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environmental threats, and a new method for env lronment 4imulatlon testing.

The report is replete with example applications that demonstrate the practicali ty of impedance/
mobility techniques. Problems that may become more tractable include the scaling of previous
test resu lts from one sh ip to another , and from one kind of equipment to another. The techniques
cou ld be applied to quasi -linear systems, nonlinear systems , parametric identification multivariate
regression analysis, and pulsed environmental simulation. Some projects that cou ld yield important
informati on are suggested for rev iew extension , and e’aboration by the naval communit y.
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PREFACE -

This report presents the resu lts of a stud y on impedance-based

motion prediction , scaling, and environmental simulation for shock app i i ca-

tion s . G.J . O’Hara was project manager for the Naval Research Laborat rry

(NRL); F.B. Safford was project engineer for Agbabian Associates (AA) and

autho r of this report.

Dr. R.O. Beisheim , NRL , (now with NKF Eng ineering) furnished

information about the effects of equ i pmen t l oading on structural mot ions.

Dr. Vernon Neubert , Pennsy lvania State Un i vers ity, provided considerable

back ground information on the U .S. Navy impedance projects , as did R .E. Wa l ker ,

Waterways Experiment Station , on the U.S. Army Corps of Eng i neers projects.

Dr. Robert Plunkett , Un i versity of Minnesota , served as a consul-

tant during the development and eva l uation of techniques for response pre-

diction and pu l se simu lation. Optimization investi gation s were made in

consultation with Dr. George A. Bekey and Dr. S.F. Ma sri , University of

Southern Cal i fornia. Transient air-blast scaling ana l ysis was furnished by

Dr. Arthur R. Maddox , Naval Weapons Center , China Lake , California.
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SECT ION 1

INTR ODUCT ION

1 .1 SCOPE

This report sumarizes the state of the art (with emphasis on recent

• advances) for impedance , response predictions therefrom , and environmental

simulation by pu l se techn i ques. Usefu l applications of these method s to

ongoing nava l needs are also presented , together with recommendations for

future ~~rk in these areas.

The background of im pedance , based on the contributions of the

U.S. Navy , aerospace and machine tool industries , the Defense Nuc l ear Agency ,

and the Corps of Engineers , is reviewed . Although impedance is based on linear

theory, various feasible methods have been considered for projecting the

technique to parameter identification for nonlinear structura l conditions

and for approximate methods such as multivar late regression ana l ys is.

Excellent response predictions in both the frequency and time domains

can be accomplished with impedance records of magnitude and phase , and their

associated impu l se functions. The ability to make time-domain predictions for

large physical systems is a relative l y recent accomplishment , obtained from con-

tinuous improvement in measurement system s and in dig i ta l processing methods.

Response motions can be conveniently predicted from impedance and t ransfer

functions over a bandwidth of a few hertz to 5000 hertz. Predictions that were

compared against actua l records from field tests were in good agreement.

Some informa l , but incomp lete , comparisons have been made between

impedance-based predictions and finite element models. These comparisons were

not satisfactory because of differences in test ranges and finite element model

assumptIons. A more forma l comparative study is now being made of the t~~

• methods, and result s will be published in the next ei ght months (Ref. 1).
NoW: Manuscript submitted D,c.nsb.r 6. 1977.
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As a result of the availability of computers in the ia~ t 10 to 15 years for

developments in the area of dynamic response , many anal ytical solutions on

the dynamic response of structures have evolved based on assumed mathematical

models. This development has advanced the anal ysis many years ahead of the

know l edge of material and member behavio r (which serves as the basis for

mo delinq ), thus leaving a broad gap between the two areas. Closure of this

gap is essential to improve and to check finite e~ement predictions.

Equipment survival is of paramount i mportance in the design of

U.S. Navy strateg ic and tactica l systems aqa inst weapon effects , and fre-

quen tl y becomes a driving consideration when the overall cost of such a

system is considered . As is to be expected , every effort is made during the

conceptual and design phases to minimize system equipment costs while trying

to ensure a hi gh probability of survival.

The expected levels of shock and vibration must be established

before deciding how to protect the equipment. Because curren t computer

technology limitations cause excessive run times with their accompanying

large costs , modeling assumptions , and somewha t awkward structural

and blast- loadiny approximations , re l iab le predictions of the shock and

vibration environment inside protective structures are l imited. The equi pment

must be assessed for survivability by determining failure , malfunction , and

degradation levels (often referred to as l l f r a g i l i t y li ) in terms of threat

motions , i.e. , the characteristic accele ration time histories expected , rather

than simp le sine waves , saw-tooth shock pu l ses , or presentl y used

approximations (Refs . 2 to 5).

An alternative procedure for determining the interna l response motions

of a protective Structure , particularl y In the hi gher frequencies , i s  to
measure the impedances of the structure from exterior loading surfaces to

interna l points of intere st. In this manner , selected points on the struc-

ture are vibrated with a fixed- force vibrator as the frequency of vibration A

is smoothl y changed over the frequency range of Interest. By measuring the

S
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struc~ ur~il response at selected points inside and on the structure , a

quant i tative measure is obtained of the structure response to the vibratory

force. The com plex ratio of the output acceleration to the input force

(magn itLi e and phase) can then be multi plied by an arbitrary input force to

pred iLt st ’jctural motions. With an adequate structural descri ption , the

motions generated at equ i pment mounting by an attack may be predicted , and

the structural path can be anal yzed for methods mitigating shock transmission .

When the appropriate transm itted shock time histories at the mounting points

of equipment are obtained , the equipment can be hardened . One of the better

• and more practical descri ptions of the structura l load paths is impedance

and mob i l ity. The severity of postulated attacks will range from linear to

vary ing degrees of nonlinear response of a structure , such that hig h-force-

level impedance measurements are required . The hi gh-force levels are requ i red

for impedance measurements in a quasi-linear sense or for the formation of

nonlinear functional s .

Transient shock tests on equi pment and systems to simulate the

motions induced by a conventional explosive or nuclea r attack are largel y

limited to sing le—axis test machines . Further limitations exist in the size

and weight of equipment that can be tested . Simulating mult i axis load i ng on

large equipment with many degrees of freedom represents a difficult prob l em ,

as it is impractical to generate continuousl y vary ing forces of sufficient

magnitude. This problem becomes extreme l y difficult or impossible where

in — p lace or field tests are required . On the other hand , short duration

forces of large magnitudes over a wide frequency range can be generated by

pulse generators (Refs. 6, 7). Since a discrete number of pulses superficiall y

presents an appearance quite differ ent from a continuous input exc i tation

si gnal , it becomes necessary to select the pulses in such a way that the

resul ting vibration of the structure matches as closel y as possible the

response (e.g. , displacement , velocity, or acceleration) produced by the

Continuous input force , as determined by an appropriate error criterion .

Pulse excitation can be readil y demonstrated analyticall y to induce structural

resnonse lot ions closel y approx imating predicted motions.

.

3 .

___ _  _

- —.————- — - 

-A - - 

—



Numerous physical devices can be applied for pu l se testing. Their

selection and use depends on thrust levels , pulse duration , number of pulses ,

and spatial distribution required . The class of pu l se generators includes

mechanica l (Ref. 8), co ld  gas , gas/hydraulic , hot gas (chemical), and

explosive (point charges). Pulse simulation to match threat-criterion

response for several massive weapons-systems equipment has alread y been

accomplished (Ref. 9). Plans for pulse testing very large structural systems

to damage/destruction levels are now being made.

The combination of impedance measurements , response predictions

based on these measurements , and pu l se-simulation testing when app lied to

large systems offers very attractive economic alternatives to other methods.

For examp le , the simulation tests of Reference 9 prov i ded a satisfactory

demonstration of adequacy and hardness to meet mission requirements at a

cost of less than 1~ of what was expended on a different weapon system for

the same purpose. In this other weapon system , more conventiona l methods

were used , and the results were less than conclusive. Another examp le is

the presen t construction of a $200,000,000, two-axis , 50 ft x 50 ft shake-

table facility by the Japanese governmen t in association with Japanese

industry to test nuclear-powe r components and scale models to earthquake

levels (Ref. 10). Mode l construct ion , transport , and test costs would be an

additiona l expense.

1. 2 BACKGROUND

1.2 .1 UN I TED STATES NAVY

The onset of the development of nuclear-powered submarines generated

a sustained need for silencing. One of the princi pal tools for the anal ysis

and miti gation of structure-borne sound is impedance. Under the l eadershi p

of the Navy , impedance was stud i ed , eva l uated , and app lied by nava l labora-

tories , universities , and industry.

a
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A.O. Sykes was a major contributor at the Nava l Ships Research

and Developmen t command , as was Fred Schloss with his development of the

impedance head. At the Naval Research Laboratory, R.E. Blake , R.O. Belsheim ,

G.J. O’Hara , I . Vigness , and G.M. Remmers added substantial new information ,

both ana l yticall y and experimentall y. Through the Office of Nava l Research ,

N. Perrone provided project direction on impedance in both industry and in

the academic community.

Analysis , app lications , and imp l ementation of impedance at the

Electric Boat Company were princ i pa l l y carried out by L.H. Chen and I.P . Vatz.

R. Plunkett and D.F. Muster conducted similar work at General Electric. The

Pennsy lvania State University established academic l eadership in impedance

research , particularl y in its associated Ordnance Research Laboratory.

Impressive contributions to structural dynamics evo l ved from the

above activities as can be observed from the following structura l impedance

listings:

• Complex damping and loss mechanisms

• Thévenin and Norton equivalents

• Dynamic absorbers

• Isolat ion wi th  f i n i te  impedances

• Component connect ions

• Lumped parameter systems

• Dis t r ibu ted  systems

• Beams w i th  numerous boundary conditions

• Built-up structures

• Plates and shells

• Comp lex and statistica l force fields

• Systems impedance measurements (ships and submarines)

S
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The listing is far from comp lete. Published work ori ginating

Ironi thi s list is extensive , with much of it being found in the - - -ur~~:
’

~~ ~
.. 

~~~~ - : .-~-~~ -- 
~4me ,‘Io-; and in the ~~~~ 0.~ - z ~~’ .i V :f-rz t _ t  oi 1~ 4 -~ - . - t 0

published by the Shock and Vibration In format ion Center , Nav al Research

Laboratory .

Fortunatel y, many of the fundamentals of U.S . Navy research have

been preserved and consolidated in monographs and reference books such as the

following: Colloquium on Mechanical Impe dance Motho-i~’ , R.  Plunkett , ed.

Amer. Soc . of P~ech. Engrs., New York , Dec. 2, 1958 ; J .C. Snowden , Vibration

a’~d ,Yior ’k in /~xi~r~~ M~--oh~zni~al Sys tems , John Wiley and Sons, New York , 1968;

E. Skudrzyk , Simp le and Comp lex Vibratory Systems, the Pennsy lvania State

University Press , University Par k, PA , 1 968; V.H. Neubert , “Impedance Related

to Modeling and Ana l ysis of Structures , ’ monograph , Shock and Vibration

Information Center , Nava l Research Laboratory, Washington , D.C. (to be

published circa 1978).

This summary of the i mpedance activities of the U.S. Navy omits

I;lany contributors onl y because of the need for brevity.

1.2.2 EUROPEAN WORK

In the United King dom , impedance work on structures has been of a

long and consistent duration , coninencing after its formulation by

Professor A.G. Webster of Clark University in 1914. Significant work was

done by R.G . White and F. Kandiani s at the Institute of Sound and Vibration

Research , Un i versity of Southampton , England , where time-series digita l data

anal ysis was extensivel y app lied (Refs. 11 to 17) . The work at Southampton

was sponsored by the Roya l Navy. Both t’~e French and Swedish Navies are also

involved in the app lication of impedance techniques for submarines (Ref . 18).

Swed i sh efforts proceed from their underwater depth-charge tests on a sub-

marine section (Ref. 19).

6
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1.2. 3 AEROSPACE , MA C H I N E  TOOL , AND AUTO MO T I V E  I N D USTR I ES

The introduction of the Fast Fourier Transform and systems identi-

fication alt ered the direction of impedance to one of moda l analysis. In

this approach , data measurements are procassed into a form compatible with

finite element m odeling. Numerous di g ital-processing methods have been

developed for the conversion of data into mode shapes , frequencies , mass and

s t i f f n e s s  m a t r i c e s ,  and damping r e p r e s e n t a t i o n  ( R e f s .  20 to 26). Thus , while

an impedance measurement is a nonparametr ic sample of a distributed system ,

this type of data is altered to the form of uncoup led norma l modes. T~t

primary objective of performing modal vibration tests is to develop , verif y,

refine , eva l uate , correlate with or obtain confidence in , the anal y t ical

m athematical model and the dynamic anal yses.

Applications have been made to orbiting vehicles , missi l es , aircraft ,

ground transportation , nuclear facilities , automobi les , and power p lants.

These app lications have been facilitated by improvements in measurement and

testing techni ques , sensor developments , and on-li r e dig i t a l  processing. The

latter case has occurred with the introduction of the min icomputer. These

changes have ~ielded improvement in measurement accuracy, and a very substan-

tial reduction in costs.

1.2.~ DEFENSE NUCLEAR AGENCY AND U.S. ARMY CORPS OF ENGINEERS

The need for accurate environmental/structura l mot i ons over a wide-

frequency band , caused by nuclear weapon effects , motivated C.C. Huang, Corps

of Eng ineers , Huntsville , and J .G. Lewis and E.P. Sevin of the Defense Nuclear

Agency to direct projects where structural responses could be computed from

i mpedance measurements. The Corps of Engineers ’ proj ects involved the motion

prediction of massive equi pment (200 ,000 lb) from input-mounting location s

t o  critical-internal location s of the equipmen t as determined by transfer

func t ions .  The Defense Nuclear Agency pro jects  invo lved motion prediction s

of aboveground and flush-buri ed protective structures as determined by
impedance functions. These projects are summarized in Section 2.

a
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The Corps of Eng ineers , Huntsville , also required in-p lace testing

of large massive equipment where the test motions would reasonably match

the acceleration time histories predicted from transfe r functions. To meet

t h i s  need , a mechanical-p hase generator was developed and successfull y

a p p l i e d . D e t a i l s  of this pulse system were briefly discu ssed in Section 1 . 1 ,

and are elaborated in Section 2.

S
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SECTION 2

RESPONSE PREDICTIONS AND INDUCED MOT I ON SIMULATION
FROM

MEASURED AND SCALED SYST EM FUNCT IONS~

2.1 SYSTEM FUNCTIONS

2 . 1 . 1  DEFINITIONS

Dynamic propert ies of passive systems may be represented by a

comp lex rat io  of the input load i ng to the output response of a system. This
comp l ex ra t io  may be presented in the form of magnitude and phase , rea l and

imaginary , and rea l vs. imaginary, all as a function of frequency. Inverse
t ransformat ion provides yet another form of th i s  rat io in the time domain ,
the impu lse funct ion . The comp lex ratios obtained may be viewed as samples

from a continuum both in space and bandwidth , and are nonparametric. These

funct ions can be determined ana ly t i c a l l y from a ma t hematica l model or can be
phy s i c a l l y measured. F igu re  1 i l l u s t r a t e s  the concept:

Input Output

E~
t
~

uct ure I
• Impedance as function of frequency

— I npu t ForceZ( w)  Output Ve loc i ty

• Transfer function as function of frequency

i( ) Output Motion 
— 

Output Force
W 

Inpu t Motion Input Force

.
FIGURE 1. IMPEDANCE AND TRANSFER FUNCTIONS CONCEPTUALIZED

a
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Mechan i c a l  i mpedance is an i n d i c a t o r  of  how a s t ruc tu re  responds

to a v i b r a t o r y  f o r c e .  The response of a v i b r a t e d  point o n a s t r u c t u r e  i s

i n v e r s e l y proport ional  to the impedance , wh ich  w i l l  be d n u i n e l here in  for a

g iven frequency as the d r i v i n g  f o r -  e on the s t r u c t u r e  d iv ided by the peak

ve loc i t y a t a poin t on the s t r u c t u r e .  The mo t i on  f t h e  s t r u c t u r e  may be

recorded as d is p l~” cem en t , v e l o c i t y ,  or ac e l e r a t ion , and , when r~~t i oed w i t h

input force , the var ious sys tem funct ions a~ e def ined by the f o l l o w i n g  terms :

Force Dynamic D~~p lacement
____________ — __________ = Compl lanceDi sp lacement Stiffness Force

Force Ve i oc i t1= Impedance = M ob ili tyVelocity Force

Force Dynamic Acceleration
= = InertanceAcceleration Mass Force

Anothe r important funct ion is the ra t io  of input motion to output

motion or of input force to output force. This is def ined as a t ransfer

fu nction. Thus , if the base of a structure is put into motion by a b las t  or
e a r t h quake , multi ply ing this base motion by the transfer function produces

t he mo t ion  at another part of the s t ruc tu re .  The terms “ impedance ’’ and

‘‘ t rans fer func t ion” have been used to simp l i f y t he p resen ta t ion  of t h is

report; and where s p e c i f i c  funct ions are d isp l ayed , as in data p lo ts , these
t erms are defined .

2 . 1 . 2  EFFECTS OF NOISE AND S I GNAL P R O C E S S I N G

The total output of the data measurement device is the s igna l .
Thi s output sign al passes into a recording system that produces . si gna tu re

on magnetic tape . Subsequent l y, the analog signature is converted to a

di g i tal si gnature also on magnetic tape . The di g it~ data are then in a

form sui table for anal ysis by dig ital processors. In this chain of events ,

however , there are a number of opportun ities for electronic and mechanica l

a
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errors to occur.  These errors are commonly def ined as no i se or d r i f t  and

offset. Data measurements to obtain transfer and impedance functions are

very susceptible to noise , in both acquisition and processing operations .

Th~ se spurious effects are often of a magnitude sufficient to hi g hl y distort

the measured signal. A disp lay of si gnal a~ d noise (Ref. 27) is shown in

Fi gure 2 for a sine wave input si gnal sweep ing from 40 to 80 Hz.

Comp lex ratios of si gnals containing moderate amounts of no i se

exhibit a pattern similar to Fi gure 3 for the inertance magnitude function

[X/F(j.)3. Noise both enhances and reduces resonant peaks with no clear

pattern. A more sensitive ind i cation of noise can be found in phase p lots ,

~(j- ), of Fi gure 4 when the phase is presented for 0 to -nit deg ra t her than

in the conventional form of *180 deg. For noise-free , mu lt iresonant linear

systems , the phase p lot should be essentiall y a monotonic line of phase as a

function of frequency. The slope of this curve provides the arriva l time of

the si gnal , which is given as:

w

w he r e

= Arr iva l time (sec)

— Phase change (radians)

— 2 f  frequency (radians)

Examination of Figure 1+a shows an erratic pattern of phase , and

this phase pattern can be observed in the plot of the impulse function of

Fi gure 5a. The phase p lot of Figure 4b tends to be a bet ter  s igna l , ye t  the

impulse function of Figure 5b exhibits a high degree of noise and some

effects of symmetry at the end of the trace. Obv i ously, if these data in

Figures 4 and 5 were to be used in their present forms , very poor computations

• would result.

(Text continued on p. 16.)
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Another method for the d e t e c t i o n  of no ise i s  the coherence function

(Ref. 28), wh i ch is expressed by the following:

G (f)~
2

2 x= G,~( f ~ G ( f )

where

G (f) Power spectral density function , Fourier transform ofx autocorre lat on function of x(t)

G ( f )  = Cross-spectral d e n s i t y  func t ion , Four ier  t r ans fo rm ofXY c r o s s - c o r r e l a t i o n  func t i on  of x ( t )  and y (t )

G (f) Power spectral density function , Fourier transform of
“ I autocorrelation function of y(t)

2
y ( f )  — Coherence funct ionxy

When -y~~ (f) = 0 at a particular frequency, x ( t )  and y(t) are

said to be incoherent (uncorrelated) . When ,2 ~~ = 1 for all frequencies ,xy
then x (t) and y ( t )  are said to be full y coherent. If the coherence function

is greater than zero but less than un i ty, one of three possible conditions

ex ist:

• Extraneous noise is present.

• The system relating x(t) and y(t) is not linear.

• y(t) is an ou t put due to an input x (t) and othe r

inpu t s .

Extraneous n~oise suppresses the coherence fucntion , and the disp lay

of Fi gure 6 serves as a detector for no i se.

16 
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2 .1.3 REDUCTION OF NOISE AND ERROR SIGNALS

2 .1.3 .1 Instrumentation

I t  goes o i thou t say ing tha t adequate and prope r i ns t rumen ta t i on  is

essential to measure and record data with mini ma l no i se and error si gnals.

This involves systematic r’,c t hod s of grounding, shielding, and bonding for

electromagnetic compatibility and interference. Cal ibration of the system

in bandwidth and amplitude is required prior to each test run and on-line

mon i to r ing  of si gna ls is required during tests. All transducers must be

checked for cross-coupling and acoustic p ickup. Experienced professionals

w i t h  a proven performance record in instrumentation must be selected .

21. 3 .2 Si gnal to No i se

Input-force si gnal levels should be set at the highest level com-

patible with test objectives and the linearity of the test article to obtain

more favorable si gnal-to-noise ratios. This objective is more often limited

to the f o r c e-g e n e r a t i n g  equ i pment availab le. Impedance tests performed on a

1/12-scale model of a protective structur e at the Defence Research Establish-

ment , Suffield , Canada , ranged from 15 to 30 lb , while i dentical impedance

measurements on the proto type structure in North Dakota ranged from 1000 to

5000 lb. Nominal l y ,  t h i s  change in force level between the two structures

corresponded to the scaled impedance difference of 144.

Checks can be made to ensure tha t the system amb i en t electrical

and mechanical no i se levels do not interfere with the i mpedance data. Thi s

is accomplished by making p lots of impedance vs. frequency, using as data the

amb i ent si gna l  level from an accelerom eter mounted on the structure and a

force si gnal level from the operating but mec hanicall y isolated vibrator.

The vibrator can be isolated by suspending i t  on cables and at tach ing a
reaction mass; or if the size of the vibra tor s used preclude such direct

isolat ion , than the force si gnal can be electrically simulated . Fi gures 7

and 8 for a prototype protective structure and its l/12-sca le model show

no i se over la id  on impedance data.  
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2.1.3.3 Phase-Shiftin g Errors

W i t h  magnet i c  tape record ing  machines , p hase s h i f t s  occur even thoug h

t he head-~ a r e  w i t h i n  manufacturer ’ s to le rance .  Record ing da ta  on one mach ine

and p lay ing back on anothe r compounds t he p roblem . Phase s h i f t s  v a r y  d i r e c t l y

w i t h  f requency and i n v e r s e l y w i t h  tape speed as per the f o l l o w i n g  expression :

Head
Mi sa l i gnment , in.Phase s h i f t  error = • x f requency x 3o0 deg
Tape Speed , ips

Tape machines should be calibrated for each channe l w i t h an

osc i llator over the frequency band of inter es t. Phase c o r r e c t i o n s  may be

used subsequentl y when the data have been di g itized .

2.1.3.4 Drift and Offset

Offsets and drifts occur in many cases and are independent of the

measurement instrument response to externall y applied loads. In such cases ,

record offs ets or drift s are stat ionar y, i.e., the same error is present

be fore , du r i n g , and after the transient era. 4 simp le means of cor rec t ing

t hese e r rors  i s  to d e t e r m i n e  the offset and/or d r i f t  on a time segment before

the shoc k ar rival and to extrapolate the appropriat e correction to the

t r a n s i t - n t  segment.

Experience ha--~ ,ho.jn tha t late-time detrend i ng is t he mos t re l i a b l e

way of correcting most baseline errors. The techn i que (R ef. 29) is illustrated

in Fig ure 9. In many cases , a li near lea t-squares fi t  to th e late-time data

is adequate to achieving the desired cor rection . When the record len gth is

toe shor t to use t he preced ing me t hod , the baseli ne error is corrected by

the earl y- time procedure illustrated in Fi gure  10. A g a i n , l i near  de t r e n d i n g
*is adequate to removing the baselin e ’ s errors. The line f i t t e d  to the

ear l y-Jme segment is  def ined as

g ( t )  = a + b t

*Occ as iona ll y, the data justif y a hi gher order co r rec t i on , such as a parabol ic
f i t  to the d a t a .
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w here u s t he n t ~ - r ,p  t m d  b i t he s It ‘~ - - C h - con- . I nit - , a and b

are t - v . , I u ~~ted  by m i n i ’ i i z i n q  th e fu ’,ct ot t

— (l (t)I

~.uch t h , i t

Q
-b

where ti t )  is the data N’ ft f i t tc d. It is t o  be r i ’ , tt-d tha t the first

equation cons i ders 1 h data ft ~. - and d r i f t - If only of f~~ -t is to be

removed , the constant b vani shes . Tests f , , r  e f f t c t  ivene ss of th ~ o f f s e t

and detr t-n ’inq cor rection is by integration to determine residual velocity

and d ispl ur en i en t and compare with observed or known results.

2 .1.3.5 D i s cr ete No ise Reject ion

The pi~~sence of discre te no i se is i d e n t i f i e d  f r o , , the F ,ur ie r

tr~ nsforr- of the record  where no s i gna l i s  p r e s e n t .  Fi gure 11 s hows an

examp le of such a t ransform. Th~ fundamental 60 Hz power-supp l y noise and
the even harmonics out to the 8th harn ionic are clearl y evident. Also noted

in Figure Il is the random component of no i se exemp l i f ie d  by the nea r ly

constant gain across the e n t i r e  f requency band.

Ihe removal of discre te noise can be accomplished in various ways ,

no tabl y by band-reject filt e r i n g  and time - domain subtraction . The former

technique is tedious and unreliable because band-reject f i l t e r i n g  can remove

important signal components. The latter techn i que is po t e n t i a l l y more

accu rate as described be l ow.
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The time-domain subtraction technique (Ref . 29) consists of sub-

tract inq the discrete noise segment of a record from the si gnal-plus-noise

segment. Two major changes wi l l  result from this process. First , i f the

no i se is properl y phased with the si gnal p lus no i se , the d i sc re te  no i se

(or porient s w i l l  cancel. Imp l i c i t  i n  th i s  resul t  is the assumption and fact

that the , - r i t i n e  measurement and p layback sys tem s are l inear for the measure-
re n t  vo l t a g e s .  Second , the random component of no i se w i l l  be amp l i f i ed

because the subtraction of two random segments wi l l  result in a record whose

v a r ia n c e  is  la rger  than fo r  eithe r of the segments. The penalty of the

second resu l t  is  accep ted  in the interest of achieving the benef i ts  of the
rs t  r e s u l t .

To e s t a b l i s h  the proper phase t imes between the noise and signal-

p lus-noise segments of a record , a procedure of band-pass filtering and

cross correlation is imp l emented . Band-pass filtering at the fundamental
d i s c r e t e  noise component (60 Hz) and at the hi ghest discernible harmonic

thereof is performe d on an ent i re  record. Th is  procedure elimina tes all fre-

quencies othe r than those in the i mmedi ate neighborhood of the fundamenta l

and the harmonic. A noise portion of the record is subsequently cross

c o r r e l a t e d  w i t h  the s igna l  portion of the record v i a  the d i g i t a l  Imp lementa-
t ion of the equation be low

u r n  1Rx ~ 
(~) = 

i .., f J x (t) x ( t  + ~) dt
n s+n 0

.-~here X
n 

and x~~, denote the band-passed no i se and si ,~na l p lus noise ,
respec t i ve l y. The cross-corre la t ion function derived from evaluat ing the
equation for successive lag time s t ultimatel y establishes the particu lar

de lay  when both the fundamenta l and harmonic are in-phase between x~ and

X~~f • Taking into account the p a rt i c u l a r  i thus de r i ved , the unfiltered

noise segment of the record can be subtracted f rom the unf i l tered signal-plus-
noise segment to achieve the desired result , i.e., a record purged of the

di ’~cr, te noise.

26
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2 .1.3.6 Random No i se

Random noise of the same bandwidth as the signa l p resen ts  spec ia l

problem s , par t i c u l a r l y  for sing le tests. When repetitive tests can be made ,

avera g in g w i l l  substantiall y reduce the random noise content.

Repe t i t i v e  tests of the same measurement can be made , and transfer

or impedance functions are formed for each test. These functions are treated

as repetitive waveforms and averaged. The variance of the noise present in the

func tion is reduced by the number of samples and consequentl y the rms va lue

of the noise is reduced by the square root of the numbe r of samples averaged .

This method ass umes tha t the mean value of the noise is zero , that the no i se

is a random variable , and tha t each samp le (noise) is s t a t i s t i c a l l y independen t .

An exanip le of th i s procedure is shown in Fi gu re 12 for  20 averages. This

fi g ure should be compared to Figure 3, which rep resents a sing le measuremen t

of the same test article.

Repetitive system function averag ing as w e l l  as s ing le measurement

tests can be supp le mented by curve fi tting to the data. This curve-fitting

i’ethod is a very useful procedure and produces response predictions tha t are

of ten reasonable and not excessivel y in error even when used w i t h  sys tem

fu nctions containin g noise. In this latter case , techn i ca l jud gments and

end objec tives of the project must determine whether to use curve fit t i n g .

Other noise reduction and eva l uation method s have been developed

and are useful in varying degrees for sing le test measurements. These in lude

PSD (Ref. 29), Fourier transform (Ref. 29), phase optimization methods

(Ref. 30), and coherence (Ref. 31). At this time , these methods are

approx imate and cost ly to implement.

2 . L 4  E X C I T A T I ON OF STRUCTURES

Selection of driving functions are constrained by the physical hardware

ava i lab le to generate the required force levels , shaping characteristics , and

bandwidth. The most comonl y used force- function generators are e lect rod ynamic

27

.:~: ,. : 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

tLL I TI 1 i.~r:j r ~~~~~~~~ 
- -



‘~~‘

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _a

I - 
- ‘U

‘U
‘I,

____ I

I —
I I ,  , I i

- I ’  . ‘ - L~i

_ _ _ _ _  
- I

- -

- I-.

- z
-

,,
~

- - -

-- 
, , - • I ‘ - z

I ‘ ll 1 ~ I — I... ’

1j I~~ I ! i ~~~~~~ !~~I~ t 
i . . 

‘ 
—

~~~~~~~~~~~~~~~~~~~~~~ 

~~ ~~~~~~~~~~~~ ~
-iii~

_

28

i_ti -- -- -  - -  —--

~~~
-
~~

- 

-—- -—.•---—- - —- - - -  -



and elec trohydraulic shakers that produce continuous periodic (usuall y

sinusoidal) functions tha t are controllable in amp litude , time duration ,

and frequency. With sophisticated control systems , these devices are also

capable of generating random and comp lex force functions as well as simp le

pulses. Rotating eccentric mass shakers are also used , pr imar i l y for civil

structures.

Shock machines , i mpact hamers , pu l se generators , and explosives

produce a second famil y of dr iv ing functions , the transient functions. These

types of functions may inc l ude many pu l ses of varying forms (e.g., half-sine ,

triangle , square) , depend i ng on the required input.

Method s of excitation tha t have come into common use and are

discussed in t h i s  sect ion are

• Slow sine sweep

• Random

• Rap id sine sweep (chirp)

• I mpu l se

• Pulse train

2.1.4.1 Slow Sine Sweep

In the past , the frequency response chara cteristics of structures

have been measured by quasi-stead y-state methods. One method , referred to

as the slow sine-sweep method , involves vary ing an input sinusoidal forc i ng

function over the frequenc y reg i on of interest and mea suring the output

responses. It has been used extensivel y in i mpedance and transfer function

testing (Refs. 30 and 32). Considerable error may occur if steady-state

response is arbitraril y assumed . To minimize such error , convergence tech-

ni ques are used in the testing procedures. Convergence techn i ques invo l ve

progress ivel y slowe r sweep rates (or t ime-of-frequency va r i a t ion )  un t i l
essent ia ll y asymptotic response ampli tudes are obtained .

29
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A/D conversion and the subsequent computer processing of slow sine-

sweep data generate cost and techn i cal problems owing to the large amount of

data required . To circumven t this problem , sophisticated A/D conversion

techn i ques have been developed that allow for selective windowing of the real-

time response data (Refs. 30 and 32). The window-samp led data are processed

for f r e q u e n c y ,  magn i tude , and phase , and these data are stored as s e t s  of
di gita l channel elements. For many large data acquisition project s , however ,

this processing method is impractical due to the large time and cost require-

ments. In addition , averaging the system functions to reduce no i se is not

p r a c t i c a l .

The slow sine excitation is useful for quick-loo k field data

processing wi th ana l og impedance equi pment. On large structures , this

method permi ts  resonance bui ldup of the structure , thereby generating more

favorable si gnal-to-noise ratios. Vibration machines ranging from a few

pounds to 50,000 l b  of outpu t force are available. Both low and hi gh fre-

quency rol loff of force occurs and is a function of the desi gn cha racteristics

of each vibrator.

2.1.4.2 Random Function

The random driving function can include all frequencies of interest

over a selected range. It is defined as an uncorrelated function for which

the mean is zero and the power spectral density (PSD) is constant or shaped

over the frequency region of i n te res t .

2
PSD — G — ~~~ or a2 = f G ( f ) d f

in which

B Frequency bandwidth

G — Powe r spectra l density

a = rms of random-force input
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S y s t e m  f u n c t i o n s  (Ref . 28) may be measured froni input -output  r ’ e ’ , rds

of random excitation by the follow in g:

Gxy
( f )  e

’
~~~~ = H f  10

-j-~(f) Gx
( f )

c (f)
=

G (f)

=

where

G (f) — Input spectra l density

G (f) = Cross-spectral density (input/output)

O
xy
(f) = Cross-spectral density phase factor

= Phase system function

System function l i a l n it u d e

This type of excitation permits samp ling of the data r , : c o r I s  to

a succession of system funct ions , which when averaged sul s t u n t i a l l y rod uce

no i se. Fi gure 12 is an averaged system function from 20 tria l s  using r - ~ ’t d s ,

excitation . Input power per f r m - q u .;i y from the vi b rator is reduced for

broad band random compared t’ the slow sine excitation ethod . Quich-

look at the system funct on must be de layed un t i l  the records have been

processed , unless a minicomputer processor is available (Time -Data , HP .

Spectra l Dynamics). Force input r o l l o f f ’ , at  both low and high frequencies

are functions of the particular vibrator. Figure 13a is an examp le of a

random fo rce- t ime h i s t o r y .
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2 .1. 4.3 Rap id Sine~~~ç~p (CHIRP)

Genera 1 1  -~ s i  ‘ii I a r to the slow si ne-~ sweep f unc t ion is  the r a p i d  s ine-

st-deep (chirp) function , w h i c h  d i f f e r s ma inl y i n t he t ime dura t ion of f requency
st-ow L-in t l . Fi gu re 13b is a fo rce—tim e history upsweep chi rp. Two forr i s of

th i s  function are commonl y used in testing, one from Reference 33.

F(t) F, sin (at2 + bt) , 0 t T , incr ea s i n g  frequency sweep

where

Fo = Ma ximum force amp litude

a = —4— (f ~ —f
1 ) , f

2

T = Total record length , sec
F
1 

= I n i t i a l  frequency, Hz

Final frequency, Hz

b = 2 s f
1

and the secon d f rom Reference 34:

F(t) Fo si n l_ 2 . N log (1 - , for i n c re a s i n g

frequency sweep

and

F(t ) = Fo sin f 2 r  N ’ log (I + for decreasin g

freq uency sweep,

where

Fo — Maximum force amplitude

N ’  — Effective number of cycles at each frequency

33
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fo = I n i t i a l  frequency, Hz

f = Final frequency, Hz

t = Sweep time from fo to f

= N’ (-~~ 
— 3-) . i n c r e a s i n g  f requency

— -N’ (-
~

- - 3- ) , decrea sing frequency

C h i r p  testing may be per fo rmed in e i ther  d i rec t ion , from low to high frequency

or the reverse. As in random testing, short-record l engths may be obtained

for  the frequency b a n d w i d th of interest with consequent ease in d i g i t izing

the record . Funct ion genera tors  c o n t r o l l i n g  the vibrators may be programmed

for numerous chirp sweeps to permit averag ing of the system func tions for

no ise reduct ion . For ch i rp  testing, additional control systems may be required

for the vibrator to maintain programed input. An examp le of a sing le chirp

sweep is the system function shown in Fi gure 3. Limitations of quick-loo k

data and frequency rol loff of the vibrator are the same as for random

excitation . Major advantage of the chirp test is the hi gher force inpu t

attainable per frequency.

Chi rp testing in the form of F sin (at
2 

+bt) provides a reasonabl y

constant force input spectrum as may be observed in Figure 14. For general

testing this is the desired form. The log sweep form provides the frequency

spectrum given in Figure 15. In this log sweep form , the low spectrum

amplitudes at the high frequency yield undesirable signal-to-noise ratios.

The log sweep chirp is desired by some inves tigators for the form or shape

of the shock sp c tr u , - .hich may be generated .

The she~ R n~- rrum is an envelope of the response aepl itudes of n

sing le-degree-of-fre - (SDOF) oscillators as n .- . The amp li tudes are

dependent on the natur of the input and the damp ing assumed for th= oscilla-

tors. The shock spectrum is used to determine how the oscillators (and the

modes for real structures) are excited toward s their maximum amplitudes. It

is not enough just to have a frequency present in the input. It must be

34 
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present with adequate oscillations to full y excite the mode. The evaluation

f whether or not an input w i l l  produce this desired effect is accomplished

b y comparing the shoc k spectrum for several values of damping. As Fi gure 16

shows , the numbe r of cycles required is heavil y dependent on the value of

Q, (C/Cc = -~ — l/2Q) . For Q — 5(~ = 0. 10) , the response amp l i tude has

e s s e n t i a l l y reached a maximum of 5 cycles , but for Q — 25 (r , 0.02) , the

rnaxi mum has not been reached at 20 cycles. Q — 5 is a reasonable value to

assume for structural modes and , therefore , from Figures 16 and 17 it can be

concluded that whenever Q25 /Q5 2, the input is adequate to full y e x c i t e

the s t r u c t u r a l  modes.

Shock spec t ra  calculated at values of Q — 5 and Q — 25 for the

c h i r p  ( loq  sweep) d r i v i n g  func t ion  is shown in Figure lB f rom w h i c h  the

ratio Q
25

/Q
5 

w i l l  g ive an effective number of oscillations of 15 . This

shock spectrum techn i que is a useful too l in selecting sweep time s for

chirp testing .

2.1.4.4 I mpu lse Funct ions

The impulse-function famil y comprises a number of t’~,pes. Two of

the types tha t are mechanically producible are the short duration , sing le-

impulse functions from shock machines , and periodic Impulses fron, im pact

hammers. The simplicity and portabilit y of some of the devic es used to

generate i mpu l ses make them advantageous for many engineering app lications.

A typical impu l se function and associated Fourier t ransform magnitude are

p resen ted  i n  F i gures 13c and 19.

A si ng le i mpu l se function that can populate a hi gh-frequency reg ion

must be of short duration as seen in Fi gure 19 (e.g., l et F = 1/2 —

500 Hz; then a 5 ms). The short duration i mposes practica l restrictions

on shock devices in fo r mu l a t i ng acceptable pu l ses. For li ghtwe i ght test

art i cles, a shock hammer was deve l oped at the Nava l Research Laboratories

(Ref. 35) circa 1958. Practi ca l use of th is device did not come about un til

37
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y w I P t ~ .i t v - i t t of d i g i t a l  spec t r ta t  u i ;~ i I yzers . Today, one can f l a i l

.u~ I t ’ , to ,  i i - ’  ou’~ I - p t o t  t e s t s  t o  av t - r u p -  down i i i  so inherent  in this

- )  t t o  s t  hod - i yen ,u I i c i ‘ n t  t .-&-  I q t t  or f ‘,r~ e , i mpu I se exc i tat ion can

S t -  I u ~
-
~~- t  it , - - I  i t  su r e  - J t r y  low t r t -que r . t  i t - S .

2. 1 L4 .  ~ Pu l ,e

s t  L ; . , I l - ~- i,’s l : i , - I mechank. i l  fo rce  pu l~ t~ generators have been

l i t t  ‘,ucces’, t - t l  l y to s i m u l u t t -  known a c c e l e r a t i o n  e x c i t a t i o n s  for v i b r a —

to g ~~~ 1. 6). ThC’,O generatOrs -r-t!w:t ’ pu l se  t r a i n s  w i t h  specified

anip i it udC”, and tI i , .  du r ,-,t ions. The pulse trains can be optimized via computer

s i , t t w a I e  to  siiiul at e a specific output. The pul se trains are designed to

- t  r~ -Jct -i--  ned Fou rier spectrum shape throughout the f requency region

of i n LeIe ~~t (Re ’ - 36). The pulse-t rain method is particular l y advantageous

h’-~ uuse i t t i e  p o r t a b i l i t y  of test equipment , the snort duration of the

i n I i . t s ,  - t e l  the lar qe t i r c e  input c a p a b i l i t i e s .  A typ ica l  pu lse t r a i n  is

pre scott -tI in Fi g ure l3d , arid i t s  Four ie r  magn i tude  is  presented in Fi gure 20.

The i - p u l s e  method is e x t e n d e d  by t he pulse t r a i n  to achieve greater

i;’ol .i I i~~~~i I  (ill ~~ t the t e S t  at t i d e  by pulse sequencing and by spectrum shaping .

A - I ,t iti ,,ru ~, I l y , a reasonable degree of input force control is obtainable. Force

l e ’ c I S  of 20 ,000 lb l I ve  been ob tai ned , and 100 ,000-lb i nputs appear achiev-

~h l~ ,-a i th - i - s t - n t  d e v i c e s .  The pulse t r a i n  method of e x c i t a t i o n  provides a

hi j h f o r c e ,  low f r t h u e nc y  excitation , a moderate ba nd w i d t h , and a reasonable
r ; . p c ; f,,, r it oscillations or frequency. Quick-look eva l uation is restr icted
to osc il logr au ti time histories. System functions must be processed dig itall y.

2. 1 .5 SYS RM SURVE Y

At  t tst’ on s et  of a te St , a survey is recommended to ascertain the

l i i,  , : it y  i f  ; t t e  system by multi I -v et tests and reci procity, system synmetry,

,ti t c ross- axes coup l i n g .  Q u a n t i t a t i v e  in fo rmat ion  gained at an earl y stage
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can pe rmit reductions in test efforts or provide for alternative procedures.

Q u ic k - Io~ k on- l ine  p lots of system functions are a necessity.

2 .1.5 .1 Multileve l Tests

Linear systems wi l l  provide system functions that are virtua l over-

lays of each other , although made at several di fferent input force levels. For

the Perimeter Acquisition Radar Building (PARB) of the SAFEGUARD system , force

input of 1000 lb to 7000 lb demonstrated for this range tha t essential

linearity of the building existed . Transfer function tests across isolators

supporting a 200,000-lb control room p latform showed nonlinearity existing ,

as may be observed in Figure 2 1. Anothe r fo rm of non l inear i ty  (Fi g. 22) WaS

uncovered for shock- isolated p latform from static measurements and measure-

ments made while the p latform was oscillated at 1 Hz. Subsequentl y, response

p red i c t i ons  using the higher t ransmiss ion  va lues  ind icated that the loca l

environment was we l l  below the hardness value of the nearb y mounted equi pment.

N o n l i n e a r i t y  measurements of t r a n s f e r  iner tances  a long  a m i s s i l e -

silo wall sited in b ackfi lled soil are shown in Fi gure 23. For the most part ,

they show an increase in comp liance with increased test load.

2.1.5.2 Reciprocity

Rec i procity measurements were made on the PARB model in Canada and

the prototype PARB in North Dakota in accordance with the diagrams in Fi gure 24.

Reciprocal i mpedance measurements for both buildings are given in Figures 25

and 26. Extensive use of reciprocity was made in the prototype building, as
it was much easier to move accelerometers around the exter ior  surfaces than
the large and heavy vibrator.

?leasurements on a moderate size reinforced-concrete protective

structure buried flush to ground surface disclosed significant non l inearit i es

(FI g. 27 ) .

(Text continued on p. 51.)
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2.1.5 .3 Cross-Ax es Coup l i n ~

C ross-axes coup li n g  is the motion induced i n  a test article ortho-

gonal to the direction of input force or ino t ion . F i gure 28 overlays cross-

axes coup ling i mpedance on an ax i a l l y a l i gned i mpedance measurement for the

same acce le romete r  l o c a t i o n .  A c c o u n t i n g  for c r o s s - a x e s  coup l i n g  was no t

r eq u i r e d  for response p r e d i c t i o n , on this b u i l d i n g .  The frequency magnitudes

of the externa l blast loads were very small in the frequency range where

c ross -coup l i n g  was a s i gn ificant proportion of the regu la r  impedanc e measure-

ments. The root sum square for all four walls contributed less than 5Y to

ver tical motion . In the present ongoing m i s s i l e  silo tests , cross axes

coup ling is significant and response predictions w i l l  have to inc Iud~i t h i s

effect -

2.1.5.4 S y mmetry

Where a test article or structure possesses  g e o m e t r i c  s y m m e t r y ,  or

at least reasonable-appearing symmetry ,  testing may be shortened by measure-

ments on one-half or one -qua r te r  of the structure , as the case may be.

D e c i s i o n s  to use symm et r i c  measuremen t s shou ld be made by i mpedance surveys.

Where u - i s y m m e t r i c  e l emen ts  or components e x i s t , e i t h e r  local measurement s,

s u b s t i t u t i o n , or a s t r a t e g y  of r e d i s t r i b u t i o n  of the measurement matrix can

often be judiciously used . Figure 29 shows inertance transfer measurements

overlaid for symmetry comparison on a Bal l i s t i c  Missile Defense System

Impedance Test Unit (hog trough) .

2 .1. 6 SYSTE M FUN C T I O N S

Since 1972 numerous impedance projects have been conducted to

ascertain system functions and to predict response ito t ions therefrom for a

v a r i e t y  of external  t h rea ts .  From these projects , the following top ics have

bee n selected because of pro jec t  uni queness , phenomena observed , and te d ’-

niques employed . The data presented are consistent in this report hut

factored for decla ssification .
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2.1. 6 .1 SAFEGUARD, Perimeter Acquisition Radar Building (PARB)

I mpedance measurements were made upon a 1/12-scale model PARB and

the prototype PARB . The model PARB (Fi g. 30) is located at the Defence

Research Establishment , Suffield , Canada , where it had previousl y been sub-

jected to air-blast and ground-shock load i ng from a 500-ton TNT explosion in

the EVENT DIAL PACK. The prototype PARB (Fi g. 31) is an operational radar

system , formerl y part of the SAFEGUARD system located in North Dakota. The

pro to type  bu i l d i ng  is a reinforced-concrete protective struct a.a e tha t measures

125 ft in hei ght , 194 ft on itS front , and 210 ft on its side , with exterior

walls 3 ft thick. Pictures of the vibrator used and the i mpedance process ing

equipment are covered in Fi gures 32 and 33.

Typica l system s functions of inertance magnitude , phase , and

impulse functions are g i ven in Figure 34 for the scale model and in Figure 35
for the prototype. These nonparametric functions have been d i g i t a l l y proc-
essed into final form for use in response predictions of the structures .

Response predictions for a few locations involve a large number of

measurements taken over the structure external surfaces. For efficiency, these

predictions can be used to predict responses at addi t ional  interna l locations
of the bui lding. This is facilitated by use of transfer functions. The

response p r e d i c t i o n  at  the first location is multi p lied by a transfer function

to another location to obtain the response at the new l ocation . Transfer

functions are obtained by the comp lex ratio of the motion at a remote location

to the motion at the drive point location , as illustrated in Figure 36.

Transfer functions are represented as:

xout J I11We
x.in

Ca lculation of responses at other locations in the structure were made i n
accordance with the following equations:

— X
5

(ia )  T./5(W)

(Text continued on p. 65.)
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FIGURE 30. 1/12-SCALE MODEL PERIMETER ACQUISITION RADAR BUILDING (PARB) ,
DE FENCE RESEARCH ESTABLISHMENT , SUF F I E L D , CANADA
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FIGURE 32. ELECTROHYDRAULI C SHAKER USED FOR MEASUREMENTS OF THE
PROTOTYPE PARB (Waterways Experiment Station )
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FIGURE 33. I NS I D E  V I E W  OF I N S T R U M E N T A T I O N  AND IMPEDANCE P R O C E S S I N G  VA N
(Waterways Experiment Station)
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where

x . )  — Frequency response at location i

x 5 (- ) Frequency response calculated for center of the 5th floo r

a Transfer function location i to 5th floo r

~-~ l (~ ~~~

Measured transfer functions to the 4th , 3rd , and 2nd floors of both

the model and prototype structures are presented in Fi gures 37 and 38.

Geometric scaling of the 1/12-scale model to the prototype is given

in Table 1.

TABLE 1 . GEOMETRIC SCALING

Func tion Prototype Mode l

Compliance (~
-)
~ ~i’~i (~)m

Mob i lit y 1

Inent ance (-

~
- )
~

Frequency f~ 
~~~
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Sca li n q the model data geometricall y did not provide a good fi t ,

Sev~’ral not-to-scale effects existed in the prototype tha t had not been or

could not be accounted for in the mode l . These effects included :

a. Structure

• Prototype roof--radar base slab

• Prototype- -2nd floor mezzanine

• Prototype—-utility tunnel

• Model - -excess ive l y large base s lab

b. Equi pment in Prototype Structure

• Tactical support equi pment on shock-isolated p latforms ,

2nd floo r 365,000—lb sprung weight of 22 plat forms , and

3rd floo r 203,000—lb sprung weig ht of 4 platforms

• SAFCA communication equi pment on shock-isolated p latforms ,

3rd floo r 86,126-lb sprung weight of 3 p latforms

• Weapons systems equi pment hard mounted on 3rd floo r

The radar base slab on the prototype roof stiffens the area covered

and adds weig ht. The 2nd floo r mezzanine , the u t i l i t y  tunne l of the prototype ,

and the extra large base slab in the model contri bute to the scaling problem.

Equipment installed in the prototype , particularl y on the 2nd and 3rd floors ,

has a decided effect in alterin g the floor frequency responses. The weapon

system equipment hard mounted to the 3rd floor Is massive and , in the case of

the prec i se power units , acts as stiffeners. These power units cover approx i-

matel y one-third of the 3rd floor area . The numerous shock-isolated platforms

are dynamicall y responsive over a wide frequency band and dynamicall y inter-

act with the floors to alter floor responses substantially.

A scaling comparison in both magnitude and frequency was made

between representative and pa i red inertance measurements of the model and

prototype buildings. These functions , such as those shown in Fi gures 34 and

65
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35 , ire compared ior the 5 th  f loo r and s i m i l a r l y for each f l o o r .  S c a l i n g
IJ r J r o l c t a a r s  were determined by k e y ing corresponding model and p ro to t ype  func-

tion s at their peak ai lol i l litude s ~nd then iterativel y determining amp litude

and t requency scale fa ct~~rs for a minimum error difference. The  s c a l e  f a c tors

da’ ter rnined by this procedur ’ ~Ire g iv en in Tab a~ 2 for each location.

TABLE 2. SCALING FACTORS , MODEL TO PROTOTYPE , FOR G E O M E T R I C
AND INERTA NCE MEASUREMENT SCALING

Sc a l e  Factors D i f fe rence
Inertance Geoonetric (Reference GeometrIc)

Floor Disp la cemen t Frequency Disp lacement Frequency Displacement, Frequency ,
Factor , a Facto r , b Factor , A Factor ,

5th 10.2 12 12 -*53 —IS

11th 10.5 12 .7 12 12 - 12 +6

3rd 25.3 ¶14.0 12 12 + 1 1 1  +1 7

2nd 34.5 9.7 12 12 +l88 -19

AA 7696

2.1.6.2 Sys tem Functions of Massive Equi pmen t

System functions were measured on ten large shock-isolated p latforms ,

w h i c h ra nged i n wei ght from 7,500 lb to 244,000 lb. The method of measurement

presented herein is of more interest than the systems measured , for its general

app l i c a b i l i t y  to in-place massive machinery and equipments. Typical shock-

i s o l a t ed platforms for which t ransfer functions were measured are pictured

i n  Fi gure 39.

The indirect method of transfer function measurement is illustrated

in Fi gure 40, w h i c h  I!1/ aI a U / a ~~ the transfer fun tion at a point of practical

and phy ica l corven i ence. The size of machines and equipment often make it

i mpossible to jack up an equipment mounting leg and insert a vibrator . By

66
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(a)

F I G U R E  39. TYP I C A L  SHOC K I S O L A T E D  PLATFORMS UPON WH I CH T RANSFER F U N C T I O N S
WERE MEASURED
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F I G U R E  39. (CONCLUDED)
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FIGURE 40. PLATFORM PARPP—D: INDIRECT TRANSFER FUNCTION MEASUREMENTS
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measuring in a direction opposite the i nput--from the equipment to its mount-

ing points--a force-output to force-input ratio is taken. This ratio is

identical to the acceleration ratio required for the input motion direction.

From the vibration-generator position to other locations on the equipment ,

acceleration ratios are used . The ind i rect transfer function is composed of

two parts , a comp lex ratio of output force to input force and a complex ratio

of output acceleration to input accelerat ion. These two ratios are multi p lied

together to form the t ransfer function from each isolator input to a specific

platform location . The computations , which are required for each drive point ,

are expressed as fo l lows :

Force ra t io  per d ri ve poi n t

(t a) -

~~~~ F (w) lF (w)Ie~°~~~
F F .(~)

where -

F ( w) a Complex output force at equip ment/building junction

— Comp l ex input force at drive point

— Phas e ang les

Accele ration ratio

x ( w )
T (W) - 

x . ( w ) 
- _ _ _ _ _ _ _ _ _
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wlae r e

x ( w )  — Complex plat form accelerometer signa l

x.(u) a Comp l ex drive -point accelerometer signal

— Phase ang les

Transfer f unc t i on

T( ioi ) — I
F
(w) -

F (tu) x ( ~~)
— 

F.(w) x i ’w

The transfer function , computed as a produc t of both the force and

acceleration ratios , is sunned for all isolators of a platform to generate an

overall (global) platform transfer function .

A plot of transfer function magnitude (Fi g. 41) reveals that

resona nce amplifications from modes occur from 0.5 Hz to 10 Hz , wi th magni-

tudes from 1 .2 to 2.3. The resonance at 17 Hz for a magnitude of 0.7 was

identified during measu rements as spring surge in the coil isolators.

Another example of a transfer function is shown (Fig. 42) for

Platform 0. This platform measures 4 ft x 12 ft , wei ghs 13, 100 l b . and i s
supported by fou r undamped coil-spring isolators , pendulum mounted . Three

a.c. switchboard cabinets are mounted on this p latform. Data measurements

are from 35 Hz to 500 Hz , and ri g id-bod y modes have been added to Fi gure 42

for vertical , pitch , and roll frequencies at 0.85, 1.08 , and 1 .145 Hz.

A comparison is made in the p lot of Fi gure 42 between the measured

resonance frequencie s and the modal frequencies of a finite element mode l for

this p latfo rm . It is to be noted that 28 modal frequencies were found by tha

model and approximatel y 77 modal frequencies are present by measure aii en t .
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‘:, ~~~~~~~~~~~~~~~~~~~ -
(a) Transfer function magn itude

(b) Transfer function phase

(c ) Impulse function

FIGURE 41. PARPP CONTROL ROOM : MEASURED TRANSFER FUNCTION FOR 0.5 HZ 10 500 HZ
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2. 1 .6.3 Buried Structures

A series of experiments performed by the Waterways Experiment Station

(Ref. 37) in Project ESSEX was made to assess the effects of soil coupling on

structures. Two reinforced box structures were constructed with both struc-

tures having the same interior dimensions of 16 ft x 14 ft x 4 ft. The struc-

tures differed in wall thicknesses of 13 in. and 5-6 in. The results of

i mpedance tests on the buried structures indicated (Figs. 43 and 44) tha t the

t’ffect of soil cover on the resonant frequencies and damping appear to be

dependent upon the structure/soil i mpedance ratio. Further work is p l ann ed

by which the soil e f f e c t  w i l l  be extracted and modeled from t h e  experimental

data. Extraction procedures would be in accordance with the method presented

on component interconnections in Reference 9.

2 .1 . 6 . 4  E l e c t r i c a l  D i s t r i bu t i on  Center ,  SAFEGUARD S y s t em

The Electrica l Distribution Center of the SAFEGUARD SYSTEM is a

reinforced-concrete protectiv e structure flush to ground surface (Fig. 145).

This Structure measures 26 ft x 143 ft and is 15 ft deep. The ceilin g is

approximatel y 2 ft in thickness. Internal electrica l equi pment is mounted

on a shock- i solated p latform (30 ft x 20 ft) that we i ghs on the order of

40,000 lb. The platform is supported at each corner by pneumatic isolators ,

pendulum mounted to the ceiling (Fig. 46) .

Measurements made at the attachment location of the shock isolator

wi th and without isolator attached (Fi g. 147) show differences. This measure-

ment difference , although small , illustrates the sensitivity of the measure-

ment system even for components having a decided l y large impedance mismatch.

Extraction of the isolator input i mpedance w i l l  be made during the data

ana l ysis phase of this project. The extraction method wi l l  be in accordance

with procedures presented on interconnection in Reference 35. Figure 27

also shows nonlinear rec i procity measurements on this structure between roof

and floor.

(Text continued on p. 80.)
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FIGURE 45. ELECTRICAL DISTRIBUTION CENTER , A FLUSH-TO-GROUND SURFACE REINFOR CED
P R O T E C T I V E  STRUCT U RE (Two e l e c t r o h ydrau l ic vibra tors on roof)
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FIGURE 46 .  SHOCK ISOLATED PLATFORM (30 FT X 20 FT) WE I GHING 40 ,000 LB
I N ELECTRICAL DISTRIBUT I ON CENTER
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2. 1 - 6 - 5  Other Projects

BMD Test Structure

I I1~ i a - d 1 r 1 C e  Ifleasuremer !ts sh .o-J r l i n  F i gure 3 for chi rp tests and

Fi qur e 12 ~~Ir random t e s t s  were made on the B a l l i s t i c  M i s s i l e  D i v i s i o n

(BMD) test a tru c ture pictured in Fi gure 48. This structure of reinforced

concrete was used as a t 5 - a t  device to stud y various Ilat -th od S of vibration

cxc i tat ion and data process ing  to improve accuracy of data and to reduce test

and data pr a .Ics-sa Ing C o at S .

Sp ri nt M i s s i l e  and Si l o

I mpedance -a s o a u r t r I Ients of F i gure 23 exhibi t effects of no nlinear

s o i l  C - Up  I m g to a miss i l e  silo wall. These measurements were recentl y taken

on ao ongoing impedance project for the Sprin t  Sil o and Sprint Missile

(Fi g. 49).

I l a ng e r e t  te

hairop rette s (Fi g. 50) are used to protect aircraft from both con-

ventional bombs and nuclear threats. M o b i l i t y  measurements (Vel/Force) were

made ( F i q .  51) from the insi dt- surface of the reinforced—concrete arch to the

a ~tc r na 1 soil surface. These measurements in a rec i p r o c i t y sense ass ume

l i ne a r i t y fror aa which response predictions can be made , as w i l l  be covered in

Sec tion 2.2.

(Text continued on p. 85 .)
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FIGURE 48. BAL LISTIC MISSILE DIVISION (BMD) IMPEDANCE TEST STRUCTURE
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FIGURE 49. SPRINT SILO AND SPRINT MISSILE INSTRU M EN tE D FOR IM PEDANCE MEASUREMENTS
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(a) Mobility magnitude function
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(b) Mobility impulse function

FIGURE 5 1. MOBIL ITY OF HANGARETTE FROM MID-ARCH TO SOIL SURFACE (Courtesy
Waterways Experiment S ta t i on )
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2.2 PREDICTION OF SYSTEM RESP0NSE~ USING MEASURED IMPEDANCE AND
TRANSFE R FUN C T I O N S

2.2.1 RESPONSE OF ABOVEGROUND STRUCTURES TO AIR BLAST

The method used to calculate the response accelerations of the

1/12-scale model and prototype Perimeter Acquisition Radar Buildings (PARB)

is similar for each. Verification or checks on the accu:acy of the response

predictions is made by comparing the predictions w i t h  response records of the
scale mocel taken during Ev ent DIAL PACK (Ref. 3). Event DIAL PACK was a

500-ton TNT exp losion that subjected air-blast and ground-shock loads to

several targets. -a al culations for both structures were made for the vertica l

d i r e c t io n onl y, and as such , the traveling air-blast pressure load i ng over

the roof surface comprises the external forcing function. Exclusion of the

cross-coupling contributions to structura l motions from pressure loads on

the externa l four walls is considered to have minima l effec t on the calculated

responses. As discussed in Section 2.1 , the rapid rol lo f f  of pressure ampli-

tudes with frequency permitted this reduction in computationa l effort.

All  data and calculations are internall y consistent and show com-

parable amp litudes for pressures , motions , y ield , time , and frequency.

However , the absolute values have becn normalized so that this report could

be declassified .

2.2 .1.1 1/12-Scale Model

Response predictions use inertance funct ions , a pressure zone for

each inertance function , air-blast pressure functions , pressure area zone

engulfment , traveling pressure wave function , and transfer functions. Each

of the above elements is de5 cribed and quantified in the following paragraphs.
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The use of inertance measurements to predict the response of a

s t r u c t u r a l system to bl I a t  loading is bas ically a special application of

the i mpedance techn i que . An inertance test measures the point acceleration

response of a structure due to a point force load. Blast s  such as the

air-pressure loads actin I on the mode l PARB structure in Event DIAL PACK is

a con tinuo us forcing fu nction acting on a continuous structure. Thus , the

sampled i rupedanc o i n f , r - a t. ion must be summe d ove r the structure (as art

app rox in - It ion of an integral) to obtain the internal point responses of the

structure due to loads acting ev-rywhere on the external surfaces of the

structure .

Each inert ance function must be associated with a specific area

of the structure upon which the air-blast pressure acts. This assume s that

the inertance function is essentiall y constant for this area. Finite-element

plate models were i n i t i a l l y used t o  map the mode l and to provide , thereby,

preliminary measurement and drive p ’Iint locations. Additional refinement

of drive point locations was made durin g field testing where quick-look

analog impedance ,ro~asuremc nt-a, vt.- rified that a rt a i sonable density of measure-

ments for t h ~ mode l structure would be acquired. The smooth change in

fu rlr tion s obtained when movin g f rom one area to the next indicated that a

reasonab le  number of measurements consistent with computational costs had

been obtained. Potential l y, i n ta- rpolation of the measurements could have

been made durin g computation , should the need have arisen . Additional measure-

r a l t a n t S  also showed a high degree of symmetry for the 5tructure (see Sec . 1),

and this fact permitted a hi ghe r density of measurement per surface area .

Boundaries for local areas of each acceptance measurement were

drawn by observation and eva l uation of the data. For the 29 measurement s

selected , the associated impedance zone and inpu t pressure zone for each

measurement is shown in Fi gure 52.
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Only three air-blast measurements (Ref. 29) on the roof we re

obtained 1 rom Event DIAL PAC K (Fi gs. 53 and 54). The aboveground str u ct t re

perturb s the air-blast loading by overexpanding the t ransient air flow , as

i s  p a r t i c u l a r l - ~ o P - a a - r v a b l e  in the pressure notch in the t ime history of

Figure 53b and in the frequency spectrum of Fi gure 54b. Hence , test data

ra ther than conventional blast curves (Fi gs. 53d and 514d) were used as

f o r c i n g  f unc t i o n s .

The air-blas t zones shown in Figure 52 we re confi gured on a simple

geome tric basis. The ai r-blast function s we re considered to be constant

wi thin each air-blast zone. The potential for extrapolation and interpolation

e o ~i S t s  for this type of data.

a. Pressur e Area Zones

For a local surface area , A .k. wh i ch is associated with one transfer

iner tan ce function , it is necessary to accoun t for the velocity of the air

load as it traverses the surface. This accounting , as illustrated in

Fi gure 55 , is required to assure a proper surface loading.

Upon arr i va l of the air blast at t ime t ., the air blast successive l y

loads the surface in increments ax where n.~X — d. the length. The incre-

menta l loading time is given by: ~~t :X/V. This incremental loading subdi-

vides the local surface into segments A .k L XId .). The fineness of - x  i s

obtained from the t selected and can be as small as the di g it i z i n g  rate.

Dep ict ion of air-blast engulfment and the development of art effective pressure

as seen by a local area is shown in Fi gure 56.

(Text continued on p. 93.)
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A pressure- time history of frontal velocity V , wh i ch is  success i vel y
translated and sectioned over the surface A ik of leng th d~ equa l to ni~X

increments is g i ven by :

Peff (t) - *[P(t) + p(t - u (t - + p(t - ~~~
) u(t -

p(t - 
(n - l)AX 

u(t - ~~~ 
_ 1 )

~ xJ

( 1 )

and t ra nsforma t ion i n the fre quenc y doma i n  g ives :

.2AX .3AX • (n—1 )~aX

~eff ~~~ 
— ~~~~~~ 

(

~ + ~~~~~ 
~ 

+ e + e~~~
T ~ 

+ 
-J v (2 )

and the expression of Equation 2 converges to:

I . nAX 1 .(n-l)AX
I ~~~~ (—.-) w 

~ 
— J

ff (W) — P(w)
1 ~~ 

e (3)
sin (

~
.)
~j

Fo r s m a l l  angles  (8 s in 8) the e n g u l f i ng function of Equation 3 may be

represented by:

flAX . nAX
sin (—~——)~ 

sin (—
~~~~

-)
~~~

‘V - ___________ (14
AX 

- AX
n sin (

~~~~
)w  n

which is the S~ (x) function in the frequency domain such as represented

in Fi gure 57a and an approx i mate box car function in the t ime domain. The

cyc l i c  na tu re of the ac tua l engu l f i n g  function (Eq. 3) is illustrated in

Fi gure 57b and imp lies a cri tical selection of a t ime step At (dependent

on mesh length/wave veloc i ty) for the frequency limi t involved . Somewhat akin
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V
to the Nyquist folding frequency, the engulfing func ti on , as s hown i n
Figure 57a has a time step At (dependent on mesh length/veloc i ty) and a

frequency cutoff 1/2 At (0.1 msec) for 5 KHZ. These values are more than

adequate for the model inertance function where measurements were made to

• 3 KHz. Obviousl y, serio us effec ts ar e encountered when too large a time step

(mesh length/velocity) is taken in using a traveling wave , since the results

w ill ultimatel y inc l ude the effects of the function as shown in Figure 57b,

where frequency amplitudes above cutoff are contained in the data or computa-

tio ns. Not too obvious in the engulfing functions is the maximum amplitude

in the frequency func tion of unity and the area of the approx i mate boxcar

function in the time domain of un i ty. Fi gure 58 provides , for a traveling

load over a surface , the maxi mum mesh leng th a t the f o l d i n g f re quenc y for a
range of traversing velocities.

b. Trave l ing Wave over a Surface

Somewha t similar to the engulfing function for local areas (mesh

size) is the wave travel over the entire structure . In this case, the travel

distance or time increment is from the boundary of one local area to the

next. Where the boundary distances are equa l and the blast velocity constant ,

the traveling wave function would be:

(N- i) At
-J 1.2

sin

At e (5)
sin

where

N — Number of equa l local areas on roof

A t — Traverse time across loca l area
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P
As before for small angles , ~) sin S and the function of Equat ion 5

becomes:

NAt -J 2
sin (—

~
—)

~~

At 
e (6)

The traveling wave for the roof is a summation having a max i mum

amplitude in the frequency domain of N~ t (the tota l traverse time of the

wave over the roof). The amplitude of the approximate boxca r function is

unity and has an area of NAt in the time domain.

The loca l areas of the roof are not equa l , and the foregoing dis-

cuss ion is usefu l only in understanding the characteristics of the function .

The unequalness of the local roof areas requires that the function of

Equation 5 be p laced in the form

~~~ ~~~ 
~~~~ JT N_ l~~ll + e  +~~~ + e  + . . . e  J (7 )

where 
~~

. — time of arriva l at each local area boundary

2.2.1.1.3 Reoponse Prediction at Firet Location

Response calculations were made in the vertical direction from roof

loads of a traveling air blast for the center of the 5th floor of the 1/12-scale

model. The method of ca l culation is g i ven as:

/ \ I Local \ ITrave ling
i Local i i Local Local i I

Response — i * Engulfmenti i Wave
~ I nertance : ~Area Pressure .Function , ~Function
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Computations were performed in the frequency domain as represented by

Equation 8 and transformed to the time domain by Equation 9.

N
X (w) — E •‘i.(.~) A. . P ( ~ ) . Si .(~ ) e (8)

i— 0

where

./ ,( w) — ith inertance function [X/F
1 (w)J

A. — i th loca l area (mesh) of externa l load

P.(w) — ith externa l pressure load

I . nAt ~I s i n 
~
—i-—

~Si .(i.~) — ith loca l engulfment function 
•

i_
fl ~~~ (~~~~

-)

~jT .t.2 j t
1

1.) j 1
2

t.~
e — Traveling wave function I e + e

— Arriva l time of bl ast wave at local area boundary

x(t) — ~
.i I x ( )l

2 .2 .1.1.4 Reeponee Prediction to Other Lo.~ationa

Response predic t ions at add itional Interna l locations (i.e., loca-
• tions in addition to the “firs t”) of the building are facilitated by use of

transfer functions. The response prediction at the first l ocation on the

5th floor is multiplied by a transfer function to another location to obtain

the response a t the new loca t ion , as disc ussed in Section 2.1.
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2.2.1 .2 Proto~yp~~PARB

Re sponse predict ions of the prototype PARS follow the same procedure

as that used for the model. Each variable wil l  be discussed , with emphasis

placed where differences in procedure occur.

Selection of loca l i mpedance zones and pressure areas for each

inertance function followed the methods emp loyed for the mode). The zones

for the 36 i mpedance measurements se 1 ected are shown in Figure 59. I mpedance

measurements A-i and A-29 were used on the basis of symmetry in two other

locations (Fig. 59), si nce poor data records were obtained in Zones 34 and 36.

2.2.1 .2.1 Preasure Input Development

Pressure-time histories from Event DIAL PACK we re scaled geomet-

rica ll y for computations on the prototype PARS. Pressures for both model

and prototype are identica l but sca lin g of characteristic time is required.

p
2

(t )  —

— A 
~~~~~~~ 

(13)

Effects on waveforms of the DIAL PACK pressure records by scaling

Reynolds numbe r . ~VL/~ ) to the prototype were evaluated to determine whethe r

)sr’ous errors would result. lnformaticn on transient blast waves interact ing

~‘th structures is quite limited . Some information having applicability to

tri e PARS confi guration has been found and evaluated for scale factor effects.

These data are from shock tubes , water tables , and nose cones.
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2 .2 . 1 .2 .2  Air-Bla8t-Wave Eng ulf ment

a. Pressure Area Zones. The engul fing function developed for the

mode l (Eq. 4) was applied also for the loca l pressure areas

(impedance zones) of the prototype. The onl y change requ i red

was a coarser mmsh , owing to the l ower cutoff frequency of

300 Hz (Fig. 58).

b . Traveling Wave over a Surface. The travel i ng wave function ,

Equation 7, used for the mode l was app lied to the prototype .

2 . 2 . 1 . 2 . 3  Responee Prediction at Fi ra t Location

Response predictions for the prototype were made with Equat ions 8

and 9 in a manner similar to that used for the model.

2.2.1.2.4 Reepon se Predictio ns for Other Locations

Response predictions for the prototype at other l ocations were made

in a manner simil ar to that used for the model.

2.2.1.3 Development of Scaling Relationships

Scaling relationships for the 1/12—scale mode l calculations and

DIAL PACK event records of the mode l PARB are developed in this section .

These scaling relationships prov i de for both geometric scaling and scaling

based upon comparison of inertance function s from the model and the prototype

from Table 2.

2.2.1.3. 1 Geometric Scaling

a. Areas

Surface area of the air blast for the model scaled to the prototype is

A — A (lie )
p m
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where

A — Area (sq ft)

p — Prototype

m — Model

1. — Scale factor (12)

b. Air Blast

The air-blast pressures from DIAL PACK are scaled for the prototype

where pressure ampUtudes for model and prototype are equivalen t, but the
time duration is sca l ed by \ (12).

—

( 1 5)
Pp (W ) 

~
‘

c. Inertance Functions

For simp licity , a generalized single-degree-of-freedom model was

used to deve l op the scaling relationshi p

F — [(H - -i-) _j.
~.Jx ( 1 6)

2
— 

X 
— 

I~) ( 1 7)
(u2M - K) juC

where

F — Force (lb)

H — Mass (lb-sec 2/in.) —

K — Stiffness (lb/in.) — AK

— Damping (lb-sec/in.) — X 2C
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Scal e factor  ( 1 2)

X ~ A c c e l e r a t i o n s  ( in . /sec 2 )

.71 (I ~~ ) — Inertance funct ion (in./sec 2 -lb )

Substitution in Equatio n 17 gives :

.,.1 (.~) — L ,,j ( • • / )  ( 18)
p ,3 in

d. Geometrica ll y Sca l ed Response

- E~~~~
1
~~~~1 )[ A 2

A . “
~i 

(~~~ 
. Si. (AW )~ e

JT j~~ L ( 1 9)

— X
~

(
~

.J) (2 0)

1~~~ tx (t )  T (2 1 )

where

p Prototype

m — Model

A — Sca le fac to r

— ith impedance function (X/F .(~ ) ]

A . — it h  local area of external load

~~ 
( At.~) — ith static external pressure load

[sin (nAtAw )]
Si .(Au) — ith local engulfment function 

[n sin

Jt . XW 
~~AtAw -2 ’ ‘ t •e T rave l i ng  wave funct ion 

~
1 + e + e ~~ ~..

t .  — Arriva l time of blast wave at l oca l area boundary

1 02



2.2.1.3.2 •~~~~~~/~~~i !~~i 
/ I S ( ’  M i  o~~I Iner~(zn~~ ~~~~~~~~ i n ~

a. Sca l i ng  of Are as , Pressures , and Wave En gul fment

S c a l i n g  of areas , pres sure , and wave engulfment are geomet r i c  as

presented in S e c t i o n  2.2.1.3 .1.

b. Inertance Function Scaling

Severa l not-to-scale conditions existed between the prototype and

model PARB . These conditions cannot rea l l y be quantitative l y established ,

alt houg h discussion and identification of each is g i ven in Section 1. A

scaling comparison in both magnitude and frequency was made between rcpre

sentative and pa i red acceptance measurements of the mode l and prototype

buildings. Scaling parameters were determin ed by keying corresponding model

and prototype functions at their peak ampli tudes and then iterativel y deter-

mining amplitude and frequency scale factors for a minimum error difference .

The scale factors determ i ned by this procedure are presented in Tables 2 and 3

for each location .

c. Measured Inertance Scaling (not-to-scale effects)

- E {1 7/ (b )IA
2A . . Si .(~~ )J e

J A
~~ (22)

— 
~~~ 

X ( bw) (23)
ab

~~ 1t )  — r ‘~m (~~) (2ie)
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T~~iftL 3. ACCELERAT I (~~ RES I ON~ L SCML I Nt , MODEL TO PROTO T YP E , OF GEOMETRIC
‘N t) t i lE RT~~N I MEASUREMENT SCALE FACTORS

A~~e ! e ’ a t i o n  Response Sca l r’ q O e r e ’ c e
• f er e ’~ce o’~~~ r i C ),

~e ,  ~~~~~ •~eO ’~~~ ‘&C

ioo r ~our~~ - ~~~~ 5 t ~~r ,  • s t ) ~~, ~ ~~r t e r  I e ~~s~ ar~ ~- Four e - - •-‘ a c ’  uj e  • S r o c.  ~jec . • ~hoc. ~oec ~~ ‘.j de • - - oc .  ~~~ -
l a;fli~~~je

:i ~~~~~~ 

a:. 

3. 3

1 ~~~ -c~ 7C

‘4 +3

2.2.1.4 Comp arison of Prototype Responses to Response Scaled frcin Mode l

Acceleration response motions f rom DIAL PACK records and mode l

ca l culations are scaled to the prototype calculations and presented i n

Fi gures 60 through 67. Scaling was made by inertance function ratios , since

~~~- t r i c  scaling d id  no t provide a good f i t .

Overall sim i l a r i t y  of scaled DIAL PACK and mode l calculation s to

prototype calculations is quite good f~~r acceleration-time histories and

Fouri e r 1ac 1 n~~tude fr equency spectra.

Devia tions noted in the calculated rise and fall times for time

his tories involve
’ 
bo th data measurements and subsequent p rocessing. Some

imp rovements in techn i que were applied to the prototype calculations. Differ -

ence s observable in the Fourier t a n t (,r~~-,, particularl y in the 4th and

3rd floors , ar e attributable Ic not-to-scale effects in the prototype and to

measurement processing technique s for floor-to-floo r transfer functions.

(Text continued on p. 113 .)
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2 .2 .2 RESPONSE OF MASSIVE EQU IPMENT TO SPECIFIED BASE MOT ION INPUT CRITERI A

2.2.2.1 Environmental Threat

The shock environments internal to structures at the mounting

locations of equipments were specified as undamped shock spectra. The

environmental shock spectra selected to test and predict the response of all

weapons systems in protective structures were those desi gnated as Annex H

and shown in Figure 68a. These worst-case (envelope) env i ronments were chosen

because they equal or exceed the envelope of loca l input shock spectra for all

structures of the system at practicall y al l frequencies , and are therefore

considered the reference shock spectra.

For analysis and test , a time history (accelerat i on , veloc ity, or
displacement , versus time ) is required as input to predict and measure

platform mot i on. However, the specified envelope spectrum (Annex H) is

gene ralized to envelop numerous threat histories . Such lack of uniqueness

therefore requires that many tests or ca l culation s be made. An alternative

was deve l oped by Yang (Ref. 38) to generate a synthesized time history that

populates speci fied shock spectra for the protective structures and the reby

assures a conservative , or worst-case , test. This synthesized time history

is the sunmiation of a series of oscilla tion s at selected frequencies over

the range of the shock spectra. Oscillation s at each frequency are from

1-1/2 oscillations (3 one-half cycles) to 6-1/2 oscillations (13 one—half

cycles). The amplitude of these oscillation s is constra i ned to a sine-beat

envelope . Synthesized waveforms that populate the input shock spectra of

Annex H are shown in Figure 68b.

2.2.2.2 Response Predictions

The motions of the 10 shock-isolated platforms were ca l culated with

input from both the overall Annex H motion and the specified local motion for

each platform location . In the frequency domain , the input functions are

multiplied by the system functions , followed by an inverse Fourier transforma-

tiun to obtain the platform acceleration-time history. In the time domain ,

input t ime h is to ry  of the bu i lding is  convolved with the platform impulse

funct ion .
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These data are displayed as motion-time histories , shoc k spectra ,

and Fourier magnitudes. Two examp les of platform motions predicted fror

mea surements w i l l  be d iscussed in t h i s  section .

Response mot ions were determ ined by the following :

xR (t)(~
•) x

R(IiJ) 
— T ( W )  X. (w)

where

xR (t )  — A c c e l e r a t i o n- t i m e  h i s t o r y  response of p l a t f o r m  at
reference point

XR
(u) — Acceleration-frequency response of pla tform at

reference p oint

x
1
(u) — Input building acceleration , Annex H or loca l ,

Fourier-transformed to frequency domain

T(w) Measured overall transfer function of platform

As discussed previous ly, the load path f rom each isolator was measured f rom

the isolator/building junction to a reference point on the p latform. These

measurements were surmned for all isolators of a platform to give an overall

(or global) transfer function . This imp l ies  tha t the bu i l d ing  input mot ion

is un i form and In phase ove r the area covered by the p latform. Such an

assumption was required because the bu il d ing areas covered by each p1~~tfo rrn

specIfy a un i form input into each isolator. Alternative l y, each trans fer-

function path and the building inpu t mot ion at each attachment point could

have been individually computed and all computat ions summed to determine the

results. The dual of the above equation is the convolut ion integra l from

which the identica l platform response may a lso be comput ed as :

I
x ( w ) ( )  X( t ) — f h (t — T )  X.(r) di
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where

t . I — Time

X ( t )  — A c c e l e r a t i o n - t i m e  h i s t o r y  response of p l a t f o r m  at
reference point

x(~ ) — Acce leration-frequency response of platform at
reference point

h(t) — Measured impulse function of p latform
( t ran sformed f rom t r ans fe r  funct ion r ( . I) )

X.(t) — Input building acceleration , Annex H or local
(Appendix A)

— Time delay functi on for the convolution operation

In effect , ‘li s convolution cor responds to shifting two functions

,Ind Lo m put i ng  the i n t e g r a l  of i t s  product w i t h  the other  time history as

range s f rom 0 to I. The total duration of p latfor m response is equa l to

t~~t Our at ion ~~‘ rAt- il-pulse function plus the duration of input time h i st o r )’.

Response -‘o ion predictions of the contro l room platform of the PAR

Powe r P lan t  is d i sp la y ed in Fi gures 69 thrnu~~h 71. Acceleration-tine histories
• 

~~~ the f requency band 3~, Hz to 500 Hz and 0.5 Hz to 500 
Hz are inc lude d in

f Ig u r e s  69a and 69th In the d i s p l a c e m e n t - t i m e  h i s t o r y  (Fi g. 69c), it is noted

tnat the ~n a - -to-peak disp lacement is less than -‘- 1 in. These peak values must

t~t- considered conservative or upper bound , in view of the nonl irt ear ities in

the low f requenc ies  as previousl y discussed. Ri g id-body desi gn li m i t s  for

platfo rms is +6 in. The shock spectrum and Fourier spectrum for this platform

response is  provided in Fi gures 70 and 71.

Acceleration-time history response of Platform 0 represents two

methods of determination . Fi gure 72 was developed by a finite-element computer

mode l and Fi gure 73 was obtained at Waterways Experiment Station . Both time

histories er..,,loyed Annex Ii i nput motion to the platform. Ri g id-body modes

and properties of vertica l , rol l , and p itch were analyticall y inserted for

the low frequencies of the measured data to provide compa rability between

the f igures , most p a r t i c u l a r l y for shock spec t ra . The shock spectra of

Fi gure 74 are comp uter-mode l and measured-data response predictions.

116

_ _ _ _-- -- • • - - - - 4.-- -~~~~ - -- - - - - -



-

~ 

..
~ 

•

i
~

•

~

I.) PLstfnrr, PARPP-CR: Pr.dict.d .cte s,-iLlon-tlm . $istor-y res ponse . using the cae,guted
gtob.l t ra ns fer  function convo i~ ad ..ith Ann.* II inpu t (frequency renge 35 to 500 lIz)

—,

: 
Ij - 

~ ~1 I 

L _ ~. ;L4~~;1 ~~~~~~~~~~~~~~~ -

- ~ J I

‘ I
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FIGURE 69. RESPONSE MOT I ON PREDICTION OF CONTROL ROOM IN PAR POWER PLANT
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FIGURE 73. PAR POWER PLANT , PLATFORM D: ACCELERAT I ON- TIME HISTORY
RESPONSE , ANALYTIC 0 TO 10 HZ AN D TRANSFER FUNCTION
MEASUREMENT 10 HZ TO 150 HZ

• 1I!
FIGURE 74. PAR POWER PLANT , PLATFORM D: FINITE—ELEMENT SHOCK SPECTRUM

RESPONSE CALCULAT ION COMPARED WITH SHOCK SPECTRUM FROM TRANSFER
FUNCTI ON MEASUREMENTS
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Di erences rt-s ul t 4 1 1 1 1  the wave forms of I h~ two met hods and th e h q ht’ r

• ,1 I l t u d e s  of ‘xtion pred i ction f I r  the f i n i t e  element case .

2.2 - 3 RESPONSE PREDICTION OF A SOIL-COVERED ARCH TO MR ULAST

This unpub lis h ed inform ation war, kind l y provided by Robert E. W aRt- r

o~ th e U.S. A r - - ,- .niterway s Experiment Station , Vic k~ burg , tlis s i s s ipp i. Several

1/ -scale ‘ -ode ) Il . I I ( I ) ! r t es  (Fig. 50) were subjected to a i r-b l a ,t pre~ sures in

EVENT t t l % E D  CO MPAHY ( 500 — t n TNT explosion) . Air-blast pressure records taken

from one of the hang ar ‘- tes are g iven in Fi gures 75a to 75d .

I t o b i l i t y  easurernen ts  (V/F) were made from the inside surface of

the re Info rc ed-concrete arch to so i l surface near the location s of the

air-blast pressure gages on a full-size structure. Using these measurements

in a rec i procity sense (assume d linearity), response velocity predictions

ae r e  made f r Il l-  the m o b i l i t y  I I ta s u r r - r l t- n ts  taken on the f u l l — s c a l e  structure.

The air-b last data was sca led  to prototype. For comparison to velocity records

o f the arch in the M I X E D  COMPANY T e s t s , the f u l l - s c a l e  p r e d i c t i o n s  were sca led

to thc mode ls. The scaled response velocity at the mid-arch position is g iven

in Fi gure 76. To provide for compari son between III XED COMPANY recorded

ve l ocity and the predictions of Fi gure 76 the pred icted velocity-time hi story

had to be lowpass filtered to match the frequency characteristics of the

ve l ocity gages used in the test. Test data and prediction s are shown in

Fi gures 77 and 78.

Walke r used the response prediction procedure set forth in Equation 3

f Section 2.2.1 , except for the loca l engulfment function . This omission may

account for the late-time oscillation occurring at 125 msec in Figures 76

and 78. The prediction using mobility measurements in addit ion to the scaling

employed shows s u r p r i s i n g  good agreement wi t h actua l data. It can also be

conc l uded that soil nonlinearity for this test and at these pressure  l e v e l s

e x e r t s  onl y a moderate Influence . Late -time disp lacement of the test record

(275 msec) cannot be accounted for at this time , since i t is not known whe t he r

the gage record has been corrected for offset and drift. Additionally, the

mob i l i t y  measurements were not low enough in frequency pick- ta p ground rol l.

(Text continued on p. 125.)
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2.3 SIMULAT I ON OF STRUCTURA L MOT I ONS

2.3.1 METHOD

Transient shock tests on equi pment and systems to simulate the

motions induced by a nuclear event or an earthquake are largely limited to

single—axis test machines. * Further limitations exist in the size and wei ght

of equ i pment which can be tested. Simulating multia x is loading on large

equipment with many degrees of freedom represents a difficult problem , because

it is impractical to generate continuously varying forces of sufficien t mag-

nitude . This problem is further aggravated whe re in-place or field tests

are required. On the other hand , short-duration forces of large magnitudes

over a wide frequency range can be generated by mechan i cal pulse generators

(Ref. 6). Since a discrete number of pulses superficially presents an

appearance qui te  d i f ferent  from a continuous excitation si gna l , it becomes

necessary to select the pulses in such a way that the resulting vibration of

the structure matches as closely as possible the response (e.g., disp l acement ,

veloc i ty, or acceleration ) produced by the continuous force , as determined

by an appropriate error criterion . This approach is shown in Figure 79.

It is i mportant to note that the method of Fi gure 79 requires that

the c r i t e r i on  response to the continuous inpu t be known , wh ich would gene ra l l y
not be true in practice . To accompl i sh this object i ve , the approach proposed

here assumes that: (1) a mathematica l model of the system under stud y is

known , and (2) the inputs of interest (e.g., earth quake or nuclea r blast) are

g i ven. Unde r these conditions the “criterion response” can be calculated

and used to obtain the pulse train for the simulated test.

In general , the response-time history of a test article unde r

simulated test should show a reasonable approximation to the expected

environmenta l phenomena for meaningful ha rdness/vulnerability eva l uation .

few biaxial and triaxial test machines are available.
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2.3.2 PULSE-SIMULAT I ON ENVIRONMENTAL TESTS

The need for a mechanica l corce_pu l se generator arose in connection

with studies on how to effectivel y simulate , by physical test , shock tran-

sients on massive equi pment located in protective structures. The force

generators could not , for physical reasons , be interposed between the equi p-

ment and the building. The p latform environments represent the building

mot ions  generated by nuclear a t tack  as transmitted into the equ i pment through

the i so la t i on  system .

a By drawing a metal bar or mandre l through a cutting tool (or vice

versa) with suitable motive power (air pressure , hydraulic pressure , explo-

sive force , electrical , mechan i cal), a series or a set of force-time his-

tories may be generated (Refs. 6, 39). Reaction at the attachment points of

the device transmits a force output to the structure under test. Fi gure 80

i l l u s t r a t e s  the dev ice  using mot ive power supp l ied  by the s tored energy in

a pneumatic cylinder. Amp litude , duration , and shape of the pulse time

histories are controlled by the relative velocity between the cutting too l

and the metal projection on the mandrel , and by the shape of the metal pro-

ject ion on the mandrel. A photograph of the pulse generator ins talled  for

in -p lace  t e s t i n g  is shown in Fi gure 81.

Large forces may be generated from this device . Force required to

cut metal is largely independent of rate (velocity), and is a function of

the volume of chips cut (depth , width , and length of cut) ~nd a function of

the specific energy of cutting a mate rial. A load cell or strain gage may

be incorpo rated in s e r i e s  w i t h  the dev i ce  to prov ide a f o r ce - t ime  h i s t o r y

readout as the device is operated .

Another form of pulse generator is  sketched in Figure 82 and
p ictured in Fi gures 83 and 84. This form is a variation of the drop shock

• test machine but differs by generating multiple pulses . Expected capacity

of the design of Figure 82 is 70,000-lb force ; and with design modifications

of the nubb ins and cutter , 150 ,000-lb force output is expected . C u r r e n t l y

the machine is used to generate very low frequency response of large structures

(Text continued on p. 133.)
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where the force output of vibration machines is very low . This drop shock

generator is so new that performance information is limited to the oscil lo-

graph data of Figure 85 . Fi gure 85 records data taken on the Electrica l

Distribution Center shown in Figures 45 and 46.

Four pulse generators of Fi gure 81 were used for shock-isolated

platform tests (Fi g. 39) and we re attached near the four corners of each

p la tform. The schematic of the pulse generator and power-actuation system

is g iven in Fi gu re 86. Powe r to the pulse generators was provided by

hydraulic cyl inder s having volumetric compensators in series. All four units

were connected in series by metal p i p ing. A pneumatic-hydraulic accumulator

provided -,tored energy to drive the generators at line pressures to 1000 psi .

Pulse-initiation timing was accounted for by pre-positioning each cutter !

mandrel and performing calibration runs of the entire pulse system for each

p latform configuration .

For the in-place pul se-simulation process , a discrete number of

pulses appears quite different from a continuous excitation si gnal. It is

necessary , there fore , to select the pulses in such a way that the resulting

vibration of the p latform matches as closely as possible the response

(i.e., displacement , velocity, or acceleration) produced in the platform by

the continuous excitation resulting from the bu i Iding motion (nuclea r

threat input). The accuracy of sin lul at ion is determ i ned by an appropriate

error criterion as shown in Fi gure 79.
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T hu ba sic r r l t t - r i o n  u— ,i’d fer simul ation accuracy i s the integral

—.quar &~ l r A r e !  b I t - -el -i  the c r i t i -r ion and p u l s e — s i m u l a t e d  p l a t t o r r  l i - - p onse .

The A - r r o r fun - t i i n  i~ eva l u1ite d at a suff icien t number of points w i t h i n  the

niu l t i p 1 i — deq i ~~~~~~~~~ —1 r e ( - ( I I ) r  pl.it III! I ll te charact i -ri zi- the p1 it form as com—

p l e t t i y i- - po ss ibl e . ~~ i th  t h - n , r e  cr i t e r i o n  g i ven , t he pu lse  occur rence

t i e r - , pulse wid t h - ,, ai d the pulse amp l i t ud e ~ are -1el e cted b y a systema t ic

s e a rc h al gorith m such that t h e  c r 1 1 1  is  m i n i m i z e d  (Re f .  4 0 ) .  In order  to

use the simu l ation method in conjunct ion with the optimiz a tion procedure

d i s c u s s e d  lb I Iv , - , t he  followin g step ’- - -lure per fo r med:

a. The i l - p u l s e  f unc t i ons  f I r  each p l a t f o r m  were de te rmined  for

eac h pul’ Ir- l o ca t i on . T h i s  was accoi - i p l ished by conve r t i ng

measured t ransf er iept - dance f unc t i ons  in the frequency

(11 , - l a i n , to t rans fer  i mpedance impulse f unc t i ons  in the

t i r e  domain. Typ ical functions for each platform are shown

in Fi l l ure s 87 and 88.

b. Us ing  the o p t i m i z a t i o n  al gor i thm , t he c r i t e r i o n  p l a t f o r m

respo n se was conve rged upon by pu l se  t ra ins  convolved wi t h

t he above i mpulse f unc t i on . T yp i c a l  computed pu lse t r a i n s

are shown in Figures 89 and 90.

Using the pu lt ~e profiles specified above , pis ton velocities of the

hydraulic systr -r (Fig. 86) were established and mandrels of the pu lses

were machined. Measured pulse trains from in-p lace tests are also shown in

Fi gu res 89 and 90. Typical acceleration-time histories obtained are dis-

p layed in Fi gures 91 and 92. These fi gures are a three-way comparison of

(1) criterion (predicted) response to nuclear threat , (2) pulse-simulated

response , and (3) actua l (measured) response of platforms to in-p lace

pulse tests. The Sal li - three-wa y comparison for each platform is also shown

in shock spectrum forma t in F igure  93.
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SECTION 3

IMP EDA NCE USA GE AND APPLICATIONS

The previous section set forth practical eng ineering projects of

impedance , and of motion predictions and environmental simulation based on

impedance. A notable feature of some of these projects was their dismay ing l y

large size and mas siveness. Numerous data measurements were necessary for

such projects , with subsequent comp lex chains of multiplicati on s, divisions ,

and summations that required compatibility in both the time and the frequency

dana ins.

However , the demonstrated p r acticality of i mpedance and mob ili ty

provides means by which certain types of problems may become tractable. For

examp le , the results of previous tests could be processed by impedance!

mobility for scaling the data from one type of ship for app l i cation to another

type , or for equi pment changes and rep lacements. Other app li cations would

include quasi-linear systems , nonlinear system s , parameter identification ,

mult ivariate regression ana l ysis , and pulsed environmental simulation. These

areas are further discussed in this section .

Throughout this report , the term i7rrpedance has been used in a broad

sense because it is widel y acce pt ed and understood . In practic e , however ,

rtobtitt[ 1 and its derivative inertance are applied almost exclusivel y, not

onl y for ease of computation and for visua l interpretation but also because

they are independent of the numbe r and locations of other measurement points

(Ref. 41).

3.1 LINEAR SYSTEMS

Section 2 covered the use of i mpedance and transfer functions for

response-motion prediction based on linear or quasi-linear systems . Currentl y,

five major projects on this subject have been comp let ed or are in the process
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of comp letion , with results tha t are considered quite good . As a practical

matter , many systems exist where the main load-bear ing s t r u c t u r e  (sh ip  or

submarine hulls) remains essentiall y linea r over a wide range of attac I~- , ,

yet internal equipment may exhibit nonlinear response with failure , malfunc-

tion , or degradation . The nonlinear interaction of equi pment on the linearl y

responding main load-bearing structure needs to be assessed on a case-b y-case

basis. Prev i ous projec t s ind i cate that these nonlinear effects are not

severe enoug h to adversel y affec t impedance measurement s. Response predic-

tions made at equ i pment locations at criterion or postulated attack I- - y e - I s

provide input functions for individual labora tory-env ironmental tests on

th~ eq uipment.

Response motions (acceleration-time histories) determined from

impedance measurements may be made quite accuratel y for a large class of

linear and quasi-linear systems. The accuracy depends on tne formulation

of appropriate input loads. Scale-model tests for air-blast and under-

water shock have been found to be very effective for formulating the input

to represent the transient-load engulfment of the target facets. Impr m ~’e-

ment in the accuracy of impedance data using time-series di g ita l data

anal ysis , no i se minimization procedures , and new meas~irement devices largel y

accounts for the practicality of app lications in predicting response motions.

Each succeed i ng project exhibits continui n g improvements in reduction of

costs , ease of testing, and accuracy . In the near future , many &na l ytic

models wi l l  be checked against impedance measurements for accura~y.

3.2 NONLINEAR SYSTEMS

New methods of approach can be emp li ~ed that provide a means of

improved predictions for nonlinear response of structures. By proper design

of tests , data can be extracted in a specific manner to y ield nonlinea r
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descr i bin g functions. These functions , which a r e d i s~ Ijssed be l ow , quaritita-

t i v e l v  spec i f y inelas ti c  .in i damage phenomena and permit nonlinear response

p redict ions.

In the parametric identification approach , the mathematical struc-

ture I f  the model is postulated but its parameters are not. Mos t of the

work done so far in structural-system identification has been considered from

the parameter t- - - t imat i on approach. The identification task in this parametric

model approach eventuall y reduces to a search in parameter space where system

parameters are iterated repeated l y until values are obtained that meet a

specified error criterion. Among the techn i ques used i n this approach are

gradient or random search methods.

In the describin g function i d e n t i f i c a t i o n  appr -Id ~~h . no a p r i o r i

assumptions are made regarding the -.tr uctura l confi guration of the mathemati-

cal - x e - l I - i  of  the system to be i dentified. The dent i f  c a t  ion problem become s

a search in ‘functional space. The basic mathematica l statement supporting

this process is presented be l ow .

Let u(t) be -~ random noise input si gnal , and be a f u n c t i o n  of

n va riabl e s . The response y(t) of a non linc ar system can be etpres sed as

y(t) 
1 
G.[g , u(t)]

where G .Eg. , u (t)] is a func ti onal of the ~
th degree , wh i ch is or t hogona l

to all functions G ., j < i :
J

G .[g., u(t )J ~ Gjg.. u(t)] = 0 for i j
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The first few terms of the functiona ls are :
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w here k — average power of random no i se.

Since  the parametric identificatio n requires a priori assumptions

regarding the characteris t ics of the system , large errors can be introduced

in modeling complex structures if the order of the mathematical model does

A t  agree w i t h  the order of the actua l structure. This problem becomes

p a r t i c u l a r l y acute for the response in the nonl inear range. However , for

the describing function identification approach , the order of the system

need iot be assumed , but is allowed to develop to optimall y satisf y the

measured cha racteristics.

For the general solutions of nonlinear systems , the Volterra Series

may be used to represent an exp l i c i t  input/output relat ion . One of the main

problem s in the app lication of the t heory is the exp li c i t  determin ation of

the kernels appearing in the Volter ra Series. A solution improvement set

forth by Wiener was to expand these kernels in terms of a set of orthogona l

functions , such as Laguerre functions. Practica l solution was achieved by

cross correlation.
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Studies of nonlinear effects (Ref. i) disclosed no n li n e arit i e s

that could be very sen s itivel y detected by rap id s i c ’ t -  sweeps (CHIRP tests)

withou t requiring excessively large forces that could drive the test ~,t r u c t u r e

into the damage region . From this in formation , an a l t t -rnative procedure has

evolved in the form of state varia bles , by which Ch ehvchev pol ynomia ls  are

used a- functional s relating input to output.

3.3 PA kAMETR IC IDENTIF ICAT ION

By ext ending parameter identification to nonlinear systems , a se r ies

of impedance measurements at different force l e v e ls is obtained . This

approach provid es a group of nonparar ’etric impedance curves from which par io-c-

ters are identified . From the parameters obtained , functiona l relations are

-~ - t  for t h in the model , as for nonlinear springs and damping, to prov ide an

approx i mate model of the nonlinear transmission path. The paramet ric approach

can also be used in conjunction with the functiona l approach to determine

system parameters once the funct ionals (describing functions) are determ i ned.

This combined approach presaqes an improved means of extracting ph y s i c a l

phenomena for app lication to nonlinear model ing of str uctur e s.

Random search al gorithms for paramete r optimization have been widel y

applied and documented . They have the advantage of (i) leading to g loba l
solu tions of nonlinear systems , (2) guaranteeing convergence , and (3) eas ing

computer imp l ementation . On the negative side , random search algorithms may

converge -iery slo wl y, par ticu l a r l y in criteri o n surfaces of hi gh di 1 -~-n s i o na l it y.

Several procedures have been tried in the past to circumvent slow convergence.

The al gori thm used in several impedance and pu l se sin ula t ion projects

is another approach to the determination of the optima l step size (Ref . 40).

~-~~t t r than a fixed-length step, steps used are random in both length and

d i r e c t i o n . Hence , t he adap ta t i on  d e s c r i b e d  be low is  based on the s e l e c t i o n

of the optima l variance of the step-size distribution as the search progresses.

Large variances are desirable in the earl y, exp lo ratory portions of a search.

However , in the v i c i n i t y  of a local optimum , a smaller value of the standard

deviation , a, w i l l  decrease t h.- probability of overshoot.
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The algorithm for the adaptive random search consists of alternating

sequences f a g loba l random search with a fixed value for the step size

variance followe d by searches for the loca l l y o p t i m a l  a. Th i s adaptive

random search method was used , as shown in the following examp le , to optim iz e

17 parameters of a nonlinea r soil model.

In specific app lica tions , data are given in the form shown in

Table 4, where e and o are the vertical soil strain and stress , re s p e c t i v e l y ,

obtained from a uniaxia l test , and where

— F i r s t  stress invariant (za.)

J~ — Second reduced stress (stress deviation)

invariant — - )2

— Princ i pa l stress components

The stress invariants depend on e , c , and the load ing h i s t o r y ,  as

well as numerous other soil parameters tha t are to be identified . ~iiong the

present soil models that are being widel y used in ground-shock computations

are elastic , perfectly p lastic , variable moduli , and an elastic-plastic model

w i th a movable cap .

Once a candidate mathematical model is selected , the problem is

then to determine the best set of parameters that wi l l  result in a load ng!

unload i ng curve and s t r e s s  path that w i l l  simu l taneousl y match both sets of

exper imental data such as g iven in Table Li . Thus , the identification problem

i s  reduced to a search in parameter space that wi l l  y ield the extremum

(minimum) value of a suitable penalty function.

The cap model used to represent soils employs a y ield surface that

combines both strain hardening and idea l plasticity. The ideall y p lastic

modified Drucker-Prager criterion represents the ultimate shear strength of

the material and is associated with fracture or sustained p lastic flow in
laboratory experiments. The form of the y ield criterion is

— (J I , ~~ — o
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TABLE 4 . REFERE NCE DATA

Point S t r a i n
No. Increment I Strain Stress J 1 ~ 2

-1.000-03 -1.000-03 -1.669-03 -3.000-03 5.774-04

2 -6.900-02 -7.000-02 -2.097-02 -3.890-02 6.928-03

3 3.000-03 -6.700-02 -5.000-03 -9.000-03 1.732-03

4 -5.000-03 -7.200-02 -1.828-02 -3.290-02 6.371-03

5 -2.800-02 -1.000-01 -3.841-02 -7.490-02 1.155-02

6 -5.000-02 -1.500-01 -7.552-02 -1.500-01 2.194-02

7 -2.500-02 -1.750-01 -1.080-01 -2.249-01 2.887-02

8 -2.300-02 -1.980-01 -1.400-01 -3.000-01 3.464-02

9 -1 .200-02 -2.100-01 -1.680-01 -3.749-01 3.811-02

1 0 -1 .500-02 -2.250-01 -1.960-01 -4.500-01 4.041-02

11 -5.000-03 -2.300-01 -2.220-01 -5.249-01 4.157-02

12 -5.000-03 -2.350-01 -2.490-01 -6.000-01 4.328-02

13 -5.000-03 -2.400-01 -2.760-01 -6.749-01 4.444-02

14 -5.000-03 -2.450-01 -3.010-01 -7.500-01 4.503-02

15 -1.000-03 -2.460-01 -3.270-01 -8.249-01 4.563-02

16 -1.000-03 -2.470-01 -3.596-01 -9.180—01 4.619-02

17 2.000-04 -2.468-01 -3.240-01 -8.21+9-01 4.272-02

18 2.000-04 -2.466-01 -2.950-01 -7.500-01 3.982-02

19 3 000-OL+ -2.~A63-01 -2.670-01 -6.749-01 3.635-02

20 3.000-04 -2.1+60-01 -2.389-01 -6.000-01 3.404-02

21 1.000-03 -2.450-01 -2.110 -01 -5.249-01 3.118,02

22 1.000-03 -2. 1+ 1+0-01 -1.830—01 -4.500-01 2.887-02

23 1.000-03 -2.430-01 -1.540-01 —3.749-01 2.540-02

24 1.000-03 -2.420-01 -1.260-01 -3.000-01 2.250-02

25 1.000-03 -2.410-01 -9.683-02 -2.21+9-01 1.903-02

26 5.000-04 -2.405-01 -6.910-02 -1.500-01 1.672-02

27 5.000-04 -2.400-01 -4.083-02 -7.490-02 1.386-02
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As the p la s tic vo l umetric strain increases or decreases , the strain-hardening

cap expands or contracts , respectivel y. The cap is denoted by

• ~~~~~ 

P
) — o

P .where is plastic stra Un .

It is assumed that elastic behavior is governed by

do , ,  Kdc 6.. + 2G (dr . , — ~!_ di. 6.,)
kk ij i j  3 kk ij

where

d~~. . = Stress increment tensor
I J

dc , . Strain increment tensor
Ii

dc
kk 

Linear dilatation (= dc
11 + dc 22 + dc 33)

— Kronecker delta (= I if i = j ,  — 0, if i ~ j )

K = Bulk modulus , which is a function of pressure

G ~ Constant shear modulus

The basic cap model used in this stud y consists of the following

parts: (1) a variable bulk modulus , (2) a constant shear modulus, (3) a

fracture surface , and (4) a cap. The cap model is defined by the following

equations and an associated flow rule:

Bulk and Shear Modulus

S B J 1 B J
J )K B 1~~1 

- B2e 
~ - B4e ~

where

G Constant

B 1 through B
5 

— Emp irical coefficients
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Fractur e Surface (f
1
)

f 1 — 0 - ~~~~~ ~y
1 

- y
2
e~3~

1
~

~~~ (f 2 )

— o = (1 - + y~ - (L - x ) 2

P

X — ~~
— ln (I l ~, 7 + 

1)

L + y4(Y2
e
Y
3
L 

- y
1) 

- x = o

p p 0 p
I~ =

where

l~ = First invariant of p lastic strain

= 
.‘- 

c~~.

L = Distance to the center of the ell i p t i c a l
cap

X — Intersec tion of elliptical cap with
J 1 axis

V 1 throug h V
7 

= Emp irical coefficients

In the appli cation of this model to soils , the cap movement is

con t rolled by the change of plastic vo l umetric strain; hence , strain hardening

can be reversed .
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The computer imp l ementation of this model results in a code that ,

when supp lied with a strain time history , wi l l  generate the corresponding

state of stress , and subsequentl y the stress invari ants , at every point in

the stress path.

In view of the comp l ex ity of the aforementioned model , its computer

implementation has required a substantial effort and resulted in a large

computer code that performs a significant number of computations for every

incremental change in the strain l eve l i n  order to determine the corresponding

state of stress.

Given n discrete data points with coordinates

[c~~• 
~ i~~~~’ ~ ) J  and i~1 .(

~i’ ~~~~~‘

of the type shown in Table 4 where

Li  — Va l ue of independent variab le (strain) , i—i , 2,..., n

Parameter vector whose k components correspond to
the parameters to be identi fied

a .(c., ~
) Di g itized va l ues of stress. =1 , 2 ,..., n

J 1 (c 1 , ~
) — Di g itized values of s t r ess  invar iant

~~~~~~~ ~) — Di gitized values of stress invariant

The pen alty function J used in the present examp le is:

J — ~I
_
W

1 S1 
+ W

2S2 
+ W

3
S
3
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w h e r e

~ 1 ~~ [c i (c . )  -

S2 
= E [J

1
(1 
~ 

— J 1 (c.)]
2

— -

W 1 , W 2 , W
3 

= Weighting function s

n = Number of data points

and where c , a, J 1 , J~ represent measurement data and a, J 1, J~ are the

corresponding quant it ies obtained by specif y ing the sequence of strain

i ncreme nt s tai . — - c ., i - 1 ,2 n — 1 , and then determining the

state of stress in accordance with the predictions of a suitable mathematica l

model.

The random search algorithm was used to fit soil data by performing

the following steps:

a. The discretized values of the stress/strain and the stress

path of Table 4 were used as data.

b. A judicio us choice was made for the soil cap model fi t t i n g

parameter va l ues , which were subsequentl y used as in i t i a l

parameter values to start the random search al gorithm . These

ini t i a l  values are listed in Table 5.
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TABLE 5. PARAMETE R VALUES

Cap Model l r t i t l a ~ Opt im ized t Cap Model I n i t i a l  Opt im ized %
Paramet e rs V .Iues Val ues Change Parameters Va l ues Values Change

A 0.0468 0.047 0 1.25 1 3 6  8.8

4.5 4 5 K 1 1.0 0.92 - 8.0

C 0 0456 0.0456 K 2 1000- 0 1073 0 7.8

2.0 2.24 12 K
3 

450-0 418.0 - 7 . 1

2.5 2.25 -10 K4 0.0015 0.0015

R2 5.0 4-54 - 9 K5 0 0

0 0 24.0 2L8 - 9 . 2

0 0 0.968 1.057 9.2

0 0 y -0.9 -0.996 11 .0

V 0 .2 37 0.237 4.0 3.58 -10.5

0 4.96 4.54 - 8.5 C 1 0 0

7 .0 1.0 C2 
76.0 ‘3.95 -12.8

100.0 100.0 C 3 5000.0 5510 0 1 0 2

02 1000.0 1 000.0 C 4 0 0

w7 50.0 45.46 - 9. 1 C 5 0 0

31.0 31 .0

W2 -0.009 0.009

03 0.5 0.5

123.2 139.2 13

K5 3.344 7.050

6 -0.900 -0.958 6.4
kA8791
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c. Usi ng the i n i t i a l  values given in Table 5 in conjunction w i t h

an appropriate cap model computer code , Fi gure 94 shows a

comparison of thi s ” i n i t i a l  solut ion ” and the experimental

da ta. Note that this i n i t i a l  solution ’ .1.3 5 ob tained by

merel y substituting the parameter values g ive n in Table 5 into

the material package subprograms. The optimization section of

• t he parameter i d e n t i f i c a t i o n  code was not e x e r c i s e d  in th i s

step.

d. Using equa l error ~e ig htin g function s w
1 

= w~ = w
3 

1 in

the criterion function , the d e v i a t ion e rr or be twee n t he

“ ini tia l solu tion and the g iven da ta was 0.272.

e. A gain using the “ini tia l values ’ listed in Table 5 as a starting

est imate to i n i t i a t e  the parameter i d e n t i f i c a t i o n  code and t hen

operating the code for a few hundred iterations , an optimum

set of parameters was found. These parameters are listed in

Column 3 of Table 5. The optimized solution is shown in

Fi gure 95 and its corresponding devi a~ ion error is 0.070

( 1/L i of the star ting error).

UI4ote tha t the reduction of the deviation error was achieved by

opt im i z i n g  t he va l ues of 17 parameters list ed in Table 5. The

percentage change in these parameters ranged from -12 8~
tI +l 3 .~,

3 4  SCALING AND CORRELATION

3 .4.1 MULTIVARIAT E REGRESSI ON ANALYSIS

Multivari a te regression analysis may be viewed as the problem of

determining a linear relation ship between two or more v a r i a b l e s .  It may also

be viewed as a linear curve fitting procedure in which--

V — 
~o 

+ + 82
X
2 + . . + 8n Xn
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where

V — Dependent var iablec

8 — Regression coefficients to be determined

X — Independen t variables
n

In the regression computation , values of B are assumed ; aid with

the independent variables of Xn~ 
V is computed . This V i s  compared to

‘be known V value for the p latform and B values are adjusted throug h

iterative proced ures to wit h i n  some error l i m i t .  The independent variables ,

X , are the particular characteristics of any structural syster ~ .

There are two difficulties that arise from the use of mu lt i v a r i a t e

regression anal y s i s :

• Proper cho ice  of the model

• Vari a b i l i t y  of the results

The results may be meaning less if an improper model of the situa tion

is employed , or at least be less meaning ful than some othe r model. Stepwise

regression procedures can be u sed , and a gene ral engineeri n q awareness of the

~~:nensionality of the problem tends to overcome this first difficulty.

The second problem is a function primaril y of the number If struc-

tural systems used in the computations: the larger the number or more

un i forml y distributed the data base , the better the results. Procedures for

the anal ysis of variability of errors can be app lied to jud ge the re l i a b i l i t y

of the results. In particu la r , confidence bounds may be calculated and

placed on either side of the results. These confidence bounds are usuall y

given at a certain level. For examp le , one freq uent way of calculating the’-~

is such that chances are the true results wi l l  be inside the t e n t  idence

bounds 95* of the time .
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Comp ar ison of systems i - , - . i & i . -  O P  h by s im i lar it i Cs mid by d i  f I .~rences .

In on -u I at nq I r i a t  iI(IdC I s , t he i rid . -penden t p.o m- - I er - , r -- I I oct the s im I tar i —

t i e s , arid the -~i ’ e cifc v al u , -s a - ~s i - i n e d  t h e r e t o  p r ov i de  the d i f f e r e n c r - s .  In

shock or Four icr response— S I ,-I tr -i — i-st il  k i t  on F I c~-deres I I , ,  3 s t O p ,  lUlt  i —

variat e reI; rt -ssion ana ly - ,i s is app l ed (Ir)cr - for each r eg en c y  being examined .

For 1 )1/i - li e , t h~ X and V variabl e s could be d e f in e t a~~ fo l l o w s :

V fo ur i e r -rc -ssu r e - 1 e c t T . ,  I I I  fr r - q u r -ncy on ship ’s hu l l

Dept -
~ 1 r t e  s i z e

X
2 

= Depth-charge depth below surfac e

X
3 

Depth— ~ h - i r g~- di - t a n c e  f rom sni p

= Length of sh ip  ( 1111 C ’  l i n e )

X
5 

B,-ar o f s l i p

= Lcngth/bea rrr ratio

= Hull thickness

= D i s p lac ement vol/wei ght

Ire un i t -, of  t O - - I -  ~Ia r 1 r - i e t e r -. are imma t e r i a l ;  t he mul t i va r ia t e

reg ression d I a l y s i s  procedure automaticall y l count s for the units. It should

he noted th jt the variables may be composite. That i s , they mi ght be

equal to functions such as ~2 + w
3
, w 2 t~~, c x p ( - a f ) ,  e t c  ., ohi- re - - is

w is  .11-ig ht , f is f requency, and a i s  a cons tan t .

hro u; I in g ~ t par ine ters as in tb. - fo r egoing p c- r ’  ts formulat ion of

rea - - (J ra b le repre st -n tat ive sy stc- i mod els or functiona l r ’- Ia tionshi ps , rather

than brute for ce pol ynomial f i t s  to d a t i .

For t - * I I I - Ip Ie , -.hoci. -- i solated p latforms protecting equi pment comprise

62 d il l - - r i - i t confi gurations tota l rui 107 p l a t f o r i - - . d i s t r i b i t e d  throughou t a

hardened facility (Ret. 9, 30). Prediction of response-motion for each
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p latf o rm and for each environmental location w i t h i n  the j I l l . was r ,- q ui red

for hardness/survivability assessments of equ i pment. The a p rior i se le ction

i f  p la tforms as a representative samp le for transfer-function measur .,n ts

permitted nterpo lation method s to be used to estimate with acceptable confi-

dence the response motions of all platform;. A s i m i l e  environmental --.-: I Ii n g

rule then allowed t h&-se estimate - , of platform motions to hr adjusted to r hi

threat environments for a particular building and floo r location .

A r i u l t i v a r i a t e  reg ress ion  method was used to predict responses f o r

all types of p lat to rn s , measured and unmeasured . The p latfor m s can be

classified in terms of their physical characteristics (i.e., len g th , width ,

densit y , etc.) and loca l input environments. Transfer-function measurements

and subsequent response anal ysis of the 10 selected plat f o r- . resul te d in

1 0 shock-response spec t ra  for p r e d i c t i o n  anal y s i s .

The pol ynomial approach was generated by rep resenting t h e  shock-

isola ted p latforms in the form of plates. Since the d ynamic response of a

p late (hence its shock spectrum) is directly related to it s frequency c; -c tru - - .

it is reasonable to choose the following characteristic parameters as inde-

pendent parameters for the regression anal ysis: c , w , . ,  n t /iso . On the

basis of several trial cases , the following nonlinear ni ultivariate regressi on

was evo lved :

x(ss) 
~~ 

+ 
~~ 

+ + 
3 ’ + 

~~4 I 
+

+ 6 + t
7
(/w) +

where

x (ss) Ac celeratior shock spectra

n Co e fficients of regression for each frequency point

— Length

p Weigh t /a rea  (ca lcu la ted  d e n s i t y )

w — W i d t h

wt/iso — Total wei ght per isolator
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Te,- p)3rt i cu la r  - P i t a  bas,- - s  u - i d for this t r i i I y~~is were the (Ir .p,-n f - r l t

v a r i a b le v a l u e s  of the - h o c k --p i-ct r im i i - g o tI - ,es Il l t h e  10 measured ; l . , t f o r - -

l I v e r  t he I re l 4 ut -n cy  ra ft- - I 35 to 500 Hi • m d  the i l l  I~~~~- l i l t variable p t a t  —

t o r i  c h a r a c t e r i s t i c s :  I F - n - I t  Ii , i-1 i d t h , ‘e nsi  t y ,  i c - n I t  F I/ - e i d t h , ,nd n,e i—I h t  per

i s o la t o r .  C h a r a c r , -r i - , t i c s  of the mea sured platf o rm s are provided in T a b l i -  6.

To (-lISure opt  i t l uirl p r i - d  u P  lye results , ‘he e r r o r l i m i t for the response d a t a

.1 ) 5  se t  at  ± 1  - about the mean for tin- 10 r ir a sur c il p latforms. Also , fe-cause

of the opt imum d i s t r i b u t i v e  samp l i n g  of the p l a t f o r m s  for t e s t i n g ,  the  up1~~r

and t ower bounds of the 62 sets of p la t l i r is -  d i d  not exceed the upper and

lI lY - F r bounds of the 10 p I at f I r I~~. investi gated (- -ce Fi g. 96).

F i gu res 97 and 98 ,hovi t YJO p l atfor ri respo n ses to the referent over-

a l l  r-nv ,ronm ent input as computed from impedance and tran sfr - r function data.

Ove rlaid on each p lot  is  t he p red i c t ed -~,1FlI c l spec t rum for tha t same p latform ,

de rived h~ m u l t i v i r i a t e  regression anal ysis.

t he p re d i c t e d  ~Iiiic k spectra - how a good correlat ion with the actual

shock spectra i f a l l  10 p la tforms are viewed in a statistica l r ela tionshi p.

Ind i v i d u a l l y ,  7 of the 10 p latforms are alm ost perfectl y predicted to within

±1/4 standard deviations.

The shoc~~-spe t rurn rr- -,p(,ri .e-, of the remaining unm easured 52 types

at p latforms were predicted by using t h e i r  specifi c char acteristics (length ,

.~i d t h , le n g t h / w i d t h , density, wt/iso) with the coefficients generated by

multivariate regre ssion anal ysis. T he - ,1- values ire the p l a t f o r m  responses to

the jer~, Il input. T ji ica l examples of responses predicted for unmeasured

p l a t f o r m  - f j  the regress ion  me t hod are shown iii Fi gures 99 jet 100.

To develop the platform shock spectrum for its particular location

(local shock spectrum) , a s c a l i n g  t echn i q -i c was developed . This scaling

me t hod was used t I  develop the response of the 62 t y pes of p la tforms o the

local input e nvir , rii - s - r , t s . TIle proce-Jur e calls for dividing the shock spectrum
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FIGURE 96. DISTR IBUTION OF SHOCK SPECTRA FOR 10 PLATFORMS MEASURE D IN PLACE .
Response computation s dete rmined from overall Annex H input.
Environmental levels for equi pment tested on vibration sha kers
are also shown (Annexes E , H , L , amd K ) .
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FIGURE 97. PLATFORM PA RPP—D: COMPARISON OF SHOCK SPECTRA DETERMINED FROM IMPEDANCE
MEASUREME NTS AND FROM REGRESSION-PREDICTION METHOD

FIGUR E 98. PLATFORM PARPP—CR: COMPARISON OF SHOCK SPECTRA DETERMINED FROM IMPEDANCE
MEASUR EMENTS AND FROM REGRESSION PREDICTION METHOD
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v - ,lues of the local env ir (Inr l, - mlts  by the shock spectrum values of the overall

(r ~ - t ,-rence ) environment. A relationship can be drawn as follows to form a

pseudo nransfer fun ction :

“(ss) ~(ss) local input ss

~
‘local ~re f , ref . input ss

m- .- hcre

r local — Platform response shock spectrum to local input
environment

(s 
= Platform response shock spectrum to overall

(reference) inpu t environment

local inp ut 55 = Input shock spectra specified for a particular
b u i l d i n g  and floor

ref . inp ut ss = Overall (reference) shock spectrum

Fi gures 99 and 100 also show platform response to local shock

spectrum input environments determined from the scalin g techn i ques. Scaling

i f  srmock spectra as above must be performed with some caution . Where large

changes in -.i- i~ eform and time durations exist , errors i n response estimates

can result. However , for esti ma ting the hi gh-frequency response for any

i s o l a ted p la tfor- i , this is a very useful and l ow—cost tool.

3.4.2 IMPEDANCE SCALIN G

Systems with s i m i l a r  dimensions may be sca l ed for response by ma t c h i n g
im pedance functions , even though extensive not-to-scale elements may be

prese nt (Ref . 32 , 42).

One me t hod of optima l scaling overlays each matched pai r of impedance

fun ctions from nava l vessels and compares them for the best curve fit (minimum

error), The resulting magn itude-scale factor and frequency-scale factor are

the n used to  scale , for example , such data as the response due to a depth

char’~e on one submarine to predict the response of another type or class of

submarine.

167

- 
—.

~~~~~~~— — - 
~

—
~~~~

-- - ~~~~~~~~~~~~ “‘



Anothe r l i t h , t  conforms r ,t,me to convent j am al network t heory in

accordance wit h  t h e  f 1 1  lowinq representation :

‘ l~~~~ 
F

1
(j - )

where

e
1
(t) Acce leration time hi s tory at an internal I~~c~~t ion i n

vessel

= Comp l ex acceleration-frequency response of tc (t )

Genera lized inertance function s 
~~~~

j.) (impedance)
measured on Vessel N I -

F
1
(ju) Generalized inp ut force on “essel No. I

For the second ve sse l , generaliz ed inertance functions (impedance) ,v/2
(j-- )

are measured and h i  r - I.Il ated such that response prediction on the second vessel

may be scaled fr o ri the first ve-ssel as:

--
x
2

( t )  (=) x 2 (j~~) = 
T~~ 

x
1

(j ~~)

The p red ic ted  response- for Vessel No. 2 is based on equivalent

input l oadinq b r  V e s s e l  No. 1. Depending on the geometric dif feren ct - s -f

the vessel , scaling may also be required for input loads. Scaling of inpu t

loads dy also be used to deter m ine equivalent re ponse motion (shock or

Fourier spectra) of th ’ .- second vessel. The in -ic probl e ir , i.e., defining

the externa l loads f rom the above f , r miu la t . ion , is quite d i f f i c u l t  and w i l l

not be looked into he r ,- .

The generalized inertance function may be viewe d as a network

equivalent system , a matrix array , or a samp le. The form of representation can

be developed for the application required. In References 32 and 42 , s i n g le

representative samp les for each of the four locations scaled were used with

quite good results even though their tacto r s differed si g ni f icantl y (see

Sec . 2 .1.6 .1 , Table 2).
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3.5 PULSE APPLICAT I ON

Pulse train ‘.-
~~~~ i tat ion of structures was covered in Section 1. 1

and in or’.- d e t a i l  in Section 2.3.2. I n addition to mechanical pulse genera-

tor s that require fixed ri -a ction points or inertial reaction masses , f l u i d

and chier -i cal pul se qene-r ator s are under app lication developmen t and should be

ava i lable in the nex t 12 to 15 months. These new pulse generators depend

on t b , -  mass-flow reaction , and as a consequence permit considerable f l e x i b i l i t y

i n app l ica t ons, incl uding underwater use. App l icat ions w i l l  determine the

pu l s e  qent-r i t e r  type best suited for use , suc h as :

a. Peak force required

b. Pulse durations (max and m m )

c. Number of pulses required

d. Turn-on/turn-off ti m i n g

e. Tes t bandwidth f requency

f . Nur if.m-r of pulse units required

g. Number of test axes for simultaneous testing

Force ge nera t ion may be confi gured for environmental response

simula tion , systems (ir nrp eda n ~.e- ) measurements , modal surve ys , and diagnostic

testing. Diagnostic testing is pe rformed in terms of structure response , of

equ i v a l e n t s ine , chirp, and random. The latter two types of exc i tation are

particularl y suited for studies of nonlinear phenomena.

In-place testing of large equi pment , subsystems , and systems can

be accomplished by pulse-simulation methods. Transmission of shock loads

from the hull of a vessel throug h the structure to the multiple-mounting

points of a shi p ’s equipment alters the input to complicated acceleration

time-history vectors. Section 4.1 covers projects for predicting these time ’

his tory mo tions for each mounting point and for each orthogonal direction

as well as for selected points on the equipment itself. Pulse generators

would be used to match these motion predictions in a vector sense on the

equipment. Physical duplication of expec ted or actual motions of equi pment
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prov ides  the most reliable means for determining failure , malfunction ,

degradat ion , and damage as a funct ion of a t t a c k  th rea t .  Exper ience has a l so

shown that once frag i l i ty data on equi pment is  obtained , hardness upgrade

may be si gnif ican tl y improved. Typical ni tty-gritty details of a frag i l i t y

test and upgrade hardening on electronic communication equipment is g iven

in Tables 7 and 8 from Reference 3. This transient shock-frag i l i t y  program

o b j e c t i v e l y  demonst ra ted that the equi pment would meet , and exceed with hi gh

probability, the weapon-system mission requirements for nuclear-weapon

effec ts of shock and vibrat ion .

Frag i l i t y  of systems/components (Ref. 2) is categorized in terms

of failure , ma l function , and damage/degradation . These terms demonstrate that

f r a g i l i t y  is more comprehensive than expected after a cursory throught: its

operational connotation extends the meaning well beyond structura l breakage.

Howeve r , even the frag i l i ty categories are subject to dif ferent interpretation

i n  the range of techn i ca l fields involved. Therefore , the categories are

defined as follows :

• Failure is defined as an irreversible , environment-induced ,

i noperative condition or operation outside of tolerances.

1r-r- ’.:’ -r6ible refers to the system/component remaining i nopera-

tive or out of tolerance after the environment is removed.

• Malfunc tion also represents an environment-induced i noperative

condition or out—of-tolerance operation . However , the process

is reversible , i.e., the system/component returns to satis-

factory operation upon removal of the environment.

• Damage/degradation has multiple meanings. It may be conside red

as a mild form of failure (i.e., irreversible but borderline

operation). It also represents permanent degradation in per-

formance , reduction in hardness , or limitation of survivability.

Damage also applies to system/component attributes that are

un related to pe r formance.
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In matching the response o f a -0 t r u c t u r e  ~ a s p e c i f i c  i n p u t - d y n a s i c

env i ronment , it is recogn i zed that t h i s  approach is not as f r u i t f u l  f r

non linear systems as it is  for l i near  s y s t e m s . It  is planned to USC the

pulse technique to compare calculated ( f r o -  noni Inear - --d j r - -at ical t.it. l s )

and measured responses due to applied diagnostic-pulse trains. T in - resul ts

would be approxi mate with the resulting erro r as ar-i r J - ~~ to  the dr-~~r r -.- I ’

nonlinearity encountered. Thus , a bas e is prov ided (if t r i o  approximation

is poor) for improving the anal ysis and v a l i d a t i n g  or i d e n t i f i n g  the

nonli near system characteristics.
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SEC T IO N ~i

APPLICAT I ONS TO ONGOING NAVAL NEEDS

I ntensive and extensive applications of i mpedance/mobility can be

made to ongoing naval needs. The bene f i t s  that j u s t i f y such efforts are

o u t l i n e d  b r i e f l y in the n ine p r o j e c t s  suggested in t h i s  sect ion .

Al though i mpedance has a solid anal ytic foundat ion (see p. 6), the

examp les sh~~’in in Sec t i on  2 and the projects described in this section are all

based upon ph ysical measurements. In’pedance data provide useful knowled ge

of sys tems  in a s - b u i l t  confi gur a t i o n s .  In cont rast , anal ytica l models must

use eng ineer ing m a t e r i a l - p r o p e r t i e s  data , e s t i m a t e s  of j o i n t s  and workmanshi p,

and modeling simplification . The need to use abstract or simplified data

rather than actual measurements has g i ven rise in recent years to probabilis tic

sol utions with associated confidence levels. The large uncertainties that

result may lead to pessimi sm for hardness and survivability. An interesting

check on the validity of probabilistic solutions could be the collection and

statistical analysis of matched i mpedance measurements from ships of the

s ame class and type ,

Fini te element models and i mpedance methods can be complementar y.

For the same bandwidth , impedanc~ measurements may be used to verif y and

improve the finite elemen t models. For hi gh frequencies , impedance measure-

merits are more effective ; whereas for highly nonlinear systems , finite elem ent

me t hods are preferable. The two methods are not mutually exclusive but can

f e -- Ie l ded together in the f requency bands whe re each is  most effectiv o .

We feel that important information can be gleaned from the fo llowi n q

proj ec-s. They are suggested for review , extension , and elaboration by the

naval coc~~iuni t y .
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L. 1  IMPEDANCE APPL I CATIONS

L 1. 1 PROJECT 1: PREDICTION OF BASE (ATTACHMENT-POINT) MOTIONS OF THE S H I P ’ S
STRUCT URE WHEN LOADED WITH EQUIPMENT OR FOR CHANGE OF EQU I PMENT

a. Purpose: To de termine  i npu t motion to equipment for devising

shock and vibration tests on this equipmen t for vu l ne r a b i l i ty

and hardness requirements.

b. Theory : The shock environment at equip ment location s in a

naval vessel Is spec ifIed from tests and procedures. Dynamic

interaction at the mountin g locations is modified by interaction

of the shi p ’ s structure and equipment. I f  new equipmen t is

to be substituted and dynamically differs f rom the origina l

equipment , then the originally specified motion is altered.

c. P rocedure: Iner tance measurements are made on the ship ’ s

structure and on the equipment. Rat ios of these function s

are multiplied by the free (un l oaded) velocity (or acceleration )

motion of the shi p at the mounting locations to predict the

motion with equipment attached.

I 4 (u)
v ’(t)() V’(w) • V(u) ~ (u— i )

t433 (u) +

whe re

v ’( t ) — Ve l oc i ty time history at shi p ’s structure/
equipmen t moun t ing

V’(w) • Velocity—frequency spectrum of v ’( t )

V(w) • Velocity-freq uency spectrum of ship structure
only
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.r-/22 (.) — Driving - point inertance of shi p ’s str u cture

D r i v i n g- p o i n t  i ne r tance  of equipment

d. Demonstration and Verification: Demorrs tration and v e rifica —

tion of this project may be per fo rmed on the U.S. Navy Medium-

Wei ght Shock Machine and on the U.S. Navy F l o at i n g  Shock

P l a t f o r m  (FSP) or the Large F l o a t i ng  Shock P l a t f o r m  (LFSP) .

Te’ts would be made w i t h  and w i t h o u t  equi pment mounted on

both the shock machine and the FS P/LFSP , and v e l o c i t y  records

~ou ld be taken. Subsequent i ne r ta nce  measurements wouid be

use d i n Equat ion 1+ - I to p red ic t  mot ions .  Thes o p r e d i c t i o n s ,

when compa red to ac tua l  test records , wou ld de te rmine  the

accuracy and su i t a b i l i t y  of the method .

e. App lications to the Fleet:

• Standardized inertance measurement procedures and equi p-

ment could be established to determine threa t motions

to equi ç r -i er r t.

• Too- ensemble of threat moti ons on equi pment could be used

to establish s u r v i v a b i l i t y ,  v u l n e r a b i l i ty, and f rag i l i t y

by tests in naval l aboratories or by naval con t ractors.

• Hardening and upgrad ing of marg ina l  equi pment may be

imp lemen ted.

• Shock and vibra tion transmit ted from ship ’ s Structure to

equipmen t can be attenuated by the use of isolation and

damping devices.

• Shock-sensitive equipment may be re l ocated to locations

more env i ronmenta l l y ben ign in -i ship.
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1 . 2  PROJECT 2: SCALING HULL PRESSURE AND RE5PONSE OF NAVAL VESSELS TO
E X P L O S I V E  LOADINGS

a. Pur_~~~~~. To scale the response l I t  ions and hul l oro-,sure

l oad ings genera ted  by ex p l o s i v e  loads on one t ype I f  1~v— i l

vessel to s i m i l a r  or diff r -rent type s of ves— ,els , when not-to-

scale e ff ects ex rn t

b. Th eory. I n addition to present l-/ a v a i l a b l e  o i l i n g  rocedures,

inertance s c a l i n g  and mult i vari a t o regression .i ial y s i s  a~ be

us ed on an empirica l basis.

c. Proced ure: Procedures for mu l t i v a r i a t e  regression analysis

and iner tance s c a l i n g  are g i ven in Sec t i on  3.

d. Demonst ra t ion  and V e r i f i c a t i o n : An a r r a y  of i ne r tance

measurements taken on two d i f f e r e n t  sh ips  are matched for

approx i matel y equiva l ent paths (e.g., control room to si m i l a r

hu l l  posi tion). Rat ios of these pa i red -- r-a-w rements are used

to scale the response of one vessel to the other. The

p redicted responses are compared for accuracy to actua l test

records .

e. Applications to Flee t: Empirica l procedures w i l l  be developed

and verified by i mpedance ethods and/or mult i varia t e

regress ion a n a l y s i s  to s c a l e  exp los i ve t e s t s  on naval  v e s s e l s

to var ious c l a s s e s  and t ypes .

Mult i v a r i a t e  regress ion  a n a l y s i s  requ i res  ~ reasonab le  data base

and has the characteristics of correlation . Inertance scai ng is functionall y

related and requires only measurements of the two systelIls that are to be

re I at ~
- d.
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Multivariate regression ana l ysis requires a data base sufficient to

make reasonabl y accu ra te  p red i c t i ons .  It may be more appropr ia te  to examine

hul l  response or pressure  load ing as the dependent v a r i a b l e , s ince iner tance

rrreasuremen t s and s c a l i ng  can be used to determine responses e lsewhere w i t h i n

the sh ip .  Parameters requ i red would inc l ude charge weight , depth of charge

(be low sur face) , ta rge t  d is tance , depth of water , target orientation (includ i ng

sur face or below su r face ) ,  hull parameters , and vessel velocity. Iterative

models of the parameters would be generated , and would be expected to be a

combination of linear and nonlin ear terms.

Of particular importance is the s c a l a b i l i t y  of the shock mo t i ons  of

equ i pment tested on the FSP or LFSP to the i r  locations on naval v e s s e l s .  In

another sense , for the same or dynam ic a l l y s imi l a r  equipment mot ion , what is

the explosive threat required to induce this motion on another shi p?

14 1 3  PROJECT 3: PREDICTION BY IMPEDANCE TECHN I QUES OF NAVAL-VESSEL
RESPONSE TO E X P L O S I V E  CHARGE S

a. Purpose: To determ i ne acceleration t ime histories and

associated acceleration Fourier frequency spectra and shock

spectra at critical equipment locations in U.S. naval shi ps

and submarines. These responses can be determined for a range

of threats and for various orientations of the vessel  w i t h

respect  to ~he th rea t  source . Both single attack and multi p le

a t t a c k s  from several  d i rec t ions  can be p red ic ted .  Response

predictions would be based upon quasi-linea r hull response.

b. Theory : Response motions at selected interior points of a

naval vessel may be predicted by complex multiplication of

transfer i mpedance functions and transient hydraulic—pressure

load i ngs ove r the surface of the hu l l. Transient-pressure

loadings on the hull may be fo rm ula ted a n a l y t i c a l l y  f rom

scale model tests and from low—level depth ch. ‘yes on full -

size nava l vessels.
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c. Procedure: Tra nsfer impedance measurements are taken from

cri tical equipment location to the shi p ’ s hul l , as illustrated

in Fi gu re 101. Spac i ng of the measurements is determined by

the gradient observed between conti guous me asurements on the

hull and the e n g u l f i n g  v e l o c i t y  of the -, ll ck wave from the

weapon (see F ig. 58). The i mpedance functions are arranged

w i t h  respec t to shock-wave engulfment of the v e s s e l ,  it  i s

to be noted tha t the surface area of the hul l  of a P o l a r i s  sub-

marine has about the same area as the roo f of the PARB bu il d i n g ,

which was measured for impedance/motion prediction (see

Sec.  2 . 2 . 1 . 2 ) .  Hul l  pres su re - t ime  h i s t o r i e s  for a range of

a t t a c k  l e v e l s  and di rections would be established at input

threat criteria and obtained from scale model tests , calcula-

t i ons , and full—scale te ’rn ts .

d. Demonstration and Veri fication: Demonstration and verification

of the procedures may be app l i e d  to any nava l vesse l  that  was

used for exp losive tests and for which test records exist or

for which new tests can be made As a p r a c t i c a l  conven ience ,

the Floating Shock Platform (FSP), the Large Floating Shock

P l a t f o r m  (LFSP), and the Submers ib le  Submarine Tes t  V e h i c l e

(SSTV) can be used. The resulting acceleration time-history

records from a test would be compared to predicted motions

based on pressure loadings and impedance functions to assess

the degree of accuracy obtai ned .

e. A pp lication to Flee t:

• I mpedance measurements on naval vessels can be made with

min imal  d i s rup t i ons  of operat ions and no damage/ r isk

even for measurements at high -input-force levels.

• Response predictions can be made prior to exp losive tests

on surface vessels and submarine s to assess the safety

of the test.
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• Worse~~case sing le- and mu l t i ple-a ttack scenarios can be

deve lo ped , and response levels can be compared to

labora tory-determined damage levels of equi pment for

ha rdness/survivability assessments.

• Response predictions may be sca led  t o o t he r nava l  v e s s e l s

as d iscussed  in P ro jec t  2 .

• Improvements can resu l t  in tes t  c r i t e r i a  and env i ronmenta l

specifica tions for shipboa rd equipment.

Proj e c t s  1 throug h 3 are predicated on linear and quasi-linear sys-

tems - “Quasi —linea r” is taken in the sense that the shi p s  h u l l  remains linear ,

and other elements in the system may respond partiall y into t he nonl inea r range .

as in damp ing and stiffness. For cases where n o n l in e a r it i e s  are g rea ter  than

known , response mot ions p red i c ted  w i l l  be conservative (larger) with some fre-

quency shifts expected. This si tuation w i l l  predom ina te in ea r l y t imes.

14. 1 . 14 PRO JECT 14: NONLINEAR SYSTEMS

a. Purpose: To extract functional s relating input/output for sub-

system ’ s components or equipment exhibi ting large non l inear itie s .

b. Theory: Several me t hod s exist for the development of func-

tionals , such as W iener  kernels and s t a t e  v a r i a b l e s .  These

can be combined w i t h  m u l t i l e v e l  t e s t i n g  to ge nera te non l i nea r

parameter models  from measured da ta .

c. Procedure: General procedures are as covered in Sec t i on  3.

d. Demonstration and Verification: A projec t has not yet been com-

pletel y define d for th i s  subject. However , demonstration and

verifica tion can be applied to the med i um-weight shock machine

w hen dr iven  to i t s  stops and to shipboard p ip ing sys tems .

e. Aj~p lica t ions to Fleet:

• Nonl inear s h o c k - is o l a t i o n  systems for shipboard equ ipment

• Shipboard piping systems
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14.2 SHOCK-SIMULAT I ON PROJECTS

14.2 .1 PROJECT 5: PULSE-SIMULATION TESTS ON U.S. NAVY MEDIU P WE IGHT SHOCK
MACHI NE

a. Purpose: To demonstrate pulse-simulation methods and to

increase the testing f l e x i b i l i t y  of the medium-we i gh t shock

machi ne.

b. Procedure: Response of the tes t  s t r u c t u r e  and a n v i l  is

calculated for a pressure t ime h i s t o r y  as shown in Fi gure 102.

A pu l se train is computed to generate an equivalent response

from which pulse tests are conducted.

c. Ve rif i c a t i o n :  Accuracy of the test is determin ed by comparing

the predic ted motions to test records.

4.2.2 PROJECT 6: PULSE-SIMULATION TESTS ON MAJOR SUBSYSTEMS

a. Purpose:  To q u a l i f y a major subsystem to criteria shock loads ,

to determine hardness/frag il i t y  levels , to identif y failure

modes , and to upgrade hardness l e v e l s  where requ i red .

b. Procedure: On se lec t ion  of the major subsystem for testing --

for example , the missile- l aunch tube shown in Figure 103--

response mot ions  determined f rom the prev i ous impedance studies

of P ro jec t  14 are used to generate pu l se-equivalent motions.

Shock tests are performed simultaneousl y in the three ortho-

gonal axes. Testing may be accomplished as installed aboard

shi p if space per m its , or at a Navy yard , nava l laboratory, or

contractor facility.

c.  V e r i f i c a t i o n : The t e s t s  are v a l i d a t e d  by comparison of t e s t

mot i on to prediction and to environmental tests on the vessel.
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4 . 2 . 3  PROJECT 7: PULSE-SIMULATION TESTS ON P I P I N G  SYSTEMS

a. Purpose: To qu a l i f y p i p ing systems to criterion shock loads ,

to determine hardness/frag i l i t y  l evels , to identif y failure

mode s , and to upgrade hardness levels where required .

b. Procedu re: As in prev i ous tests , pulse method s w i l l  be used

to duplicate responses. However , for pi pin g systems , respo n ses

must be generated from the quasi—linear to strong l y nonlinear

reg ions. Both nonlinear models and nonlinear functionals

(from test measurements) w i l l  be used . Shock testing would

be performed in a nava l laboratory or shipyard on a p i p ing

-~~-~tem , as i l l u s trated in Figure 104 , tha t dup licates a shipboard

installation for safety and test efficiency.

c. Va l idation: Validation for the levels of shock severity

i nvo l ved could best be made by comparing the pulsed-tes t

p i ping-system responses to responses obtained on the Large

F l o a t i n g  Shock P l a t f o r m  (LFSP) .

-~- 2 - ~. PROJECT 8: PULSE-SIMULATION TESTS ON SHIPBOARD RADAR ANTENNA

a. Purpose: To qualif y shipboard radar-antenna system to criterion

air-blast l oads , to determine hardness/fragility levels , to

identif y failure modes , and to upgrade hardness levels where

requ ired .

b. Procedure: Response prediction and pu l se simulation of

antenna systems are as dep icted in Figure 105 and require

both i mpedance measurements and air-blast pressure load-

d i s t r i b u t i o n  informat ion.  A i r - b l a s t  load data are best

obtained from scale-model tests front the large shock tube at

Da h l gren , Virg inia , and supplemented by full-scale tests

in such high-exp los ive events as DIAL PACK and DICE THROW .

Exper imenta l  a i r - b l a s t  data on t russ- type  S t ruc tu res  w i l l

p rovide necessary informat i on on transient-drag coefficients

and shading e f f e c t s .
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c. Validation: Validation of p u l s e - s i m u l a t e d  res pon ses would be

l i m i t e d  to sca le -mode l  t e s t s  in shock tubes and to full-scale

tests in high—exp losive events.

4.2.5 PROJECT 9: PULSE-SIMULAT I ON TESTS ON A WEAPON S SYSTEM

a. Purpose: To simulate underwater shock response of a nava l

vessel.

b. Procedure: Response-motion predictions as performed in

P roj ect  3 are used to specif y the pulse generators and thei r

spat ia l  d i s t r i b u t i o n over the sh i p ’ s hu l l  (F i g. lO6a ) .  For

manned or t e t h e r e d - o p e r a t i- n a l  v e s s e l s , pu lse  t e s t i n g  would be

at a level to preclude damage consistent with safety. High-

level tests would be accomplished on the Submersible Submarine

Test Vehicle (SSTV) , Floating Shock Platform (FSP), and Large

Floating Shoc k Pla tform (LFSP) Pressure-load di s t r i b u t i o n

over the hui l , as s hown in Figure 106b , must be determined

front anal y s i s , scale-model tests , and full-scale dept h charges.

c . Validation: Validation of pu l se-simulated responses is made

by comparison to equivalent depth-charge tests on the weapon ’ s

s ystem or t e s t  v e h i c l e .
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1 SEC TI ON 5

RECOMMENDAT I ONS

This report has summarized current activiti es in the measurement of

structural dynamic functions , practica l method s of response prediction to

env i ronmental threats , and a new means of environmental testing . The scaling

of systems , particularl y by impedance/mobility techniques , also offe rs
opportunities for refinin g information from ongoing and past projects for

hardness assessment and upgrade.

It is shown in this report that mechanica l impedance/mobility tech-

niques have come of age. I mpedance and mobility, long a tool of the experi-

menter, have evolved to practica l methods under engineering conditions. The

ability to accurately predict and simulate acceleration-time histories at

the mount ing locations of weapons system equipment s and components provides

additional knowledge for protecting and hardening these elements to meet

mission requ i rements of nava l ships and submarines.

It is therefore recommended that the responsible authorities in the

Navy Codes corsider projects for applying the method s presented and for

elaboration of them for specific nava l projects.

The projects outlined in the previous section started with

demonstration/proof examples and proceeded to hardness/survi vability l evels

for nava l subsystems and systems. The following recommended projects are

listed by priority, starting with the less complex tests to ensure proper

app lication of the methods, procedures , and techn i ques invo l ved . The next

group provides for measurements and tests where a potentially high y i eld of
information may be obtained for a minima l expend i ture of funds. The final ,

more complex projects then benefit from evolving refinements in test and

measurements and the learn Ing curve of personnel and of management.
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(1) U.S. NAVY MEDIUM-WE I GHT SHOCK MACHINE (PROJECTS 1 AND 5)

• Determine mot i on of shock machine as altered by addition

of equ i pment mounted thereon .

• Pulse-test the shock machine with mounted equipment , to simulate

response motions induced by an underwater depth charge .

(2) FLOATING SHOCK PLATFORM/LARGE FLOATING SHOCK PLATFORM (PROJECT i)

• Determine motions at equipment mounting points on FSP/LFSP

with and without mounted equipment.

( 3)  SCALING RESPONSE MOTIONS (PROJECT 2)

• Scale response motions from one naval vessel to another and

verif y, by explosive tests on second vessel , that the predicted

motions are accurate within acceptable error bounds.

• Scale transient-shock tests made of equipment on the Floatin g

Shock Pla tform or Large Floating Shock Platform to shipboard

insta ll ations and verify with test records .

• Scal e explosive tests for Floating Shock Platform or Large

Floating Shock Platfo rm to yield the equ i valent motion (energy

spectra , Four ier spectra , shock spectra) of equ i pment aboard

a ship.

(i 4 ) RESPONSE PRED i CTIONS TO UNDERWATER DEPTH CHARGE (S) (PROJECT 3)

• Convolve pressure loads from depth charge(s) with

systems (impedance) functions of nava l vessels to predict

motions. Candidate vessels are submarine , Submersible

Submarine Test Vehicle (SsTv) , Floa ting Shock Platform , Lar ge
Floa ti ng Shoc k Pla t form , or other vessels to be designated .

Predicted motions are to be verified by tests.
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Ak
(5) NONLINEAR RESPONSE (PROJECTS 4 AND 7)

• Predict motions of shipboard piping system by extraction from

data of nonlinear functiona ls. Pulse simulation of nonlinear

motion of shi pboard piping system would duplicate a shi pbo rd

installation and be tested in a laboratory.

(6) PULSE SIMULAT I ON TESTS OF MAJOR SUBSYSTEMS (PROJECT 6)

• Make simultaneous tests in three orthogona l axes by

pu l se-simulated response-motion equ i valents on major sub-

systems in the weight range of 20,000 lb to 400,000 lb. These

tests may be accomp lished in place as installed aboard shi p,

in naval laboratories , naval shi pyards , or at contractors ’

plants. Verification of simulation wi l l  be by comparison to

motion-response records from shock-barge tests.

(7) RADAR ANTENNA (PROJECT 8)

• Perform pulse-simulation tests on deck-i.ounted equipment of

surface ships by simu l taneous tests in three orthogona l

axes. These tests induce responses caused by air-blast

loading and may be performed in place and as installed .

(8) PULSE SIMULATION OF COMPLETE WEAPONS SYSTEMS (PROJECT 9)

• Test a surface ship or submarine to equiva l ent underwater

depth charge(s) by attachment of pu l se generators to the

hull. Repeat tests for different levels of attack , for

different directions , and for multiple attacks. For

environmental protection , this test method would kill fewer

fish than present methods.
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