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S. EVALUATION OF FIELD TESTS

From Table 2-2,

In this section, (Afareat.on From several availatle dyramic fle.d tests i3 are |' s 6.2 m an
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AASTRACT

Th.s report was prepared at the request of the Lawrence Livermore
Labaratory (LLL) to provide background inforwation for analyzing
oll-structure interactian by the frequency-independert apedance function
approsct. LLL i3 concucting suck anaiyzes as part of (i3 seismic review of
Seleclec operating p.ant. under the Systematic Eva.uat.ion Prograas for the U.S.
Nuclear Ragu. atory Comm.ss.on. T Analytizal bacgground and bdasic
Assumpt. ans of the mpedance functlion theary are briefly reviewed, and the
role of raciation damging (n soll-structure imteractiaon analysis is
discussel. The valid.iy of 80de . ng soil-structure interaction by using
frequency - . ndependent ‘mpedance functions s evalusted based on data Trom
Severa. field tests. Finally, the recommended procedures for perforwming
soll-structure interaction anayses are discussed with eaphasis on the modal
Superpos.tion method.

® Becasse of the s.ailar experimental results in Cases ! and II, Case II
prov.des additional wver’ con of Lthe adequacy of the radiation

dmping theory,
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Y. INTRCOUCTION

e Data fr
Tn the selse.c anaiysis of structures, the soil-structure interaction FaREAm
effect may De accounted far Sy either the jmpedance function or the finite pary.
element approach, Both methods have advantages and limitations. -
Nevertreless, the state of the art Indicates that Doth approaches share the S -
Same theoretical basis--specifically, both recognize that geametric radiation ¢ Adsitic
damping stould de piace?d whwe~e the 301l foundatior is cut off from the L.
SOllesUuctyure Tystem. In toe ispedance appraach, racdiation camp.ng is fimetie
S.mLiated Dy attach.ng %o e Siructural dase some frequency-depencent <aapers i
or, if the approxipation suffices, frequency-.ndejpendent dampers. For the e,
finite eslement approach, rad.atior dampi=g i3 simulated Dy a series of dampers -
placec alaong the 251l cut-off boundar.es (e.g., Refs. ', 2, 7, &), solv
Unlike mater.al interna. damp.ng, raciation daap.ng i3 not an inherent -
material prope~ty. It i3 one of the paramelers required to represent those - e
30.. mella that are ercludec from the soll-structure interaction sodel under : -
consideration. Its analytical derivation is based on the assumption that the ~ .
exc.uced 30il media extended o a seai-infinite half space. Ir view of the -l "o
re.ative dmenaional difference bDetween the earth and typical buildings, one ‘ il
®ay say that the half-space representation of the earth i{s fairly reasonable. _“"'k W
Note that the radiatior dasping concedt has already deer used in seismic £ ?‘ for te
prospecting and 17 investigating the influence of local soil depasits on L ™is e
eartnguake ground motions (e.g., Refs. § anc 6). Thus, It is a recognized way "",;,,.'_'g M ITi e «

theredy, W c.
objectiwes, t!

to account for the spatial dissipation of energy in a 30!l medium.
Over the last severil years use of radiation damping 1n soll-structure

Brief ™

interaction prodlems has gaimed acceptance By engineers. Much confusion » (11 e
exists, howver, Tor the following reasons: ¢ fand
@ Discuss:

® Many engineers 30 not have the bacikground necessary to really understand

the mechanisa of radiation dasping and Lo correctly apply the rather ¢ Biaevem
abstract concept to soil-structure interaction analyses. Radiation il
damping Ls often mistakenly perceived as a kind of material dasping.- © Bvaluats
oo relat

¢ .t Ls germrally "wild that the larger the radiation damping, the lower
will be .he structural mesponse. As & consequerce, limiting values om - _ 1.
the magnitude o the radiation dasping have been stipulated. Such
confusion occurs Decause the actual efTect of radiation damping an .he
structural response (s seldom understood properly. As will be
tllustrated later in this report, an increase in radiation damping dows

not necessarily lead to & decrease in structural response. -

11 »

- B o £.8.1 LaTER
4 ntioned abuve, the horizontal mode tests produced very strang coupling s el .
J "
Gatveen the horizontal and rocking mot.ons. Henoe, the observed horizont al - -
¥ “‘* 1 1
KO8 JaACiNg was lower th.n that anticipated on the “is‘s of exeitinc ¢ rore ] inviewe
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e Data from dynamic tests of buildings arc foundations provide the only

realistic way Lo test Lne validity of soll-structure interaction For
theory. However, such dats can ofilen be misinterpretad. For exasple, elastie,
one set of test data can lead o ! ferent conclusions depending on how foundati
the data are imerpreted. Freemne;
@ Additional confusion arises in the simp.e case in which soll-structure feine v
interactiaon i3 represented by freguency-independent iapedance respect!s
functiars. This |3 Decause most erginee~s use the method of modal
Juperpovition (alsc referred to 2% moda. analysis or the norma. mode .‘c %

Mt hod. Lo solwe Lhe equations of motiorn, but few realize that:
%(Ll

= Moda. superposition gives only approxisste solutions; the rigorous
solutian must be obtained Dy such aot™uds as Fourier transforsation

ar direct integration. where =,
- The computed structural response say wvary appreciabdbly with the i3 the ba
technique chosen for determiniag the composite wodal damping. The 1
- Modal superposition is irapplicadle, no matter what modal damping included
values are used, for cases in which the radiation camping is because o
sufficiently large. This will De illustrated later in the report, v.r-_ semi-
Such misunderstandirgs lead many ergineers to stipulate a limiting value tateac,
for the composite modal damping, giving rise to yet another controversy. half-spac
This report i3 intended to review the lapedance function approach and the & simpil?
significance of radiation damping in soll-structure interaction analyses and, impedance
thereby, to clarify the (ssues descrided abowe. To sccamplish these and dampe:
objectives, the report |3 organized as follows:
® Brief review of the essence of the impedance function representation foe ,.('-'
a foundation. L. T
® Discussion of the effect of radiation damping on structural response.
® Discussian of the limitations of the msodal superpositica method and the Thus, the
proper view of the role of composite sodal damping In the analysis.
e Fvaluation of the available dynamic fleld test data and their '."-).
correlatian with theory. {".(”‘
This resul
wnich the
When t
Site, the
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In view of the sanne  in wnich the lateral vidbrariar foroe wee .prited,
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2. THE IMPEDANCE FUNCTION APFROACK

frequenzy
s.mplifie
For & structure founded at the surface of & site “ha® is idealized as an
elastic, horizontally layered haif space (Fig. 2-1(a)), the half-space [Vb(t)
foundation may be analyticaily represented by a set of complex, Nb(t)
frequency-cependent .mpedance functions. In essence, the impedance functions
relate the structura. bSase s'war and .nmt--v'(t) and "b(”' %ecause o
respectively-~to the base sotiors as follows @ pending
Sumgested

‘JD‘U l"'._l - :Iu‘.. l" w e 11"(-) lb(t) va.ue2 To
. (2-1) Sever:

'b'” l"(..;) . u"(..) l"(u) . 11"(..) 'b(” below.
where x, 13 the base lransiatiaon relative to the free-fleld motion, and s (a) The it
i3 the Dase rotation. the s
The Lapedance functions are frequency-dependent because the soil mass is Base
included in the derivation. The lmaginary parts in the impedance matrix exist ratic
Secause of the assumption that ocertain refracted se.smic waves propagate into De que
the semi-infinite space and o not return; they vaiish identically i, stiruct
inatead, a perfectily rigid boundary 13 assumed Lo ex.st Scmewhere in the rig. 4
Naif-space soil foundation. “he off-dlagona. terms are usually ssall and, as sctual
a simplification, say De igrored. A3 a msechanical analogy, the simplified the 0
mpedance matrix may be tranalated intc a set of frequency-de pendent aprings by fi=
and dampers by letting rigio
'..(u) . lalu) lnlu) . "cn(") P (b) As poi
l"(u) . .rr("') X"(u) . UC"(u) functy
. "adiat
Thus, the simplified Eq. (2-1) can be rewritten (Ref. 7) as constr
[vbu)}. [ln(s) J {.bn)l r [c“'ul ] lg(n] et () ™e im;
n.u.) ("1...) r.((), C"(a.) f.(t) requlr
the mo
This results in the equivalent soil-structure system shown in Fig. 2-1(d), In half-s;p
which the |spedance functions l" and C" are for wrtical vidrations. the fir
When the soil profiies perwmit a unifome haif-space idealization of the out-off
site, the lfrequency-dependent parsmecers say be further approximated by those ¢

TABLE 5-)., Camparison af Squivalent dmmping ratios trom analysis and testing.

L
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fwquency-irdependert ows (Ref. 7). Trat is, Bg. (2+3) may be further ’

s.®oplifled for ¢ wwifore site:

v (t) K, (t) rc_ i (0
["t"’] '[ x'} [::(n] : [ c'J [rbu)] i

"wcause of Lthe approxim-tion, the va.ues of l.,...,C' ®ay vary somevhat,

=

-

LY

®pending on Lhe cho.ce of the individua. erg.neer. A popular cheice Ls that
S&gested dy Pichart, Kall, an¢ Woocs Pef. 8', Tables 2-1 an 2-2 show the'i=

e

ve.ues for z.rcular anc reclang..ar dases, respectively.

-

Severa. (mportant festures of the lapecdance functions are sumsmaized
be. ow,

‘a The .specance Turctions are anaiytica. .y Gerived on the Assumptions Lthat
the structural Dase s rigid ard tha: a perfect bond exists bDetween the
Base anc the soll fauncation. For actuml building bmses that hawe a large
ratio of horizomtal disensiar to Lthizaness, the rigid-base assmption may
be quest.onabdle. Howewver, the "5cx* or "framing® effect of those
structural wails extending dowr to t™e Base tencs to increase base
rigidity. In other words, the Dase s.ab within a bullding system is
actually sore flexurally rigid than 1f the base slad alome is piaced on
the soll founcation. 3Such a= cbserwa:ior has typically Seen demonstratec
by M ite element soll-structure ‘nte—action amalyses for which no
rigiod-tase assumption i3 mecessary.

(B) As pointed out abowe, the equivalent damping terms in the lapedance
functions stem from the Llmaginary parss that exist because of the vaw

radiation assumption in the theary. Therefore, thmy should not be
construsd as material damping.

(e) The lmpedance functions represent the equiwalent bourdas y conditiaons
MQuired to replace the entire hall-space foundation that is excluded from
the model along the soll-structure irter®ace. In the event that the
half-space foundation s out off somevhere away from the base—such as in
the finite elmment approach--the impecance functions required along the
cut-off boundary to replace tne excluced portion of the foundation become
those descrided (n Ref. 1. The soil-structure system shown {a
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Pig. 2~ » therefcore, |3 sathesat.cally identical to thome in
Figs. 2+ L . This Lilustrates the statement mace in Lhe
Introsuction tha: dot» the Wpecanos and the Mnite element approaches

Share the same theoretical basis--tre Falf-space assumption.

The eTect of sc.. material damp.ng may be accounted for in the mpecance
furzt.ons throug™ ana.ytical derivat.ons (Refs. 5., 0). The soil damping

Sechanism may de vilscous or hysteret.c.

Inc.us.or of the Bateria. dasping 207.7. 83 DOth the pring and the damping
terms. Athough, as one would Anticipa.e, the efTect on the latt.r 13 msore
pronounced. The equivalent damping terms now contaln Lhe compos ite

effecis from both the radiation damp.ng and tne material damping.

Rigorous anaiytioml solutions are not avalladble pet Lo account for the
effect of structural emdedment . Approximate solutions, howe ver, have bDeen
Sugprstied (e.g., Refs. 10, V1), In general, ssbetment tends o increase

the va_ises of Loth the spring and the daping terms.
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Frequerzy-indepentent lapedance Tunctions for circular bases (from

Equivalent Equivalent

Soring Ccnstant Camparg Cocfficient

¥ ARSEDN"L. c.s76 p [L7G

Poisson's ratio of fouirndation mecdium,

shear modulus of foundaticr mediua,

radius of the circular base mat,

density of foundation med:um,

total mass moment of inertia of structure

and base mat about the rocking axis at the Lo se.
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TABLE {-2. Frequency-,ndependent iepedance funciions for rectangular bases

(from Ref. ®),

Equaivalent Equivalent
Moticn Spring Constant Darpin: Coefficiert *
Horizortal K. - 2(l°v)CP’fITT F; « £/W
ROCh 1 ne K_ = ‘—c—c B L R_» ?,3. Ir
e iake Bl gt r 2L/
/ ® - . .;_ 3 ‘T° = o
VertiTal "v .:,[- v &S

® The equivalent radius, Pl. F' or R_is for co-puting the
rac.ation =238 €9 :r or T, re pecively, using the

Tatie 2-1. »

B = width of the base mat i1~ the plane of

horazonta! excitation:

L = length of the base mat perpend.cular to the

plane ©: horizortal exc.taticn;

0_., 4_,8_ = constants that are func=:ions of the dirmen~-

sional ratio, B/L. (After Fig. 10-16 in Ref.2)
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Pig. 2-1  The Three Fathemaitically Equivalent Soll-Structure Systems
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RADIATION DAMF ING

This section detalls the piifails of expressing radiation damping i Lerms
of a damping ratio that s ther used to predict the «ffect of radiation
Camping on structural resporse. A siaple (llustrative example of & one-mass
structure 1l presented.

3.7 RADIATION DAMPING AS A DAMP ING RATIO

it 18 ~ommor eng.neeting practice o conver: the radiat.on da=p.rg
Coeffiz.ent that is derived from theory into & certain Carping ratio in order
Lo predict ity effect on the st~uctural response. This practioce say haw
begun bDecause engineers are fam:.iar wWith the ¢ aept of the sodal dmmping
FALio a3 » conwenier! semswre O the effect of material daaping in a
Structural system sudjecty? to ¢yramic loadings. There are several pitfalls
A3sociated with treating radistion dasping the sase vay, and few engineers
Sctually know about them. These pitfalls are discussed below.

(a) Te conver: the radiation damoing coefficient, say C.. iote a damping

ratio requires a certairn definition such as

P, s C/2vim (3=1)

This definition applles only o single-degree-of-rreedom (SDOF) systems
having wiiquely specified miu of =, c, and k, and it has certaln
physical meaning. £ Questian hence wises: what S m oBust De used In
Bg. (3+1) for & soll-structure system? There 1s no uniqus answer to "N'3s
Question, hmoce, the wmiluw of :' will vary depending on the eng.rear's
cholos. Although one commor practioe 18 to use k = (. and @ = total
structural sass, Lhe D. 80 computed har no particular physical
significance unless the struture 13 so stiff relative to l' that it say
De garded as a Figid body, and the entire interact!ion System may e

¥ wad as & SOOF system.

Ir stort, not only does D. have no unique definition, it rmrally has

"o particular phyaical meaning. Thus, Alsunderstanding and misuse of the
rFedistion damp.ng concept can easily happen whenewer it Ls thought of only
in terws of the dmmping = ile.




N realizing that the theory provides only the raciation dmmpirg
cosflficient from which the damping ratio must be computed, ANy englrwers
infer that structures with similar geometry and founded on simi.ar sclls
hawe sisilaer valuws of rad.ation “amping ratios for soll-structure
intersction aralyses. The pitfall Lis apparent: It i3 the rediation
damping coeflficients that would have similar valuws. Consider the
corgitions show In Flg. 3«1, For Cas (a), which consists of the basemat
Alone, assume that D. equals 8% as predicted by the theory or messued
fiom dyremic tests., According to the theory, the value of the radiation
damying coefficient, T', will resalr the same for all three cases,
Appiying Bg. (3-1) to caonvert to & damping ratioc and uaing the

conwentional practioe of k » l. and ® = the total structura] sass, one

wou.d fingd that the same C. results in the folliowing D. values:

o, * 188/ v§ .« o8 sisasesnies CRDS CB)

D. . 81/ VS5 « 6% sssssssees Case (e).
Note that l. resains unchanged for all three cases, according to the
trwory, hence, Dl Is inversely proportional to the total structural sass
in this example. To infer that all three cases have the same value of
D. + 183 |3 apparently erronecus.

Many sngireers take D. to be a modal damping rtio Lt~ prediet how

radiation damping affects structural response. This sisunderstanding will
be clarified In Sec. 3.7,

As sentioned in the Introduction, engineers often resori to sodal
superposl . on for the numerical solution In amalyzing uniforw sotl sites,
for which the impedance functions are approximate frequency-i depeandent
functions. Certalin composite modal damping values mu * then be
deteruined, and computational technigues haw bDeec deweloped that are
foreulatad only in terms of the rediation damping ratio, not the dmmping
coefficient., The pitfall associated with adopting such techniques to
Miculate composite sodal damping will be discussed in Sec. W,
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1.2 TME EFFECT OF RADIATION DAMPING

It is generally heic tnat large radiation damp.ng resulls in iow
structural response., Such |8 not recessarily truwe, and the fllusion 3. ems
from a aisunderstanding of the actual ro.e of rac.at:on damping. To
lilustrate LRhLS polnmt, cons.der ane 3iSp.¢ CIASD. & ~2 Lwo-mass,
spring-and-dasper-connected 4, 5ten undergoing vertlica. hareonic vibrations as
depicted I1n Filg. 3.2, The system wmay De regardes as a scil-structure
imeracti o systes composec of 8 one-mass structase 'z ), the bdase 'l‘.
anc tre “requency~independent .mpezance Tunctiors “ and c2 The
structurai frequency 1s S Rz, and structural cdamping 9 2% of critical (see
Fig. 3-2). Let o, the rediatior damping 1n this case, be & variable which,

wwn conwerted to the disens.orles parameter D, acco~ding to Fig. 3-2,

s3sumes the values of 0.1, 0.5, 1, 2, S amd ‘6.2 Whe~ subjected o harwonic,
vertical, input ground sotiaon of 5"1) * 3Mnwt, the amp..tude of Uiw
stemdy-state response of ®, i3 that slown in Fig. 3-7 (Ref. 12). Bote the
following observations.
e The resporse amplitude of 8, indeec decreases as D‘. increases frem
0.7 to 0.5 to 1.0, But then it increases again for higher values of D?'
e The resuvnant frequency of the system, which .3 dictated by the location
of the peak freguency for the amplitude curw of ., shifts from
3.8 Hz (the Mirst frequency of the undamped system) to S Hz (the
fizxed-Dase-struct re frequency) as 32 increases from 0.1 teo 10.0.

This is 30 bDecause the dynamic response of &, approaches that of the

1
fixed-Dase structure as 02 becomes large. In thw limiting oase (Dz
becomes Iinfinite), the structure Decomes dynamically fixed at the base
because of the Infinite damp.ng force, even though spring .2 has only
& finite mluw. In other words, the asplitude curwve of s, for °2
equals Infinity will Se identical to that ef Lthe fized-Dase structure

having & damping of 2% criticsl.

T™e point Lo De made 'ere |3 that the radiation damping ratic Lis merely a
disension.ess quantity and, unlike the soda. dmmping, cannot be used o
predict the sagnitude of the structural response. The example clearly
dmmaonstrates ancther aportamt polat: arbitrarily reducing the sagnitude
the radistion dasping Tor any giwmn prodlem “or Ffear that the structural
response might De underestimated doss Aot necessarlly produce & sore

SUMURY AND COND US [oms
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conserval. ve structural resporse . Besl Zes, such & reduction may result in @
floor specirum that has 2eaks at erroneous frequencies. For Lrstances . assume
Lt al the thworetica. valuv of :2 is actmily 'O ir the example prodlem. If
this waiw 1y drastically ~~duced to 0.', the response of -, would not

Increase drastically as say would anticipate. Actmily, thw response of -,

decremses slightly. Also, the rescrnant Crequency 13 in error (3.8 rather than

5.0 M2).

Overaslisated that obtewerved in fieid vests amd should protabdly be scal e
Gown In proportiaon Lo Lne anticipated slructural Dase accealeration in

actuml wppliomtions, Based on the limited La'omation Pr~e “2zas 1V and
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8. RESFONSE ANALYSIS BY "wE METHOD OF MODAL SUPERPOSITION k ""
in tre lmapedance approach to Solil-structure interaztion analysis, . e *;*::.. -
equatione of motion shculs exp..citly incorporate the iGpedance springs, ., S s

and dampers, C, In the system stiffness and damping matrices, respective' .,
Morecver, when the damping property of the structure i3 specified ‘n te 43 of
the fliec-base structural modal damp.ng, which Ls the current prar’.ce, a

orr.ain transformation of the coordinates Sust De appl.ed to the equations of - 2

“tion ¢ that the structura. soca. Trequences, uj. anc dasping -
oy

vaiues (+ Are explicit parameters .~ the transformed system s . 'ness anc .

damp.ng -.;tno‘s. respectively (e.g., Ref. 13).
Ing» =ial, dDecause the lapecance IPrings anc dampers are S
frequency-dependent, the equations of Sotion are soived rigorously dy the
8et0d of Fourler transformation (n the frequency domaln. WwWhen
frequency-inde pendent lmpedances can Se used for unifors soll sites, for
example, the rigorous solution can De obdtained by the sethods of Fourier
transformation, complex modal analysis, or direct integration. The sethod of
norzal sode superposition, thougn wilely used in engineering practioe, yilelds

ba

Oniy Aapproximate solutions because classical normal Sodes 40 not exist, in
general, Tor the problem under consi deration. Sesides, under certaln
conditions the norma. mode approximat.an BAy De unacoeplable—a very lmportant
poim .

In comjunction with the Appiication of modal superposition, coatrowmrsles
arise with regard to the technique for determining the composite sodal
damping, ::' and its magnitude. It has often i e~ postulated that the
composite modal damping value 3hould de limi.ed - orde~ to produce
conservat.ve structuwal response. ‘

This section highlights the limitations of modal superposition for =
soil-structure (nteraction analysis. A preper understanding of the role of
the composite modal dasping in such A liyses 13 deaweloped.,

8.0 LINITATIONS ’

The wry naturs of sodal Sparpsition dictates that the resonant

frequencies of the structural response invariadly ceolncide with the

frequncies of the soll-structure :nt-.&.. As llustrated previousily in

Fig. J=), the resonant frequenzies of the System will gradually increase
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toward the Tized-dase structura. frequerc!- W,, %% the rac.at.on damping
incremses. Such a frequency shift cannot Se co;' wilh norma. mode methods, mo
Sattler what meposite dasping va.ues are used. To Lllustrate this point,
consider again Lthe two-mass systes in Fig., 3-2.
Figure %-) 3shows the noreal mode solutions for the response asp..tude of

sLructursl mass LR for severa. assumed composite modal damping retios, J‘
and 32. A ciome comparison of Fig. 4-! ana Fig. 3-1 reweals the fe.lowing:
‘a) When D, : 0.1 (damp.=g ratin for the “oundat.ar), the noreal sode

lpp'tl‘.nll. ¥ i3 acwplat.e, anc the "egquired va.ues for ogposite

moda. jamping are, by .nspectiar, 31 @ 4% ana Jz s 803,

D) wWhen 32 exceeds 0.5, the rormal mode approx.mat.on Decomes less
Acomplable, regarciess of “ne va.ues of the composit sodal camping.
in fact, whar D; exceeds 1.0, i fixed-Dase-structure assumption
turms out to be a detler approximation, provided that an effective
Structural moca. dasping greater than 2% is used. As DZ increases
further, the eflective damping rapidly canverges toward 2%3--the
f. red-dase siructural camping specifiec initially.

in conclusion, modal amalysis should De used with caution because its
valldity largely depencs on the magni.ude of the radiat.on danping and the
structural rigdity relative to ispedance springs. Provided that the relative
structural rigidity Ls not too great, the modal Supsrposition approximation .s
generally acoeptadle until the radiation damping, expressec in terms of the
dimensionless ratio D, exceeds the range of 0.8 to 1.0.

8.2 OMPOSITE MODAL DAMP ING
8.2, Determimation of Compos.te Mocal Damping

When Lhe ilmpedance Turctiaons perm.t the norsa. sode approximation, the

Wi . of Lhw composite -;u: Gasping also dictates "ow close are the
amplitudes of the approximate and rigorous solutions. Several lechniques are
avallable for estimating modal damping values (e.g., Refs. '3, W, 15), These
Sethads are not compared at great length here. Note, howmver, that a sultable
technique sust always correlate the approximate and rigorous solutions during

Status Report/Dreatt Sik (Draft 2) Pelletonte Nuclear Plant
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the process of corputirg the compos.‘e sodal damp.ng ‘e .g., Rer, 13),
Altmough the correiat.an criterias may vary from one persor Lo another, Lhe
variation 1s usually small, and one can aluays foretiil the quality of the
Approximat ior wilh respect 10 the rigorous soiution. For instanae , the best
estiaates for ..7‘ and 12 for the two-mass sys em discussed Iin Sec. 4.1 (a)
were Dasecd on correlating the approximate and rigorous solJtions for the
response of .. .
On the other hand, any Lechn.que *rat cosputes the composite modal damping
w.1hOuUt & corre.ation wilh the rigorT.s 3olution wiil ~encer the deg-ee of
APPproximat ior uncerta.irn. This is the case with mcet ex.sting tecmiques
(e.g., Refs. 18, 15). Typically, these techniques compute the composite modal
Tamping A3 a wrta.n weighted averagr of the structural damp . ng JJ and Lhe
rad.ation damping ~ati.om, D'. anu :'. A onwenience, and, hence , a
defect, of Lhese Lechnigues 1s that they @ not require forwal formulation of
Lhe equations of motion. The nonunigueness of the pAramet ers |, D. and D‘_,
ads acditional unceriainty to the computed damping values. A general trend
has bSeen olmerwed--these techniques usumlly overestimate the required moda.
damping and, henoe, underestisete t™ structural response, particularly when
e radistion dasping ratios are =uch larger than Lhe structural dasping
(hefs. 13, 1a),

8.2.2 The Proper Nole of Camposite Moca. Damping

To understand the rale of the composite modal camping, it is imperative to
first oteerve the follow.ng premise:

Given that the 'mpedancw fun~tions are walid representations of the
foundation, that the rigorous solution sust be obtained by one of the
three mmerica. analysis sethods sentioned above, and that norwal
Sode approxination ls peraissible, then the required composite modal
damping values, regardiess of thelr vagritudes, sust bDe set in such &
May that the optimum approximation fo- the structural response can be
achiewd,

Thus, "o arditrarily limit the computed wlues of Lae composite damping {3, in
reality, Lo render a poor approximate sslution. Unnecessary conaservatise will
be Imroduced Inmto the structural response, and some | des extira floor spectrum
pemiks will De crested wilh respect to the rigorous solution. For exmmple,
L%er again the two-mmss systes. For Lhe case of °2 * 0.1, the best
estimses for 5. are, accoriing to Sec. 4.1 (a), J' A anc ‘2 = »0%,

)~

5 and the O-1ist of Table 421.1-1.* The Q-list has been reviesed by ICSH and has




ay - ‘9 %0 De red.oed to 08, The-, the consequence 1S obvious: based on
F.a. ««', ar ext=a spectirsl PERk hav.ng an agpreciable aplitude ~0uld De
reatet ot O, v 9.2 M2 on t*e flocr spectrum of L

qonr;., unless the radiatior dasping is small, at lesst two modes {one
®ole Tor wertioml aralyses’ are lrnevitably associated with large values of
ToRpor.le modal dagl.ng. Trase are the soces for which substantial
par . lc.pation [ the Sase transl!atior and/or base rocklsg taces place, which
3 Phys.cally understandab.e. For a given problem, (I such sodes 40 not oceour
witni~ ‘" frequency range of interest, It des "ot seen that they do not

“x.st. T'wy arv at n.gner frequencies.

Reare~ce 16 presents » Wry interesti.rg case study of the
stronture-foundatior interaciion effect for a Seven-3lory bSraced truss chime
tower (F.g. 8-2). A& Treque-cy SweeD.ng te3l was done with a shaker placed on
the Tourtn floor. Ajparert resonances were observed et about 2.8 o 2.5 Hz

and at T.3 to 8.5 Nz, and te associated dasping values were estimited Lo be
About .58 and 5.%3, respectively.

The autmors tner establ.shed » maihemat.ca. msoce. for the struct.re and
Mtlempies & analytical cormelat. .o w.th the fleld test results. Two
1.fTarent approaches were used. Im ‘e first approach, tne soil-structure
inlerwciion effect was 3.8p.y assumec %o be meglig ole, and a flxed-base sodel
vA3 cors. jered. The frequencies of the first two modes of the fixed-dase
Sodel are campar=d w.th ine SeAsursd values :n Fig. %-3. The correlation is
reasonably good, Indicating that the interaction effect 13 indeed
ins.gnificant. As o may anticipate, the anmaiy:tical moda. frequencies are
sligntly Nigher than the test results because the Seformanility of the
foundation soll was meglected,

in the second approacn, frequency-independe 1t ‘mpedance springs, l.
and lr. vere ORpUteT Lo represent the Tourdatlore. The frequencies and soce
shapes of the flirst (hree sodes are shown in Fig. %-3. MNote that the second
sode (8.7 to 6.9 Hz) wvas not obeerved in the fleld tests, nor in the
iXed-Dase acdel. This by no means implies that the interaction sodel '3
iMaccurste, because Uw first and Lhird modes Agres closely with the test
resuits. The only Logical ioterpretation s that the second mode awust =
highly damped. Such an Imerpretatior i3 Spportied Dy the fact that the

-

and

the fufers. tlan disrussed above., “anv of the.e esticre Ya e Yran ¢! 1ize

Suppiler in ref. ) and verbal coamitaents were Sade by the aspplicant to supply




®ode shape 13 predominantiy trans.ation and rocxing of the base, and,
a high dasping for that sode i3 anticipeted. Though the suthors did
Lempt to cmpute the composite mocal cdamping, they estimated that the
mode must hawe s damping of at lemst 50%.
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9. EVALUATION F FIELD TESTS

Ie this section, infrrmat or "rom jeveral avai.ab.e dynam.: fle.d tests .3

“®viswed Lo assesy thw slidiy ef t'w

impedance thwory., Of pa~ticular

Nlerest 3 the evaluw’. v of the ana.yti=al redistior damping wvalues |n

fables 2.7 and 2.2, which, thoug™ often used, are eriremely coriroversial.

Sows fleld Ltests were perforsed or 3trutures, others or footings. It is

izportant to differentiaste the twc.

The camping ratis deduced from tests on

fLiGetures 13 equivalent to t'w compr3ite modal damping for the interaction

system, J ., wnile that f=om tests or

Toot."gs i3 equivalert to the def|res

damping retio, D, which compr.ses the com:.ned effects of radiat.on darping
and soil wmaterial Jamping. Each ava_lable test result (3 revi ewed separately

helow.

S.1 CASE [~<HAMAOKA ND. ' BWR REACTOR JUTLJING (Ref, 17}

$.1.) Swructural Data

Base dimens. on
Total wt. ‘mg.
Mass som. inert,
abt. base H()
Total heignt
Embedment
|
‘b.‘.z Foundation Data
Shear vavwe wiocity 'v.)
Shear modulus 'G)

Unit we.gnt (pg)
Poisson's ratio

6% v x Sk u

1.8: ¢ |o" ton

9.9 NJ6 t-.-ucz
4.7 »

12.7 = on three xides

B0C m/sec an ave.

1.312 2 u)s u-’
2.1 u.’
1/3

5.1

$.1.) Aralytical !

From Table 2.2
are l. « 36.2 m an

. 2.28
Lo
s 2.58
1

" Y "N

The authors 4i
damping, using the
(Ref. 8) Ffor a un:
frequency- i nde pends
Note that for horir
lzh) -nn»C.. s
compared with l'. .
comparisaon of the r
frequency &‘, whicr
Hz for the EW and N
cdamping ratios for

D.( G, *2
°r( 5' 2

As the frequency ex
rediat .on damping r
increase, as sugges

S$.1.8 Frequmncy and

The suthors est
Aassumed that the st
interaction systes
lmpedances and anal
proluced the rigoro




$.1.) Aralytical lapedances

From Table 2-2, the squiwelent radi!l for caloculating the rediation damping
are l. v 36,2 8 ana l' » J6. 6w, and the following were computed:

v 2.20 ¢ 0" wa
. m (D. l‘g'/ ?\':i)
« 2.5 x 10 t-w rad

+ 13 (Dr * C'/ ?\lrlo)

The authors did a complete analytica. predictior of the compos.le soda.
damping, vang the frequency-dependent lepedance functions suggested by Tajim:
(Ref. '8) for a uniform Malf space. Filgure S-1 compares the simplified,
frequency-independert Lepedances with the frequency-de pendent Lmpedances.
Note that for horizontal sotions K, (w i3 to be compared with l.. and
lz(u) -un..c_. Similerly, for rotational motions l‘(u) is to be
compared with l’. anc l2(~) -unucr. Of particular interest i3 the
comparison of the raciation damping ratios. At the fundamental system
frequency C.‘. which was analytically computed to be 2% 3 S %2 and 2# x 5.2
He for the EW and NS directions, respectively, the effeciive EW radiation
cdamping rat.os for the frequency-dependent impedance are:

D"G‘IZ'IS&) « 60%
Dr(ﬁ'UZIISM) s 203

As the frequency exceeds the “undamental sode frequency, the efTective
redistion damping ratio for the frequency-dependent !mpedance will also
Increase, as suggested by Fig. S-1.

S. V.8 Frequncy and Camposite Modal Damping

The authors estabdblished a sathematical sodel for the structure, and
Assumed that the structural msodal damping JJ is 2% for all modes. tiw
intersction s/stem was ocoupled with the frequency-dependent founda’ion
impedances and anai.yted by the method of complex modal amalysis. This method
projuced the rigorous solutions for the system frequency and the composite

mocda. damp.ng.
foliowing tabl

Theory |
Experiment .

*The experisen

$5.1.5 Susmary

Compar.son
and  omposile ¢
impe. \ 1o theor
of sol' materi:
anly the radiat

From the o
frequenc)-inde|
ana.ytical rmes.
are used (o the

5.2 CASE II--HA

Forced wibr
were conducted
the results are
authors di? not
The followiag ¢

* Through-»

insignifi

e By using

precisely
Based on
frequency
1to b
A
5.7 to

Engineered Saf

A
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aoda. dmmping. Tey are compared wilh the experimental values ir Lhe

foilowing tabie, for tre first sode only.

Ew L&
@, J, <, [
Theory 5.0 Wz 17.7% 5.2 Mz 19.8%
Experiment .8 Mz 22.9% to 28.13%° 5.0 Mz 17.5 to 31.95%¢
(Ave. = 26.6%) (Awe, « 22.0%.

®The experimertal values vay from floor to floor.
$.1.5 Saemwry

Comparison of the analytica. and exper.menta. va.ues for system frequency
ind composite damping for the first sode J .stifles the adequacy of the
impedance theory. Note that the eer.mental damping consists of the effects
of soll materia, damping and smiednent, while the ansalytical value represents
anly the radistion damping from the elastic ha.f-space theory.

From the comparisons of D. and D' between the frequency-dependent and
frequency-independent ilmpedances, |t I3 reasomable to predict that similar
ana.ytioml results wild be obtalrned when the frequency-independent lapedances
are used in the calculsations.,

5.2 CASE Il-~HAMAOKA NOS. 1 & 2 BWR REACTOR BUILDINGS (Ref. 19)

Forced vibration tests, sisilar 10 thase performed on Unit ' in Case I
were conducted on Unit 2 after It was Suilt, More data were collected, but
the results are essetially the same A3 thase obtained for Case 1. Thus, the
authors di1 not attempt another ana.ytical correlation with the test results.
The following points are worth sentioning:

® Through-s0ll structure-structure interaction appeared o be
insignificant, when the data arw compared bDetween Ref., '7 and 19,

e By using & regression analysis technigue, the authors wers able to more
precisely Ldentify the various sodes, whether highly damped or not.
Based on this technique, the modal damping valums for the different
frequency ranges are as follows:

1to 0 iz vesess W0 to 508 (essentially ground sowaents)
S ST resese 208
S Tto9 ®s sssees 3 to 198

<

4

o r‘:‘w‘ {3;..:»

-

® Because ¢
provi des
dasping t

5.3 CASE Iil-eN
$.3.1 Structure

Base ¢
Total
Wi, mso

abt. b
et gnt

Eadedn.
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e Because of the s.eilar experimental results in Cases I ond 11, Case II
provides sdditional weri’ . - 'lon of the sMequacy of the radiation
damping ‘heory.

5.3 CASE TI1-~NUCLEAR SAFETY RESTARCH REACTOR BUILDING (Ref. )

$.3.) Structurel Data

Base dimension t 2" e diam (cireular)
Tote! wv. (mg) : 7585 tom

Wi, mom. irert.

Abt. base llog) : 1.0 » ‘06 t-l’
Heignt : 0

Em wdmenrt : 0w
$.3.2 Foundation Data (lLayered Soil Site)

Shear wave wiocity : MO0 m/sec, awe.
Shear sodulus : .27 x 10" e’ aw.
Unit weignt r 2.0 t/.’ ave,

Poisaon's ratlo 1 0.8 ave,
$.3.) Ispedances

The following values were odtalined based on Tadble 2-1:

|. s 1.7 'o‘ t/m I' * 1.5y lo' teow/ rad
D. * 6% o'_ . 9.23

S.3.0 Experimental Results

Resonance was obtserved at S and 6 Kz in one Morizontal direction and at $
Hz In the other horizontal directian. The associated damping values were
found to be about 153 and 18§, respectiv'y.
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$.1.% Sumwy

The experismental va ue of the compmite modal damping 13 smaller than that
The ana.ytica. vaiues for :. and D', Lthe impedance damping
retios, are alsc mmaller than thase in Tase 1. Thus, resasombdle agreement

in Case I.

Datween Lhe expe imental and analytica. composite sodal dasping values can be
anticipated Alt™ough "Hhe _atler was not avaliable from Rer. 20,

$.8 CASE IV--CONTRETE SLAR FIELD TESTS AT SONGS 2 & ) SITES (Ref, 2V)

To gather rea.ist.c soll-structure .nteraction aralys.s parassters for the
design of Units 2 and ] of the San Onof~e Nuclear Cenerating Statiom (SONGS),
vibratiaon tests were performed on conc=ete 3labs bDullt at the construction
layiown area of the Unit | site. Five types of concrete slabs representing
ndition, amt geametry were bullt (Fig. S-2). The
configuration of the bottom of Slad No. J was Suilt to simuilate the base slad
configuration of a typical PWR contalrment structure. Additional variations
in embedaent conditions for Siab Naos. 2 and 3 were cons.dered (Fig. S-3).

Transient-load vibration tests were conducted. Figure S-2 shows the
sechanise (pull-relesse’ for triggering the 3lad vibrations. The resultant

difTerent si2e, emdedment

slad accelerations ranged from 0.2 to 1.0 g, comparadle to the anticipated
design ground acoemlierations at the site. The resonant frequency of the slab
vidbration ranged from 17 to 90 Mz. As expected, the s.ab motions were
typiomlly damped 3imusolda. motions.

The oear-surface 30l 13 the San Matec Forwmation Sand. The shear wave
velocity i about 800 to 1200 ft/sec far the top 'S ft of soil, and the
Averaged walue 13 about 330 fr/seec.

The tests stowed essentially the same resonant frequency for both the
“horizontal® and rocking sodes. Inspeciion of Flgs. 5-2 and 5-4 shows why:
for all the 'orizontal pull tests, the pulling load did not pass through the
center of resistance, and significamt rocking motion alwmys occurred even
Lhough the tests were imtended to produce only horizontal-mode slab sotlions.
The slab sotion traces shown in Fig. 5<% for Siab No. ! clearly confirs this
obeerwmtion.

ppendix A of Ref. 2) describes the details of the alab tests and the
resomant frequencies from the various tests. Correlation Detween the fleld
teat reswits and Table 2«1 fmpecances Ly discussed below.
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$.0.7 mpetance Springs

Wher ‘v mars of the 3.a0 I3 known, the effective s0il spring constant can
Be calouiatled Mrom Lhe ctyervesd resonant frequency of the slat. The embedment

Appeared Lo have significantly increased the resonant frequency and, hence ,
the actua. 8oLl spring caonstar,

Ir gere~a., with sra. ow or DO embedsert, Lhe Lasty suggest that the
iepedance spT . ngs l. ard l' givrn in Tadle 2-1 are suflicient, For the
rock.ng sode, xr from Tat.e 2« appears Lo cwerestina’e the experimental
value. From the armelytical peint of wiew, t5i3 13 A.90 anticipated decause,
a3 Lllustrated (n Fig. 5«1, t"w Frequerncy-dependent impecance spring for the
Mtational sode 13 sma. e than Lie lr from Table 2-) for the frequency
Fange unde conalderast.on. When applied to soll-sStructure (nteraction
ara.ysis, howewr, the frequency-.wepender: approx.sat.an is still
Scamprable, a3 was ustified in Ref. 7 for a unifore scil site. Moreover,
from tre practical polmt of view, base slads of the actus! structures are all
Mmbedded Lo 4 Ccertain exlent and are seldom purely unembedded. According to
the test results, any namimel esdedsent of the structural base will easily
increase the “leld . of 'r Lo surmss Uw analytical value from

Tabies 2-' ar 2.2.
5.8.2 lmpedance Damping

The decay rate of the slab wmotion provices the waiue of the equival ent
damping retio, D. Note that the fMeld value Includes the combined effTects of
0Ll material damping and radiation damping. Comparison of the fleld and
armiytical valves giver by Tables 2-' or 2.2, which accounts faor only the
radistion desping, 13 susmaerized in Tadble S5-'.

$.8.2.) Siad Wos, ', 2.8 ard §

For the rotational mode, the analyt: ml =sdistion damping aeauately
scoount, for the sxperimental damping. Esbedment appears to significantly
increase the radiation damping, which s cons'stent with analyt.iocal
predictions .

For the "orizontal mode, the analytical radia’lon amping exoeeds the
cperimental value Dy about 10 to 200, This is nmot swrprising decause, as

o§ Yo

Cavis-Banse ! plant and will be concernad with verifytng the leplesantarion of
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artioned above, the horizontal sode tests produced very strang coupling
betver” the Morizortal and rocking mot.ors. Hence, the obserwved horizontal
Sode dam).ng was lower than that anticipated on the basis of exciling & pure
Rorizontal mode Decause the observed danping value represents a acertain
Average of Lhe rocking mode damping and the would-be horizontal sode dmmping.

For the wertical moce of slab motion, the test results TuggETstl that the
effective damping Mpends strangly on the strass distribution of the scil
beneatn thwe 3lab and on the amrlitude of t' sotion. Note that, in reality,
SO d@ "ot possess tension capability. Juring vertical vidbrations of
Substantia. amplitude, the bottom of the slab could partially separate fros
the soil, and the camping would be smaller than that from a lowasplitude
vidbratian. Therefare, It appears reasonad.e 0 reduce the analytical
radiation cdamping based on the ac~elerstion of the s.ab msotion.

5.4.2.2 Slas No.

™IS 13 a peculiar case Decause the comparison shows the analytical
s 7ing YAl ue grossly overestimates the fMeld value for all thre sodes of
3.4b vibration., A correlation bDetween the theory and the fleld tests appears
mprobatie. Imuitively, one would expect the contrary to ocour because the
annular ring and Block at the bottom of tw 3lab would produce a bDetter “bond®
with the soil than wuld & flat slad bdottae.

Brcause Slab No. ] wvas intended to simulate the actual configuration of a
typical PWR contalrment Base canstruction, it is mperative that sore test
studies bDe conducted to better understand the effect of the slab bdottom
conflguration on lepedance damping.

9.9 CASE Y-—MARMONIC VIBRATION TESTS ON A STEEL BODY (Ref. 22)

Referenae 22 descrides harmonic vibration tests conducted on & cubic steel
Body (1 x ' x T ®m) that was subjected Lo different embedment conditions.
Figures S<6 and 5-7 1llustrate the test configurations as well as typical
footing response vy *est Frequency curves for the lateral and wertionl
vibration tests, respect.vely. lapedance damping for the unesbedded case is
evalumted hmre. For the e.bedded cases, it is spparent tnat the lapedance
dampl g incremses with the ratio of embemment of the footing.
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€.5.' LATEP AL TEST

in view of the manner In which the laters. vidrarior foroe was applies,
the footing respomse would be primarily 4 rocking sct.on rather than the e
latersl tramsiation of Lt uwesbedded e, There’ore, the test value of the
damping car be correlatec with the analytical rcking sode radiastion damping,
.. The camping va.ue from “he les: 13 ebout # of critica. for .0
uwebecied case. For the analyt.cal value, the following data are used (2 the

calevu.otior

Unit wt. of soil . 0.13 kipsre’

Effectiw racius, .r 1.87 rt (basec or Table 2-2)
WL, of footing. ¥ « 9.5 xip

Polssarn’'s ratio 0.a

Wi, moment of lrertla M:/L approx.

Aecorting to Table 2.1, the rocking-mode radiation damping ratio is
D = 2.8, wnich i3 comparable to the experimental va.ue of A%,

$.5.2 WMRTICAL TEST

The damping from the footing test for the uwsbedded conditiom (s about
123. Tre analytical value, according to Talle 2-2, Ls found to be 25%. Such
cComparison with the eperisental waiue |3 similar o that obeserwed in the slad
tests in Case IV,

e acomieration of the footing at resorance can Se est . mated to De about
0.65 g. At sueh high acceleration, the footing-s0il comtact condition could
substantially diffe from that ot low acoelerstion, which wuld sccount for
the Jiscrepancy Detween the aralytical and the experizental damping values.
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TABLE 5-'. Comparison of equivalent damping retios f e analysis and testing.
Dagping ratio
Siab no. Data source Dy Oy Pe
At 533 . 32 133
re 29 to 603 17 to aag 6 to 208 Y-
Y52 (8 tests) (13 tests) (18 tests) o
Awe . » 85y Ave . » 26% Awe . = 83
= -
Poun . 7k 0.8% 0.8 1.08
L) 668 as 29% -
r i 29 to 3 17 to 3'8 12 to 308 ‘i ﬁﬁ
b (S tests) (7 tests) (6 teasts) . bossw
Awe . + 138 Ave . = 25% Ave ., = 20% e L
Pone . 78 0.50 0.50 0.69 =
. 533 i 133 )
r 32 to 58 18 to 403 10 to 29% o
“at Pave . ’A 0.7% 0.91 1.8 r ¢

824 s Araly i cal vaiw Sase:z on “ab.e 3-1 or =2,
™ & Fleld-test valwe.
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SUPUPY ANI CONLIE IONS

Tre Araiytics. dacwground and thne Has Asaumptions for the Lapedarce
heory were brief.y revievec, The role of radiat.on damping in soll«structure
IRLeraclion Aralysis was discussed. The vali.dity of sodeling the

»

Wil-struct we I1merac: ., on By using tre reqency-independent lapedaroe
functions was eval uated dased on data from severs. fleld-test cases. Finmally,
Lhe proper promdure for perfareing soll-str.stue _meractior analyies wvas
1.30ussed willh @GBPNA%I3 On t' B0CE. Suserpos.t. > e hod The lim.tations of
LRI st nOd were aentioned, ar? tiw proper tlechrnice for determining composite
ROdA. demping was discussed.

Te leportant conc.usiors and Righ.ights of L 4iscuss.ons are listed

be. ow

6.7 VALIDITY OF THE FREQUENCY- INDEPENIENT IMPEDAN X APPROACH

eFor the propose of ANA.y3is, the assmp ior that the impedance functions
e frecancy-incependent i3 scceptadle for mode.ling the foundat.oe at
Sites having fa.rly unifore soil profiles, But not necessarily for

sigrifiomntly lapered sites.
e The lmpedance springs appesr to be aegquate representations in
Sccordance with the fMeld tests, and structural mbedmeant afTects appear

to significsatly increase the Sagnitude of the spring stiffmas.

o For the horizontal and rociking sodes of & base, the Mald tests S ugget

that analytioal rediation damping A.one 1 sufficient Lo rerresent tiw

cambined efTects of soil material damping amC sctual rediation damping
in tw fleld., Thw only emeption Appears tc be Slab No. J in Case IV,
for wh.ch t'w aralytical Fadistion damping overestis..ed the obeerved

- e More tests on slabe of sial.ar confilparation are ryconsesded.

¢ Aocording to the fleld tasts, the lapedance dmmping APppears o e
sersitive o the amplitude of the Dase vibretion for the wertiosl ecde
of base vibdration, protmbly because the theory assumes tenasion
apability fur the 20il In the derivation of impedance. The are’ytioal
redistion damping for vertiocal vibration, therefom , appears 1o have

1)
tha IC] cabine's T™e flow and temgerature for esch

dicsted 1v the Malin Control N and tre Aux Llary

et oo tabt SR
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Oversstieated Lhat obteerves in fle'd tests and should probably be sca. e

e v

e vl

Gown In proportion Lo the anticipated structursl base acceleration in

sctsl ai,licetions. Bases on the limited information froe Cases 1V and

-

V, the soa’e factor may be on t'e order of | - ..‘ where u‘ iy Lhe

-

ground accelerstion expressed in units of g.
6.2 THE DFECT OF RADIATION DAMPING ON STRUCTURAL RESPONSE

It was pointet out and Jemanstrated Yy examp.es Lhal Lhe sagritude of the

sStructural response (3 by no seans inversel, pJroport.onal to “re sagnitude of

e

"® conventionally defined rediation damping ratio, D. Consequently,
arbitrarily reducing the radiation dampirg does not warrant & more
conservative structural resporse. Moreover, floor Specirs wilh erroneous peak

frequencies could result from such arditrary reducti.ons.

6.3 ANALYSIS PROCEDURE

™e following comments apply teo ANA.iysis by nodal superposition (the norsal
Bode ®et hod

® Vhen frequency-independent impedance functions are used to model the

foundation, the normal sode met hod produces only approximate solutions;

.
4
g

SRS G e e G

the scoeptability of such sclutions depends largely on the magnitude of
the radiation damping. To obtain the rigo™us solutions, one can use
the sethods of Fourier transformation, complexr modal analysis, or direct

integration,

W¥han the noreal mode sethod s acomptadble, It is important Lo use ''w
Sppropriate technique for deterwmining the composite sodal damping in
order Lo produce the Dest approximsate solutions. Moat existing
techniquas tend Lo overest imate i'e CCuposite sodal des,ing and result
in woonaervatiwm structural response.

Civen that the noremal mode method 1 scomptabdble for & prodlem, and given
CRat an appropriate technique 13 used Lo esstimate the compos.te sodal
domping, the sodal damping 30 determines need not be reduced. Any

Ladioohdnn et o L8 e fes ot
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