label of "fatigue" 
failure. It was first thought, because such fractures had a crystalline 
appearance with no evidence of plastic deformation, that "crystallisation" 
had caused a reduction in strength. Subsequent research indicated that 
the cause was cyclic stressing, and proved that repeated loading can cause 
failure at stress levels significantly lower than the material yield 
strength. Ihus fatigue failure is defined as the sudden rupture of a 
structural element due to cyclic loading at stress levels below those 
required to cause static failure. 

The simplest physical model for discussion of fatigue failure Is repeated 
tensile loading at constant amplitude. Most available test data have 
been generated with this loading scheme. The tests are perfarmed by 
measuring the nunber of cycles required to cause failure at each of sev- 
eral stress levels. The data points are plotted on a graph of stress 
versus cycles, as shown,C5) The resulting curve is a failure lins such 
that combinations of stress and mafcsr of cycles abcvs the curve iadieats 
failure, ani vice versa. This curv« thus sstsblishss the sllowSbls cyclic 
stresses for each particular oatsrial. Whs» plotted on ssni-log grnpb 
paper (stress versus log cycles) ths eurvss exhibit charaetsristies which 
give rise to certain comrsnisnt definitions. Most steels exhibit an 
asymptotic stress level below which ths oatsrial can bs strssssd indefi- 
nitely without failure. This stress is known as ths saduranes liait, 8#, 
Most aluninuns, on ths othsr hand, do not srtiibit such an asymptote: 
the stress decreases indsfinitsly (within practleal rangss of eyelss) as 
cycles Increase, Thus ths snduranes Unit fuotsd for aluainuM is usually 
the fatigue strength (allowabls stress) at 500 Billion eyelss. 

Many practical situations sriss in vhleh a structural «Is—at is sub- 
jected to a complex pattern of stress reversals. His eoaplsxity of sig- 
nificance is one in which ths strsss Isvsl varies fro« cyels to cycle. 
Two such circumstances are frsquently sneountsrsd in ssrvies} swept 
sinusoidal vibration and raadoa vibration. Ssvsral Mhtods are 
available for dstsmining ths nafcsr of eyelss at saeh predstsninsd 
stress level in both easss. tassd with this information, anothsr concept 
must be introduced to make it ussful: evsulative dssMgs. Lst ths life at 
stress Si be % cycles. If a strueture is subjected to »i cycles at 
stress Si then the renaining mriber of eyelss allowed at that stress is 
(Nj. • nyj.   Thus, a fraction of its lifs correcponding to nj/ii has been 
used up. If, after the Hi cycles at stress 81, ths strueture is sub- 
jected to n^ cycles at stress 82» then the additional fraction of its 
life used up will be ng/Kg «here I» is ths lifs at strsss Sg. If ths 
sum of the life fractions (also eallsd dsmage fractions) is greater than 
unity, then failure is anticipated. Mathematically, this is stated as 
follows: nj/Ni+ng/Hg >1 means failure. 
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Stress 

Fftllure Curve For A 
Typical Steel Alloy 

■l *£     "2 

Log Stress Cycles 

XKI PATIOUI PAILURI CURVIt Low stress, repotted e sufficient umber of 
tines, cen cause failure. 
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DKSIiJNINU KOK INt'INlTK FATU'nJH 1.1KK 

Providing t'or l!U"liilte t'atlKue life oft'era t* alunlilcHtit ülmpllllcHtlon for the 
procesd of 4eai^ti evaluatton. 

Because of ail the complexity Htiaoclnted with fatigue attttiyais. It is 
reoonsnended that a aimpll float Ion be InvuKu«! In order tu aasure consla- 
tenoy with the objective of thla Dealgn Guide: to provide a almple set of 
tools for uae by project englneera, 'Rje simplification referred to 
involves the subject of finite fatigue life. Deaign evaluation t'or 
finite life requires exact knowledge of both stress history and mterial 
properties (i.e., S-N curve) and demands complicated analysis methods. 
Evaluation for infinite life requires only that the material endurance 
limit be known and does not Involve the concept of cumulative damage or 
knowledge of how many cycles of stress are to be Imposed (an infinite 
number of cycles is assumed). Thus the project engineer. In keeping with 
his role as an evaluator rather than as a detail designer, should evalu- 
ate the fatigue adequacy of a design on the basis of infinit« life - that 
is, by comparing the maximum oscillatory stress to the endurance Unit of 
the material without regard for the number of cycles actually antleipatsd. 

The result of this type of approach Is always conservative. In the sense 
that margins of safety are computed to be smaller than they actually art. 
However, It should be noted that the design of USABCGN equipment Is gen- 
erally governed by shock loading (see Section 3 • Responses), especially 
those Items with high natural frequsncles. For most alvnlnuB alloys*9) 
the ratio of fatigue strength (at 500 Billion cycles) to ultinat« tsnsll« 
strength is approximately 0.25, so that the 3« Vibration laval for infinite 
life governs the design whenever it excesds 0.25 tints the shock response 
level. This situation is illustratsd in the aeconpanying diagraau When 
the design is dictated by fatigue, there are two choices within the scop« 
of this Design Quids, First, th« design can b« evaluated for infinit« 
life, the penalty being «xcessiv« conservatism. 8«conl, «xpart assistane« 
can be sought from an analyst skilled in th« methods of finlt«-lif« 
fatigue analysis. 

Although this is not Intended to b« a ccnpl«te tr«atis« on fatigu«, it 
should be pointed out that osuagr othar factors must b« eonsid«r«4 in a 
detailed fatigue analysis. Sosw of thss« ar«! strsss raisars, b«at 
treatment, notch sensitivity, temperature, structure site, surface finish, 
corrosive environment, residual stress, grain direction, (*) 

The previous discussion was bassd on a strsss history consisting of com- 
plete stress reversals, mainly bscaus« this is th« typ« of loading actu- 
ally anticipated. In general, such is not the ease. Rather, the 
alternating stresses are usually superiapoeed on sons nsan stress. The 
subject is presented at this point for the sake of conpletensss and to 
Indicate that methods are available to treat this ease also,'5*7' 
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.ioolluii •♦  — Jtfeiit'lh Di'liTimiutt ion 

UtUNU THK CONCKIT OF b'HAuILITY '111 DUINK fcXiUIPMHn' iSTHKNi.TH 

The  i'ragliity  of an item defluea the aliowable loadings which cun be  Imposed uti It. 
llu»  fragility  will  be preaented   In thin dooument aa a graph of allowable atutlc 
equivalent acceleration veraua luttural  frequency of the Item. 

'Rie structural adequacy of an Item of equipment la evaluated by comparlrig 
ltd strength with the loadlnga Imposed on It.    Such a comparison Is seen 
to be very complicated because many different failure modes are Involved 
In the strength, and the loadings are not discrete but rather vary as a 
function of the natural frequency of the Item,    Ttiua,  in order to simplify 
the evaluation process,   It has been found convenient to define both 
strength and loading as functions of natural frequency,    Thia makes it 
possible to exhibit both strength and load graphically on the same chart 
and to compare them at each natural frequency to determine structural 
adequacy as a function of natural frequency,    "Hie strength graph, 
expressed in terms of allowable dynamic response (Gge) versus item nat- 
ural frequency (fn)>  is known as the fragility.    It should be recognized 
that there will be a different fragility curve for each different mode of 
failure.    This aspect will be treated in the discussion of how fragility 
Is computed. 

In order to prevent confusion,  it must be pointed out that the afore- 
mentioned definition is by no means universally agreed upon.    The 
fragility concept was originally introduced in conjunction with protective 
packaging requirements.    There the fragility was defined in terns of 
dynamic inputs and excitation frequency, for those are the significant 
quantities for that application.   For evaluation of structural adequacy, 
however, the definition presented in this Design Guide nay be more 
suitable. 

The full usefulness of the fragility concept can only be realised when it 
Is determined and used quantitatively.    The quantitative measure of the 
fragility of an item is its maximum allowable dynamic response, expressed 
in terms of static equivalent acceleration, 0-,,   This allowable load is 
determined by means of detailed stress analysis, and is based upon the 
strength characteristics of the item.   The force required to cause fail- 
ure is calculated and is then transformed into 0ge by dividing by the 
weight of the item,   Ihis is plotted graphically as a function of system 
natural frequency so that it can be compared with the responses computed 
in Section 3, 

Each different mode of failure has associated with it a different fragil- 
ity level.    Simple overload failure (except for excessive deformation) 
depends upon maximum applied force. Independent of natural frequency, so 
that its fragility is equal to GBe, as shown in the accompanying diagram. 

The fragility curve for excessive deformation varies with frequency 
because the parameter of interest is displacement rather than accelera- 
tion,    Ihus, since vibratory displacement and acceleration are related as: 
displacement x (2Tf)   ■ acceleration; it is seen that a given allowable 
displacement corresponds to a low acceleration at low frequency and a 
high acceleration at high frequency.    This is illustrated on the accom- 
panying diagram. 
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The fatigue pheiuoenott depends upon both acceleration level and number of 
cycles. However, since the design philosophy outlined here Is that 
fatigue will be evaluated for an Infinite life, the allowable stress level 
la the naterlal's endurance limit. Itais the fragility Is Independent of 
number of cycles and frequency, as shown. 

One additional mode of failure should be considered: functional failure of 
some small component. Tn this respect, the response of the structure 
represents input Into the component. Thus, the allowable level depends 
upon the resonant frequency of the component: only small levels can be 
tolerated at the resonant frequency of the component. Ihls situation Is 
also Illustrated. 

It Is seen that the fragility curves constitute a set of graphs of Gs« 
versus fn. An envelope curve can be constructed, as shown, to display 
the absolute fragility of the Item, Independent of failure mode. This 
envelope defines the naxlmuw allowable dynamic response of the item as a 
function of natural frequency. This can be compared with the actual 
responses induced by the Quality Assurance tests to determine the struc- 
tural adequacy of the design. 

Fragility 

Small Component. 
Fragility 

Excessive Defer 
Failure 

Simple Overload 
Failure 

Invelope 
Ftetigue Failure 

natural Frtquency 

FRAGILITY CUIOTB:   An enveloping curve may be used to define an absolute 
fragility. 
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VOLUME II 
Section t> - Design Kvaluutlon 

FRAOILITY AND LOADING CURVBJ 

In order to evaluate a design with respect to structural adequacy. Its strei^th 
must be compared with Its anticipated Xcsdl^s, 

The evalitttlon of a design Involves «any factors concerning Its perfor- 
mance, appearance, and other attributes. With respect to structural 
adequacy, however, the only attribute of concern is the ability of the 
Item to resist the applied loads without failure or excessive deforaation. 
Evaluation of the structural adequacy involves coaparlson of the strength 
with the anticipated loadings, Ulis cosvarison process can be perforaed 
either qualitatively or quantitatively, and usually both approaches are 
taken. The qualitative conparison consists of siaply eaudning the 
Item's fragility and loading.curves. The quantitative eoavarison is 
accomplished in similar fashion at the beginning, but it is extended to 
the point of computing a numerical margin of safety, This makes it 
.possible to determine Just how adequate (or inadequate) an item may be. 
Such Information is required to decide whether an inadequacy can be 
corrected simply or whether major redesign is required, 

•Rje qualitative evaluation of a design is accomplished as followst 
as shown is Section 3, each class of equipment has associated with 1ft 
specific dynamic inputs and specific dynamic responses. The corresponding 
graphs of static equivalent acceleration, when plotted against system 
resonant frequency, constitute the dynamic response curves, as illustrated 
In the accompanying diagram. A separate curve is shown for sinusoidal, 
random, and shock excitation. Above these curves is drawn an enveloping 
curve, as shown, which now represents the maxiaMm dynamic responses. 
Independent of source. 

The next step is to construct the fragility curves which, as discussed la 
Section U, represent the aaxiam allowable dynamic reepoaaes of the equip- 
ment. Again a family of curves la eneountered, one for saeh mode of 
failure. An envelope around these curves serves to define the fragility, 
or allowable dynamic response. Independent of mode of failure. 

The final step is to plot, on the sam gragh, ths two enveloping curves 
for dynamic responss and fragility, Qualitative ooapurlson of the two 
curves shows whether or not the equlpswnt la strueturally adequate. 
Adequacy la Indicated when the entire fragility curve Us« above the 
entire loading curve, as shown. Conversely, a defleleney Is ladleatad 
whenever the loading curve crosses over and exceeds ths fragility curve. 
Deficient regions are Identified as Shown In ths aeeoapaaylng diagram. 

It is thus seen that ths foregoing prooedures will Isad to qualitative 
decisions concerning the struetural adaqpaey of the equlpMnt being 
evaluated. Furthermore, the lafonatlon Is not only of ths "go, no-go" 
variety, but rather the dangerous frequency ranges are also ladleatad. 
Thus it is possible also to observe how much benefit would result ttom 
certain design changes, such as «hanging resonant frequaney. 

The approach taken to evaluate a design on ths basis of fragility and 
loading curves demonstrates an additional advantags, lot only can an In- 
adequate deaign be corrected, but a marginal design oaa be l^rowad even 
though it nay be adequate. The consequent Lataüv—iii In reliability Is 
one of the direct benefits of the approach presented hare. 
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Sektion b - Dedl^n Kvaliuitloii 

s 

MARGIN OF SAFm 

The degree of adequacy of a part Is determined quantitatively by comparing ite 
fragility to the applied load atreaaea^ atri la expressed as a margin of safety. 

The margin of safety Is a means of describing, quantitatively, the struc- 
tural adequacy of an equipment element, Diere is no standard, universal, 
definition of margin of safety, because different failure modes are 
associated with different measures of strength and structural adequacy. 
For example, fatigue failure is associated with both stress level and 
number of repetitions. The margin of safety based on stress will be 
numerically different from the margin of safety based on number of cycles. 
Ibis becomes immediately apparent when one considers the two different 
methods for a situation In which the applied stress is below the endur- 
ance limit. Die margin based on life is Infinite, while the margin based 
on stress is some finite value. 

In spite of the aforementioned difficulty, the following standard defini- 
tion will be chosen for use in this Design Guide: 

M a   allowable  . 
M'8* "  aetwl  ml  * 

In this definition, NallowableN and "actual" refer to either load or 
stress, depending on the node of failure and the Inforaation available. 
In the case of fatigue, margin of safety calculations will be based on 
the conparlaon of stress with endurance liait, rather than considering 
numbers of cycles. It it Men that If the aargin of safety is positive 
the design is adequate, and if the aargin la negative the opposite is 
true. It should be pointed out hare that the desired value of safety 
margin is not neceasarlly »ero. Sow deslgnars choose to require that 
the actual loads always be lass than tha allowaMe loads by SOBS aaount, 
thus leading to a positive safsty aargin, Siailarly, sons designers 
divide the strength of tha aaterial by a "aafety factor" to establish the 
allowable stress, or aultiply tha applied loads by a "safety factor" to 
establish tha design loads, Qie ehoiea of these approaches is left to 
tha preferences of aaeh individual uaar. Per tha purposes of tha illus- 
trations in this Design Quids, tha "allowable" will correspond to tha 
true strength of the structural tha "actual" will correspond to tha 
dynsBie loada developed in Section S, and tha desired value of aargin of 
safety will be saro. 

This definition of aargin of safety is eapacially useful ip connection 
with the fragility and loading curraa diaouaaed previously. The areas 
of negative aargin are thoae in which the fragility curve lias below tha 
loading eurvaj positive aargina are oppoaita, Furthanwre, the distance 
between the curvea la indicative of tha value of tha aargin of safety. 

The aeeampanying diagraa illuatrataa two aituationa. At frequency ty 
the fragility ia hitfiar than tha load so the aargin of safety is positive. 
At frequency fg tha fragility is lower than the load ao tha aargin of 
safety is negative. 

The magnitude of the aargin of safety can be plotted on another graph, 
also as a function of systea natural frequency, as shown. This graph is 
derived sinply froa the grapha of fragility and load versus frequency, 
as indicated by the aargin of safety foraula. The advantage of presenting 
this type of inforaation is that the "good" and "bad" design regions 
become Immediately apparent. 
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DKTKIWINATION OV  ClBKECTIVK ACTIONi 

By examination of  the fragility and loading curves, It can uumetlmeu te concluded 
that corrective actlona are ^oaaltlu.  

The manner In which the margin oi"  aal'ety graph la displayed naKea puaaltle 
rapid evaluation of the atructurai adequacy u!' a design. Furthermore, it 
alao provides Insight Into potential design changes which might be made 
as a means of Improvement of the item and its reliability. 

Two situations can arise in which design modifications are called for. 
The most obvious is the one in which the original design is found to be 
inadequate. The other Involves a design which is adequate, but whose 
margin of safety can be enhanced relatively easily. 

Design deficiencies are indicated by negative margins of safety, as noted 
previously. These occur when the fragility curve dips below the loading 
curve, as shown in the accaapanying diagram. It is seen that the margin 
of safety of the design will be negative (that Is, the design vill be 
structurally deficient) if Its resonant frequency lies between f^ and fg. 
The worst possible situation will result if the resonant frequency equals 

There are a limited number of corrective actions available to the designer. 
The load curve cannot be altered because It is determined by environ- 
mental test requirements, (An exception is that the vibration loads could 
be reduced by the introduction of damping Into the structure. However, 
for the purposes of this study» only nominal structural damping is con- 
sidered, and no control over this parameter Is anticipated.) However, 
the fragility curve can be altered hy Increasing the strength of the 
structure. This would lead to the situation indicated. Tbm only other 
alternative is to modify the structure in such a way as to move its 
resonant frequency outside the critical rang* (to f^ or f5). Note that 
this implies not only that an increase in frequency would be beneficial, 
but also that a decrease in frequency could be equally beneficial. 

The actual procedure to be followed In a particular ease Involves a series 
of steps. First a preliminary redesign is established on the basis of 
either strength or natural frequency. Then the new fragilities and nat- 
ural frequencies are computed so that the corresponding margins of safety 
can be determined. This procedure will probably have to be repeated, 
perhaps several times, before the final design is attained. 
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VOLUME II 
Section 6 - Illustrative Bxample; Bv«lu»tion of a Hypothetical New Design 

PROCHHnfcL AFPLICATIONB 

Sane Illustrative examples will toe usad to demonstrate how tbe faregolog proceduras 
are applied In practice. 

A hypothetical design has been generated as a vehicle for denonstratlng 
the design evaluation procedure. Sie Item Is described In the accosvaqy 
log diagram» It has been specified as belonging to Class II: installed 
In an unarmored vehicle. Ihls choice was made for two reasons. First« 
it Is likely that most equipment falls in this class (and in Class III, 
which Is subject to the same tests). Second, it is not subjected to 
ballistic shock testing, so that the design details My be influenced by 
more than one test (the ballistic shock is so severe that it overshadows 
all others, leading to a very spaeial type of design). Certain design 
alternatives have been allowed to remain so that corrective actions any 
be Illustrated at the end of the evaluation process. 

The design will be carried, step by atep, throutfi the analytical 
esdures described in the preceding sections of this Design Quids, DM 
various steps are Identified in the flow diagram below: 

Bqulpment Class     ^ Environment (Section S) 

Streis (Section k) 

laillre Nodes (Section k) 

RodeiigDs (Section 5) 

low loads (Ssction S) 

Filial Approval (Section 5) 

This approach is general, in the sense that it is the asms for all types 
of equipment, regardleas of the design details. In every oaae, the 
specification of "equipment class" laads to all the other steps. 

Since this example is for illustrative purpoaes, it aseessarily must be 
defined in terms of spaeifie struetural details. It moat be reeopdted 
that any deaign vhieh is eooounterad la praeUee viU differ from the 
example in both groaa and minor raspecta. It la bayood the aeopa of thia 
Design Guide to attempt to oatalofaa the atreas dlstribuvdoaa and struc- 
tural behavior of every possible eoabiaattOB of struetural elamaata. 
Thus the uaer must posaeas a certain mlniawi UBdarataaAiag of atruetural 
analysis before being able to follow the atepa in the approach advooated 
herein. 
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BJUIBUMT COMFIGURATIOM 

0.O5?.  Sheet 
(b Side«) 

Total UelgHt - 75 Ib. 

T7 x r x - Angles all Bdges 

Item has 
Resonant Freq- 
uency of ZbO Hz. 
Allowable 
Acceleration of 
1000 g. 

Main Platfont 
(lA In. Plat«) 

Fiac« Flat« 
(1/8 in. Plate 

Dlstrlbtttad at follows: 
63.2 öD Main Platfom 
2.6 on lac« Plata 
9.0 in Struetur« 

Natarlal:   Alualm« Alloy 7075-16 Throu^out 

RTPOIHRICAL DBIOit   A 75.1b It«« of Claaa 2 IquipMnt la u««d to 
lllustrat« th« analytical proeadur««. 
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„kviun, n -  [HuJtrulLve Kxui'i'lc;   KvuluHt leu ut' H H^|«»th«aU'nJ  New UealK" 

UhTüHMINATION Oh' 'l'KANÜl-'Wi FUNCTION 

Llie tratiai'er fiuiotlon la ayntheslzed t'roui u compututlun of reBuiuint Irequency and 
an eatLtmte of ati'uctural daiupltus.  

The tnuiafer funotlon for dynamic excitation la the one-degree-ol'-freedoci 
alnuaoldal lunpilfIcatlon (tranauilaslblllty) function (see iJectlon 3, 
Introduction).     No 4uantltlea are reiiulred to aynthealze this function: 
natural  frequency ui>d damping. 

To  Ictemlne the natural frequencies,  first eonalder the types of vibratory 
motion which the unit will  exhibit.    If the unit was bolted to a vibration 
lest  table, motions of the table in the directions of the principal axes 
(fotv-aft,  side-side, and vertical) would produce dynamic responses in 
those directions. 

The motion In each of these directions can be interpreted as being repre- 
sented by the response of a one-degree-of-freedom system.    The corresponding 
natural frequency will depend on the stiffness characteristics of the 
structure relative to deflections in the directions of interest.    The 
structural deformations associated with these directions can be envisioned 
by Inaginlng that a static force is applied in each direction at the center 
of the main platform. 

The natural frequency corresponding to the fore-aft direction is determined 
in accordance with the procedure presented in Section 3 (that is, 

3.13 v 
'n   =    ■vT5' 

The static deflection. A,  is the deflection due to a 75-lb, force (one-g) 
in the fore or aft direction. This force, applied at the platform location, 
is resisted by shear in the side plates, as indicated in the accompanying 
diagram. Only the lover half of each plate la considered, for the platform 
is supported at the center of the plate. Thus the resisting plates are 
d inches high, 2k inches wide, and 0.032 inches thick (each). The shear 
stress, strain, and deflection are conputed as shown. Tb» resulting natural 
frequency is seen to be 300 Hz. 

The natural frequency in the fore-aft direction is determined In a similar 
fashion. Ihe only difference Is that the length of the plate Is 12 Inches 
instead of 24. The plate thicknesses are the same, assuming that the 
perforated l/8-inch front plate Is equivalent to a uniform plate 0.052 
inches thick. The resulting calculations lead to a natural frequency of 
210 Hz. 

The natural frequency for vertical motion Is determined In a somewhat 
different manner. Here the one>g force Is assumed to be uniformly dis- 
tributed over the main platform. This approach Is based on the observa- 
tion that the platform provides the major flexibility In the vertical 
direction, since it Is loaded In bending while the side plates carry the 
vertical loading in direct tension/compression. The static deflection 
13 taken to be the deflection at the center of the plate under the action 
of the weight supported by the platform (63.2 lb). This deflection is 
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computivl üti  Lihowii in the üci'umpaiiylug dla^runt.     It  la ü«.'«'ii  Umt   ttu- 
iiatiU'sii   fre lUciK'y   la   iViuinl  tu  l't* ;4J H/..     'Hie  llif«-«- ui.'lun.ped   (uiiel   ui. •' uji'-i) 
tfiinamldaltlilty ^urvt-a,  JIILIWH foJlowli^r,  urt? cun^mted frmi.  Uie rt-iuUui.^hiJJ 

TK 
1 

(6 
Regai'dln« damping,   it la aaaumed that the atructure iu asst'«.Lled  by meui.s 
of threaded  t'aatenera or rivets.    ITms the damping levei will   te  In  th<- 
vlolnlty of ö percent of erltleal.    The resulting maxlmuK. ■ijr.pliiicatiori 
factor will be 10 at each resonance point.    The correapondinK truncated 
transmlsalbillty curves are shown In the accompanying figure.    Thes«.- ire 
the transfer functions for excitation In each of the three prlnelpai 
directions.     (See Page  6-lk) 

^     10-- 

T.R. 

I. 

Tinuicuted at .< s 10 

Frequency 
(Hz) 

TRANSFER CHARACTSU3TIC3: The trensalssiblllty (•« • functlot. of the 
frequency of dlaturbence) it Ideellsed in the response curves for the 
three prindpel directions. 
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VOLUME  II 
Seotlon ü - Illustrative Kxample;   Kvaluatluu ul' 11 H^putlu-tii-ui   N<*w Deulgn 

DhThJC-lINATION OF TRANÜKKK FUNCi'lOfi   (Cuutlnued) 

KORK-Ajg MOTIOM 

t      :   x 0.05: 

A 

H i''1 

V Z 
< 1-    ■^"-    > 

Sliear Stress T - 

Shear Strain y 

Shear Modulus C 

Solve for ^ using G = 

A      A      A arctanjj   *   „   =    ^ 

F =   /^  # 

X 
51" 

x^r ■ K = JKosr - w-8 ■»' '"»'• ^ 

(Ref, 5) 

stress U8.8 
strain 

k x ICr for aluminum: 

439.^ 439.2 

439.2 
A 

4x10° 
»    109.8 x 10   inches 

Natural Frequency: f 3.13 

3.13 

10.47x10" 

/I09.8x10 

300 Hz 

andfcam Man« 

1 

-.      • 

.-. 

1 

H=9" /I 
t-I^lE"-^ 

t =  2 X 0.032 
-  O.G64 " 

X 

\      F=75# 

/Z2 
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Sht>«r Streuö   r - 
Force 
Area - 

F 
Lt         1 

/;. 
x o.uV» 

ähear Strain > 4 
H 

Shear Modulus Ü   - 
JT.b 877. i> 

a7.t> psl 

B77.b 
G 

877. b =   nv.k X 10" 

Natural 
Frequency:    V 

3.13 303 

<219.4x10' 

varncAL NOTIOM 

3.13 

lU.SxlO 75 210 Hz 

fty^H Main Platfor» Idealized at 
Slaply-Supported Plate 
(width - 2l»i length - 12» 
thlekMM > lA) 

Static Deflection i • 0.111 
IT 

where 
65.8 

P - Pressure  -   foroe/area  .   yfag •   0.22 pai 

b > Leagth   ■   12 iadiea 

I - Nodulas of nasUclty   -   ItelOT pai 

t ■ Thickoess   -   0.25 iadMS 

■atural 
Prequeaeyt t      • 

io«io«(o.a8)       o.uSA<r 

w- 3.13 

^0.00525 
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VOLUME II 
:>eotloii ■> - liludtruttv«* Kxample; K*vnluatlori uf «t Hypothetical New Debign 

DhTfcHMINATION 0*' BNVIRDNM&ITAL LOADINGS 

'rtie dynamic loadings, or responses of the equipment, are determined on the basis of 
e>mlpcient ciaB8| as shown In Section 3, 

The equlpinent under consideration Is assumed to belong to Class II: 
installed In an unarmored vehicle and operated when the vehicle Is not 
In motion. As such« the required quality assurance tests are: 

Vibration (10-55 Hz) 
Vehicular bounce 
Bench handling shock 
Drop shock 
Munson road course 
Perrynan road course 
Railroad hunping test 

> Detailed on Page £-3 

The vibration test Is a resonsne« surv«yf and is not considered laporttnt 
for structural design purposss. Ihs dynsale «nvironwnts for ths rsmin- 
ing tests are shown In ths accoapsnylng diagram, as dstansinad in 
Section 3 of this volune. Tha shook curve eorrasponls to drop tasts fron 
a height of 1*8 inchas, aa praacribad for aquipaant vhioh vai^s lass than 
100 lbs. The randon vibration eurva eorraaponds to tha vahieular bounea 
teat. 

Tha antioipatad raaponsaa for tha itm in qpaation ara datarainsd fro» 
tha aeconpaagring grapha via tha raaooaat fraqManeiaa datandnad pra» 
viously: 55 Hs, 210 Hs and 300 Hi, 9M ahoek raaponaas ara XBQg, 660k 
and 950«. Tha randon vibration raaponsaa (So) ara SQg, 96g, and 112g, 
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io,ooot 

t 1,000» 

static 
Equivalent 
Acceleration 

4   4 i-i4Mfl^-T 
4 f     ■ '^-*-   »  «  t ■ • ■—■  

x±\VA ■ til 
i 

7TT~ 

Drop 
Shock 

(40" Height) 

Random 
Vibration 

(M)      100     (210)1500)       1000 

(H.) 

DIMMZC VMKKBMt   Ibe static IvUvalent Acceleration for the hypothetical 
Class IZ easaple are rmA at 55, 210 and 500 It es 50 g, 96 g, end 112 g 
respectivel/. 
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Seotloii f) — Illiiötmtlve l-Uiiniplf;   KvuliwtImi uf UyinAht-llI'H 1   N«'w  1>-.,1KI- 

DKTKRMXMTION OK b'AILUKK MODK:'. 

The   failure modes  to be antlolpateU are determinevi  by   Inupectlun ul'  tlit,- Jeiilgji >»iil 
•onslderatlon of ltd sitru^tural  belmvlor. 

Inspection of the atruetural  i»ture of the hypothetieui deuten reveulu 
that  the primary atruoturai  failure modes will be aa  fulJowa: 

I.     Shear buckling of the aide and baor; panels due  tu alde-sldt- 
and fore-aft loads. 

; .    Bending failure (yield or fatigue) of the main equipment plat- 
form due to vertical loads, 

5.    Axial failure (yield or fatigue) of the vertical frame members 
due to horizontal and vertical loads. 

•..    Excessive deformation. 

; .    Malfunction of the 2b0 Hz item whose fragility is 1000 g. 

The internal loads and stresses are determined by analysis, as follows: 

1.    Panel shear stress: 

Fore-aft and side-side dynamic responses of the equipment will 
produce shear stresses in the side and raar panels.   Ihe 
highest stresses will occur In the rear panel because Its 
length (and corresponding shear area) Is least.   The shear force 
on the rear panel Is half of the dynanlc load, the other half 
being carried by the thick front panel.   The resulting stress 
is the force (l/2 x weight x dynaalc load) divided by the shear 
area (length x thickness).    In terms of static equivalent 
acceleration: 

^ x weight x 0ge        y x 75 x 0^ 
r"    TTE   "     IS x OBS •   97'5 0— P«1 

•e 

i 

9 

^—*- 

Thickness t - 0.052 

/ 

1      ^ 
„ \ 

! 
<— l2 - —>i 

^ P = 1/2 x wt x G se 

Shear Area =  12 x 0.03t 
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Z.    Bending of naln e^ulpnent piatfom: 

Die akin equipment platform Is aubjeoted to vertical loads which 
cause bendln« strensea In the plutt'orm. The loading Is assused 
to be uniformly distributed, and results fro« vertical shock and 
vibration response. 'Rie naxlaum stress In a simply supported 
plate due to uniform pressure ls:(8) 

where P is the distributed pressure and ^ is a constant depending 
on the ratio a/b (a - length and b « width of the plate). 

For this case, «here a/b is 24/12 - 2.0, the constant is £ ■ 
0.61, so that th« stress is: 

. 0.6I &£L, . il»oo f (prt) 
(0.26)* 

Th* pressure P is coaputad fro« the wtitfit of «quipatat supported 
by the platform and tha statte äquivalent aeealarationt 

wei#it x Q 
P   .    » 

6S.2 x 0.. 

HUM tha stress la: 

*mx   "    lkVi * 0•2l9 0sa   "   506 0sa^p•1^ 
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iVotlon o - Illustrative EKampi«;;   l-Nnlutttiof, oi' u HypotUetieui New Ueslgf: 

DhTKHMINATION OP FAILURE M0DK5 (Contlmea) 

3.    Axial failure of    main fnuoe: 

The four tie-down points carry all the vertical support loads 
through the main frame member».    As a result,  both fatigue and 
yielding failures could result.    The force carried by each 
vertical member due to vertical loading Is one-quarter of the 
total force. 

F   *    f x 75 x G 18.7b G 
IT -se 

Bowever, thla Is Mailer than the force due to lateral loading: 

ZT x 12 • 9 x 75 x 0S# 

P * 26 0 •e 

75 0 — 

76 GM 
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*».    Excessive defurnatlori: 

The failure mode eorredpojKling to excessive defornatlon Involve« 
the lateral displacement of the e^ulpcient.    This Is related to 
acceleration and frequency by the formula: 

acceleration   -    dlsplacenent x (frequency) 

G     x 386   »    « x (2»f) «e x       ' 

386 G 

r 

IhuSf knowtng the acceleration and th« fraquaney, the displaea* 
■tot la raadily datemlnad. 

5. Ooaponant ■alfuoctlon: 

The raaponaa of the fragil« coapooent d«p«od« on th« Input to It 
«ad It« traa«Bl««lblllty eb«raet«rl«tlc«. If It 1« «««uMd that 
tte eoavoMnt b«h«v«« a« a oa«-d«p>M-of-fr««dai «ysUB with a 
■udWB «apllflcatlon of 10, It« rMpoiwe to an Input of 0«« 
will b« a« «hown In th« aeeoapanylnf dlagraa. Ihl« 1« lnt«rpr«t«d 
to Man that th« r««poM« of th« «tmetur« 1« th« Input to th« 
cospoMnt« 

A  l00.. 

Coaponent 
■««pen«« (0M) 

Pr«qu«ncy 
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LMMPirrATION Ot* FRAOIUT1KÜ 

Cla««lc«I atress cuwlysl* pruci<«lur<-u ttre used to oaapute tiie i'nM,Ultlea correuponalf^ 
to th» anticipated aode« of failure. 

Th« fragtlttlea correspotklln^ to the mitlclpatea it-oaeü uf I'HlIure depend 
on UM allowable streaaea, ta governed by the atruotural material 
(7075-1b alaalnuBi) and com'1 duration. Typical vaiuea of the material 
properties are: ^ 

Modulus of Kiaatletty (K) • 10 X 10° pal 
Yield Strength ■ 70, QUO pal. 

Fatigue Strength (I06 cycles) • 20,000 pel 
These properties are used to deternlne the fragilities (that Is, allowahle 
values of GM) as follows: 

1. Sh—r bueHllng (Ref. 10, Pg. SS9): The critical shear stress 
for a slnply supported rectangular plate, as shown. Is: 

2 
8  • K v  P    Snaller Dlaenalon^ 

■fe3 

where      D« —S—^ 
12(X-*  ) KT 

and the vttlus of K depends on th» ratio a/b, A Uniting ninlmai 
vnlut which can ha uaad with aMuranee of coaaarmtian !• K « S. 
Tbua tha oritioal shear ttraaa la 

**      bS  12(1-^z)     yr 
where Poisaon's ratio is am—a to ha M ■ 1/3. Per tha oat« 
in point, tha largsst dinanaioo b is b ■ 9 iadMa, (all panels). 

niMt 8        ^   10 x id6 (0Ta52)2   .    ^ 
Cr (9)Z 

■luating the critical and actual stressest 
97.8 0M -585, 0^ - 588/97.8 - 6 

Thus 6 g is the fragility level, lodependaat of fraqnaney, 
eorraaponding to tha shear buckling node of failure. 

2. Platfom bandiagt Both yield and futlgoe aast be eooaidered as 
potential failures of the naia platfom. The eorraapondinf 
allowable stresses are 70,000 pal for yield and 20,000/1.8 • 
11,000 pal for fatigue (asauning a stress concentration factor 
of 1.8 for beading of a plate containing a holeM*!) n* 
eorraaponding fragilities are detendnad by aquatlng actual and 
allawable stresses: 

nsidt 306 0M- 70,000} 

0M' 
70,000/306 • 230 g 

Patigue: 306 0M. 11,000 

0se- 11,000/306 • 36 g 

\J 

\J 
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main frame ure Vu.iHX) pal mid i:u,uuo/3 - C'tov pal  (uBtiui:!!^ n 
stress eoneeutratU»ii I'uetor of i iim? tu rl/et IJUJ«B),    'HIUU  th« 

4. 

fra^liitloa are: 

Ylelil:     M*« U      -  70,1)00; 

Fatigue: 

ae se *       ' i:/. 

MtB Ü      ^ 67ÜÜ; 
se ' se b/ZOO/Mb It,  f. 

Kxceealve defonnatlon;    Bie lateral dlsplncement of the equipment 
is assuned to be limited to a maximum of 0,t> inches by neighburini: 
equipment.    Ihe corresponding accelerations are detennlned as 
follows:     (See formula on Page 6-11, where 6 -  O.L.) 

a
ae 2 

0.5 « io -p j G^ - o.ofc r (g's). 

Thus the fragility is a function of frequency, and is plotted as 
such on the acconpanying graph, 

5. Coroooent ■alfunctiow The allowable input to the fragile com- 
ponent depends on it« tranmlsalbility and its own fragility. 
Since it can withstand an acceleration level of 1,000 g, the 
allowable input Is 100 g at 250 Hs (where the transnissibilty is 
10) and is 1000 g at low frequency (where the transnlsslbility 
approaches 1). Thus the fragility varies with frequency, and is 
given by the expressions 

1000 
se 

where T8 Is the transalsslbllty of the ecoponent as shown in the 
preceding topic. UM fragility is shown in the acconpanying 
diagram. 

The complete set of fragility curves is shown in the accompanying 
diagram. There is thus displayed a picture of the allowable 
dynamic responses as a function of the resonant frequency of the 
equipment. 

1 
1000 

Fragility 
(g's) 

loo 4> 

10 

Component Failure 

Excessive Deformation 

Platform Yield 

Frame Yield 
Platform Fatigue 

Frame Fatigue 

Frequency (Hz) 
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:V.-ti,!i •■  --   i ! I u.ili-tt i v ■  Kx-ii'i1''-»   Kviluitiion D!" H HypoUu-t 1 >-'t 1   Ni-w  Ih-ul^ti 

LVALUATlOfl >ih   ^TRKNCTH 

s.Vmp«rlsiv»ii of Iho  fragility Jiint roöponao survey sihowa whether or nut the  ietiltri. 
1J  ^tifiuat^. 

The fuvompanyllit? dlugraiiiü ahou the prevloiwly iievelup«il rrn^lllty »mi 
KniJliit: Krapha, Here tlje ahook rrngllliy and ahook lutcilnt-', curvet have 
l-een plotted on one KT'iph, while thoae curreapondlnf to vibration ure on 
the other.  Below etmli oi" theae graphs Is shown a graph uf  aafety nar^in 
u ;i fonetlon of naturtil frequency. Also Indicated are the three basic 
natural frequencies of thla Item of equipment: MJ H^, '-lu Hz, and 200 Hz, 

It la apparent that the margins of safety are negative at ail three 
natural frequenclea, thus indicating that the proposed design is inade- 
quate. Further, there are no frequencies at which the nargin of safety 
U' poaltive, 'Axis indicates that major redesign will probably be 
required, since the structural adequacy cannot be sufficiently enhanced 
by simply shifting natural frequencies. The corrective actions to be 
taken are discussed in the next topic. 

The particular formt used here for displaying the fragility and loading 
irn'ormtion Is especially useful for evaluating corrective actions. 
Separating the shock and vibration graphs allows the fatigue and other 
:::ode8 of failure to be evaluated independently. Thus only the worst case 
need be corrected, because the others will then be improved automatically 
(Tor the sane structural element). It should also be noted that, while 
only the envelope of loads is required, the separate graphs for the 
various failure nodes oust be presented. An envelope of failure nodes, 
while useful in computing safety nargin, does not provide sufficient 
infonaation for redesign purposes. 
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SHOCK nmki'UM 

lüOü, .. 

t 
se 

100  • 

10. 

-l. 

laekil^ 

+ 

Ccaiponent 
FragUlty 

PUtfoi« 

fifctlfttt 

10 100 1000     10 

-1 

100 

N.S. 

(55 Hs]       (210 
I 

U*     1(300 It) 

1000 
—► 

f
B-> 

(55 It 1 
(210 Is)       (300 Hz) 

CCNMHISQR QT flÄOHIW A» UMDIHO CWWt    l^sUvt Nurgliis of uf«ty st nstursl 
frsqusnelss Inilest« dtslgn 1s not sdsqnsts. 
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LWHWA-TIVK ACl'IONi". 

It  wtn l>e 3<.*;»ii that certain deal^n ohaii^ea are reijulre*! to Implement a sufficient 
liuyrovetnent  In iyiimiilo atreii^tii. 

It lias been shown thut the design, as proposed,   iu lnade<iuute.    In order 
to determine how the design nay be changed to Increase its adequacy,  it 
Is essential to coiu>uIt the fragility graphs.    Here the separate fragil» 
ity graphs, not Just the envelope, should be considered.    It Is sufficient 
to make a comparison with the loading graph envelope, however,    "Bile cones 
about because the fragility curves will change shape as the design changes, 
while the loading curves are Independent of the design details. 

It  id aeen that the most severe node of failure (corresponding to greatest 
negative safety margin) is panel shear buckling,  followed by frame fatigue. 

On the basis of the foregoing. It can be concluded that certain changes 
can be made which will have a great effect on the structural adequacy of 
the equipment.   The changes fall Into two aajor categories: shifts In 
natural frequency and Increases in fragility levels. 

Consider the benefits of changing natural frequency.    If the frequencies 
f2 and 1*3 can be shifted sufficiently far, the node of failure corres- 
ponding to coBpooent oalfunctioo can be precluded.   Vote that the shift 
can be either higher or lower.   In the Interest of saving veitfit, the 
frequencies should be shifted domwari, if possible.   Bsferring to the 
calculation of f2 ■ 210 Is., it is seen that the detendog factor is the 
shear stiffness of the cabinet panel.   Since this itaa is already criti- 
cal In buckling, it oust be thiekeasd rather than thinned«   Ihus the 
frequency f« will be increased rather than decreased (unless the config- 
uration Is changed).   UM frequency increase will be accompanied by an 
Increase in bucklii« strength of tho cabinet panel.   It can also be seen 
that there is no advantage to sU^ly shifting the frequency f^ because 
the loading and fragility curves are approadaately parallel in those 
region   of f ■ 55 Hx. 

Inspection of the individual fragility curves indloates that   in order 
to raise the overall fragility levels the foUovlsg aodes of failure 
must be prevented! shear buckling of panels, min platfon fatigue, fraae 
fatigue, frame yield, and platfocm yield,   tteee ocrreetlons can be 
accomplished by changing the aatarial thtnknsssss apprapriately.   taain- 
atlon of the loading ourvss indloates that ths governing buckling and 
yield load (the drop shook test), is lOOQg in the vicinity of 300 Is. 
The governing fatigue load (random vibration), is lOQg at the ssmc 
natural frequency.   Urns, the fragilities Should be inereased to these 
levels for preliminary redesiga,   Oetallsd reevalumtiom eon then follow. 
Bach mode of failure is discussed individually In the following topic. 

6-16 



VOLUME II 

1000 

ae 

RhadOB 

210     300 

Ifttural Prvqutney (It) 

aw tmtm UUMI MSICD 
«••UBtd to b« 300 Is. 

eteiiflta iMd to etauiN In loads - nw ffi 
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hViliuttloii of  a HyiHjUu'tloHl lv«al».',ii 

L^KiUUN M^UUFICATIONt? 

nie atreii^th oiiloulntlona ure used to estabiloh new values of utructural paraneierB 
mit 11 the ^ealgli la attown to be ?Ue^uate In all reapecta,  

The buckling of  the aide tu«! back cabinet panels Is governed by the factor 
(t bV: aa shown previously. In order to ralae the frylllty from 6g 
to 10C0&,  the ratio h/b must Increase by a factor of flOuO/b » 13. This 
can be aoconpliahed by introducing ribs to decrease b fron 9 Inches to 
3 inches and thickening the panel so that h increases from .032 to ,12b 
inches. The resulting panel is inordinately thick (and heavy) which 
Indicates that in this case it would appear wiser to change the design 
configuration than to modify the existing one. This is accomplished by 
Introducing diagonal menbers to support the side loads. Then buckling 
will be resisted by the frame members rather than the panels. The 
required sizes are determined as follows. The Haximnn side load of 
1000g (shock test with fn ■ 300 Hz) produces a force of 1000 x 75 ■ 
75,000 lb. (of which only half la carried by the tack face). The most 
heavily loaded diagonal member Is the tension meefcar across the back 
(neglecting the carrying capacity of the covreselon ■saber). The load 
it carries (see diagram) Is b6.900 lb, TO prevent tensile failure 
(tensile strength ■ 80,000 pel) a eroes section of k6,9QO/QO$00O ■ 0.59 
•4. in. Is required. For simplicity's sake, this can be considered 
typical of all eight diagonal ■safcara. Hie vertical frame msmttr la sub- 
jected to cosqpresalve loads of 28,200 lb. as shown. To prevent buckling, 
the required moment of inertia lat 

PL  m   28|299 ^ fo)  u   aQesi ^k (for u j^ eolw|B)( 
» *I   •■* x 10 x ICT (Bee Reference 8) 

provided hy a 1-1/8 x 1-1/8 x l/* •ail«* with a wemutt of 2 
.090 lir and an area of .27 la*. However, an area of ,k0 in 

This can be 
Inertia of . 
Is required to prevent yielding (yield strength • 70|000 pel). Thus a 
1-1/2 x 1-1/2 x S/lfi ai«le la refuired (area • ,M).ll2) 

The fatigue modea of failure for the origlaal frame and platform can be 
precluded ty properly reducing the atreaa levela In thoee elsmenta. 
Considering the fatigue load to be ICQg (39 raado» at 500 epa) and the 
existing fragUitlea to be S6g for the platfen and ISg for the fraM, 
the stresses la thoee alaasnta auat he redueed by factors of 100/36 
2.8 and 100/15 ■ 6.7 reepeetlvely. The platform atreaaes vary with the 
square of the thlekneea (as In bending of a beam), so that the lA ioö» 
plate must be thickened by a factor of flls • 1.7. 

The resulting thlekneea la 0,k0 ladies, uhidi Inoreaaes the yield fragU« 
Ity to 250 g x (.V.SSr • 600 g. ttia la not aufflelent to aset the 
1000g requirement, which leeds to a thlekneea of 

.25 ta. rgjfllj • .26 x 2.1 • .585 Inahee. 

The fatigue fragility la than Inereaaed to 96 g (,528/,25)2 ■ 160 g. 

The frame atreee varlee directly vlth eroea-eectlooal area, which thua 
must Inereaae to l/l6 x 6.7 ■ M iar. Thla area la exceeded by that of 
the angles provided to prevent buckling. Thua, fatigue of the frame la 
not a critical failure mode. 
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Die result of all these corrective action* la a new design which* at 
first. Is only preliminary* the next step Is to sake the corresponlli« 
changes In the fragility curvea and natural frequency calculations. In 
order to evaluate the new design, uslt« the saae approach as the original 
design, this entire process Is Iterated until the final configuration Is 
found to be adequate In all respects. 

If this process were to be carried through for this Illustrative enaple, 
the resultlt« design would be as indicated In the aecoapanylng figure. 

Platfom.  
0.1*6" Thick 

(it) Vertical Fraae 
Nsabers 
(1-1/2 x 1-1/2 x 
1/8 angles) 

(8) Diagonal Nsabers 
(0,47 In.2 cross- 
section) 

■^ 75,000 
Total at CO. 
Location 

S7,50CrOn Back Side 

'2 " 

Twfkttt   f   • US li,   8ite-814»i   f- 1*0 Is,   VsrUeali   f   • 76 It 

37,500 (15/12) 
46,900 lb 
»7,500 (9/12) - 
26,200 lb 

Margins of Safety:     (fteflscuag dsslgn aodlfleatlon) 

BttOkUagi 
nalAt 
ntlfMi 

nsldi 
Mafoaal rfttlfttst 
natf«nn«ISi 
natfor» Vatlcssi 

it NOfMeUoat 
DsfomtlOBt 

118C/460 -1 
660/460 -1 

A/60-1 
700/430 -1 
6^60-1 

664/226 -1 
62.6/86 -1 
600/460 -1 
278/268 «1 

1.8 
1.0 
0.08 
0.88 
0 
1.6 
0.68 
0.SS 
0.2t 

PIML OBIOit   NodlflcaUons are Iterated until ths desired safety Margins 
are achieved. 
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.;U);'.^ARY 

7-E 

i-Vit«lu U'rm muat be 4et'liieil In order to allow Intelligent dlscusBlon of 
the process of dusLgn evaluation, thin ia  neceaaary because a given 
tern might be defined In a number of different ways, depending on tbe 
tv.u'k«!Tound of the definer. The expresalons of major interest here are 
the following; 

K^uipment Claaa - "nje designation referring to the type of service to 
which a piece of equipment will be subjected. 

Quality Assurance Testa - The tests required by the user to show that the 
equipment is sufficiently strong to survive in service. 

Proposed Design - The structural configuration to be evaluated by the 
process discussed herein. This nay be tbe original proposal or a 
modification thereof. 

Transfer Function - Tbe quantitative description of a nysten* s dynamic 
characteristics which relates tbe dynamic inputs to tbe dynamic 
responses. 

Input - The dynamic notions Imposed on a system by tbe quality assurance 
tests. 

Response - The dynamic motions of tbe system resulting from tbe test 
inputs. 

Fragility - The maninuw dynamic response to which a systmm should bs 
exposed, based on tbe strength of tbe equipmsnt. 

Margin of Safety - The quantitative measure of tb« strsogtb of a part, 
relating actual stresses to allowable stresses. 

Redesign - Tbe process of design modification which results in new 
responses and stresses. 

Fatigue - Failure caused by repeated application of stresses below tbe 
static strength of tbe material, 

Canulative Danay - Tbe degradation of fstigue strength caused by sxpo- 
sure to a ntigue envirotasnt. 

Power Spectral Density - The qumntitstive description of a randan motion 
which Indicates the frequsnoy distribution of tba energy content. 

Resonance - The dynamic pbenaasnon in which tbe «ystsm amplifies tbe 
input motions. 

Damping - A mechanism for renoving energy from s dynamic system, thus 
preventing infinite responses at resonance. 

Degrees of Freedom - Tbe number of motions associated with a dynamic 
system. 

t 
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Shock Spectrum - The ^uuntltAtlve description of a shock mbtioti, measured 
In terns of the response of a one-degree-of-freedon system to the 
shock motion, 

E>iuivmlent Static Acceleration - The maximum dynamic response of a 
dynamic system, 

EKcltatlon - The external force or motion applied to a system that causes 
the system to respond dynamically. m 

Stnuaoldal Vibration - A vibratory motion, the amplitude o£ which Is 
described by a sinusoidal function of time. 

Mode Shape - A characteristic pattern assumed by.the system in which 
every discrete point is vibrating with a sinusoidal motion at the 
sane natural frequency. « 

Resonant Frequency - A frequency at which any sinusoidal excitation will 
produce responses significantly greater than the inputs.   Also a 
frequency at which a system will vibrate after an excitation is 
applied and then removed. 

Stiffness - The ratio of change of force (or torque) to the corresponding 
change in translational (or rotational) deflection of an elastic 
element of the system. 

Shock - A transient« non-periodic, excitation. 

FumiaBsntal Frequency - The lowest resonant frequency of a system 

Natural Frequency - A frequency of free vibration of a system. 

Transmissibility Curve - A curve that relates the system response to the 
/System exltatlon as a function of the exitation frequency. 

Random Vibration - A vibratory notion, the instantaneous anplitude of 
which can be specified only on a probability basis. 

Gaussian Distribution - The probability distribution which has been found 
to describe suitably the statistical distribution of the instantan- 
eous magnitude of many structural random vibrations.    (Bell-shaped 
curve) 

Residual Response - Vibratory response of the system subsequent to 
temination of a shock pulse. 

Yield Stress - The stress at which the stress-strain graph in a tension 
test deviates significantly fron a straight line (usually at a strain 
of o.ooe). 

Modulus of Elasticity - The rate of change of uniaxial stress to strain, 
within the elastic range, in a tension test. 
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iVvtloii   / — Appendix 

uLOS:5AHY  (ConUi.ued) 

Rupture Btreaa - 'ßie nominal »trees developed tu a material at rupture; 
not uecesaarlly equal to the ultlnate atresa. 

Buckling Stress - The stress (conpresslve) at which a structure collapses 
due to Instability. 

Streao Reversal - A cyclic loading condition In which tensile and CGB- 
presalve stresses alternate every half-cycle. 

Curiulatlve Dana^e - The concept of fatigue failure where each cycle of 
stress Imposes additional damage until total accumulated damage 
reaches luo^t, 

Kndurance Unit - The maximum fluctuating stress a material can endure for 
an Infinite number of cycles. 

Allowable Stress - The maximum stress which may be applied to a structural 
element.    TNty contain a safety factor, at the option of whas»ver Is 
re.ponslble for establishing design criteria.) 

Actual Stress - The stress resulting from the actual applied loads 
(perhaps modified by a safety factor). 

Resonance Survey - A vibration test in which the frequraey is slowly 
changed to detemioe resonances and where the excitation is low 
enough to prevent damage to the system. 

Amplification Factor - A measure of the aaxlwi trannissibility at 
resonance of a vibratory systea, equal to one-half the reciprocal of 
the damping ratio for lightly damped syateaa.    (Q ■ l/(2)t) 
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SYMBOUXIY 

•Hie following symbols will be used as standard throughout this vol 

4 Amplification factor 
4 Damping factor 
TR Transmtssiblllty Ratio 
f Frequency, Hz 
f Natural frequency, Hz 
PSD Power spectral density, g /Hz 
t Time, sec,; thickness. In. 
rns Root mean square 
k Stiffness, lbs/In 
m Mass, lbs-sec.2/ln 

ft,A Deflection, In 
V Height, lbs. 
p ,r Ifcdlus of gyration, in. 
E Modulus of elasticity, lbs/in2 

3 Stress, lbs/in2 

c Strain 
aM Static equivalent aeeelsration 
L Length, in. 
R Rrtius, in. 
Se Muranee limit,  lta/in2 

MS Margin of safety 
T Shaar stress, lbs/in 
y Shaar strain 
0 Shearing Modulus of elasticity, lbs/in 
F Load, lbs 
g Acceleration due to gravity, in/see 
h,h Length of platss sides, in. 

2 
A Area, in. 

9 
p Pressure, lbs/in 
0 Plate flexural stiffness, lb.-in. 
m Circular ftequeney, rad/sec. 
V Poisson's Rstio 
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;"n.vtioi.   / - AppotAltK 

DBDP Tl£?r ^HOCK RlilPOItJE 

'Ihe response of electronic equipment to the prescribed drop testing la 
computed on the assumption that the equipment can be Idealised as a one- 
degree-or-rreedo© dynamic system.   The physical system and its analytical 
model are illustrated in the accompanying diagram.   The response of the 
mass to the impact shock Is computed as follows.    The potential energy 
of the nass at the instant of release is mgb.   After release, this Is 
converted to kinetic energy which is aaxlmum at the instant of impact. 
This kinetic energy is then converted to strain energy as the spring 
deforms.    In terms of ■aximum spring deforaation X, the strain energy Is 
I/i. UC^.    Equating the naxiaum strain energy to the aaxlmum potential 
energy yields: 

l/:: wc;: - agh 

Thus the aaximian spring deflection is: 

X i 
The correapooding acceleration la given by the force (kX) divided by 
the mass (m): 

- ¥   S  f®*' <*($* 
In teraa of V a": 

Qae 

•• 

s 
I 
i VMi 

C.e •   
21rf« n Vf - 0.U52 f. Vr 

Drop heighta (h) of 12, 2k, 90, 36* end %a Uwhea 
varioua equipwnta, «a detailed la the 
separate ahoek apeotrum curve oan be drawn for 
are ahown in the aeeoapanylng grmph. 

are apeoifled for 
ttble. Qma, a 
value of h. 

FHYSIGAL 
SYSTBt 

Drop 
Height 

(h) 
r T^ 

Carrying Oaae 

Iqulpmant 

laolatora 
(optional) 

,2" Pir 

j/ 

Concrete 
or Steel 
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TEST MRAMBTERS 

MODEL 

/ / / ■7—7 

Slse 

Under 100  Under 36 

Over 36 

100-200   Under 36 

Over 36 

Under 36 

Over 200  36-60 

Over 60 

Over 1000 Over 60 

Drop Height, (h) (in.) 

U8 

30 

30 

Zk 

Zh 

36 

2U 

12 

SHOCK SPBCTHUN 

t 
■e 

1000« » 

100« • 

DROP TBT:   Hetpoawi dvpwd upon drop tei^ita «ad mtvnl fre^aeneies. 
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BENCH HANDLING SHOCK RKSPONilK 

The bench handling tests consist of raising the equipment above a test 
bench, while one edge Is Kept In contact with the bench« and then releasing 
the equipment utid allowing It to fall to the bench. The configuration Is 
shown In the accompanying diagram. The naxlmum height required Is four 
Inches, so that this test Is much less severe than the drop test. There* 
fore, no attempt Is made to generate shock spectra corresponding to all 
■ingles and values of h. Rather, only the naxlmum value of four inches 
'11 be considered. 

Tu  talytlcal model for this case consists of a one-degree«of-freedom 
sys  which is dropped from a height of l/z h. This model neglects the 
rotav  al Inertia of the equipment. However, this leads to a conserva- 
tive r  \t because the rotational inertia would decrease the velocity at 
Impact,  as calling for a smaller effective drop height. 

The dyne c behavior of this system was derived in the preceding topic; 
where li  ■> shown that the response acceleration is: 

se f x 
n V drop haitfit 

In this case the drop height 1» 1/2 h, so that: 

0se-0'U52fnVth   "0-32fn 

for h ■ U inehes, tha raapona« la: 

(3-0.32 t^Jk  m 0.6U f M n f i 

The eorresponUac ■hoek •paetrai 1« tbam In tht aeeo^ugrlag diafraa« 

IpilpMnt 

PHYSICAL 818TM 

Table 
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>t   Wmtaam» •*• ofutaa on tte teals of an tammmi drop 
bol^it of k IMIMO. 

7.» 


