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is re port was pre pared by E. C. Tsai of NCT Engineering. Inc., for the ., D.x .

'

Laboratory (

Th u re
Tm Livermore Laboratory (1* L). It is int end ed to clarify certain

ral t us uas in t ne analytical trea tment of soil-st{ucture interactions. #4 - so il- s tr uc t u
tssues arose daring the limited reenalyses of the Oyster Creek and a pprisach .

ses Nuclear Power Plants that Ll* 1s conducting for the U.S. Nuclear }, selected ope

' or y Commiss1:m ( NR C ) a s par t of the Systematic Evaluation Program N ue ; ea a Rega;.

*he W C FIN No. is A-02]], and the technical monitor is H. A. Le vin. V[ '

ass mptiarts o

e report is irg ended for use by the SEP's Senior Seismic Review Team in ''| roi, of radt

t ting recosusenoati:ets e t he treatment of damping in soil-structure d ts cuss ed. T l

:tt m analysis. It has been technteally reviewed by SEP program tenders - f reque ncy-ine
Nrra y and T. A. N el s e a t L11. i several field

r author wishes to thank Shelly Calvert for typing the final manuscript ; soil-struct n

E. Johnson of EC&C/ San Ramon Operations for editing assistance. supe position-- -
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Laboratory (LLI) to provide background information for analyting $6
toll-str.aeture interactie by the fregsency independer.t tapedance fanction U.y* y

.

rpproace.. LLL 1s condweting sucr. analyses as part of its seisele review of D
szlectee operating plam under the Systematic Evaluation Program for , . ;j; *k $ DDr. Oe - n. , vt he U.S. ~ a

.;
Kucl ea- R egal atory Commi s si on. The analytt eal bacsgroed and basic

,% - (n,.F. .
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.

g g grole of radlatim damping in soil-structure Art.or action analysis is
. gd is cu ss e$. The valid;ty of modehng soil-structure interaction by using pg ''

f reque ncy. inde pendent impedance fisictims is evaluated based m data free ., p~-
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W
'** I'in tne setsete analysis of structures, the soil-structure interaction ^N

eff ect may be ac count et for *ay either the impeda nce function or the finite d5 *

"g.D one s etelement a pproacn. Both methods have advantages and limitations.
= the datNevertheless , thP state of the art tru21 cates that bcth approaches share the
I e Additicsame t heoretical basis-spec t rically, both recognize that geometric radiation

i nt ernedamping should be plae=d une*e the so ll f caanda t t or: is cut off free the .. ? ,

m o t l . s tr uc t u re s y st em . In t 9e Lepedance a ppe >ae*t , ra 1ation damping is 'h
N ,.W*
9'3.

superpesimulated by at tach;ng to tne structura; base som e f reque ncy-depencent daapers -

method;or, if the a ppres taation suf fices, f reque icy-independent dampers. For the
& - Modafinite eleserit approae*., radiation dampt g is simulated by a series of dampers 4 ; *;

placed along the tail cut-off boundaries (e.g., Refs. 1, 2, 1, al.

4' or dUnlike material int erna l damp 6 ng , ra::tatim damping is not an inherent

- Thecat ert al propeaty. It is one of the parameters rwquired to rwpresent those J
f tectssoil sesta that are excludec free the soil-structure interaction model eder * J. -
,1 - Modac on si d era ti cri. Ita anstytical derivaticri is based on the assumption that the c+'' - valme xcluded soil astia ertended to a semi-infinite half space. In view of the '?g

* 3' 9~.
suffrelative dimensional differe*.ce between the earth arms typical buildings, one

't .a Sucts at:stay say that t*w half-space representatie of the earth is fairly reasonable.
kD v e. rw theNote that the radiatie damping concept has alrea2y been used in seismic #*

k7- This tepo
Y

p*os pecti ng and i n inve s tigs t i ng the influence of local soil deposits on I
significance eeart hq ua k e g rou nd m ot i ms (e .g . , R e fs . $ a nd 6 ) . Traa.s. it is a recognized voy . - "|
t here by , to c;to aceowst for the spatial dissipation of energy in a soil medium. '],'
objectives, ttOver the last sever 1L1 years use of radiation damping in soil-structure <-,

! d '' e Brief tvt raersett on problems has gained acce ptans by engineers. Much confusion a-ill
%m a fcastose x i sts howe v e , f or t he foll out ng ree s cris t 1

A e Discsaaste Many engineers do not have the background necessary to really underastand *-

the mechanism of radiaticrt damping and to Correctly apply the rather

f.%-
'abstract concept to soil. structure interactim analyses. Radiation

e realuatidamping is of ten mistakenly perceived as a kind of material damping.-
e .t is pnerally held that the larger the radiation damping, the lower

* og
*(.,

,[w
,

v111 be 'he structural respcrise. As a consequer.ce , limiting valaes on. 3
the magnitu$e of the radiation damping have been stipulated. Such t*j r

Iconfusien occurs because the actual effect of radiation damping on .he ;
''

structural response is seldoe mderstood properly. As will be
N cyillustrated later in EnLs twport, an increase in radiatim dampir.g does - - q=r, .

not necessarily lead to a decrease in structural resfonse. M
yJ

11 1
8
#O

.. -m

' $L * *
W L' W 'T$ s b -2 % * X R - d' % J K LJ M 4.' W 1~ h.b M . y * **f L||} Q \f.?'E*M WM"M2_2- ,W

' 'DS
| $ We

p$
4"r.tl oned a te ve , t he horisont al mode te sts produces very stems cowpting f[, ** *

! t.et roen the ho ri a on t al and roca i ng mot i cma . M anoe , the o bs er ve d ho ri sont al M M.'
| EW in vt ew cm ode dam pi ng =e s lower t h.n t ha t a nt i e t pa t ent .on the h r * r of e xci t:r.r e r, re .

" ' '
'

D7 _ s' m p gr, f _j_c (_g n ,h 4-en ~. 4._m a g i.: ' .gggegC,
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* N 'h;]e Data from dynamic tests of tamildings arad foundatims provide the only _gg
realistre way to te st t he validity of soil. structure interaction r2 ,
theory. However, such data can of ten be misinterpreted. For example, 2 '.T @ 88%I'*
ofw s et of test data can lead to e!'f erent conclus1ms depending on how , undati-

th. data .r. 1,,ter - t.d. w.9 - r~~ no
s

e Add i ti mal con fus t ar, ar t aes in the simple case in which soil-structure *g; '

i nt erac ti cn is re pres ent ed by frequency.inde pendent impedance * .M res pec t1 s

func t t w.s . This is tocause acet e gince-s use the method of modal ,[ NAL
s uper pos t ta m (alse referred to as modal analysis or the normal mode

.. 7 b
I 'I

met hod ; to solve the equa ti ons of moti cr:, bu t few realize that: ',I" '

I "Jd%. g , k(g )- Modal superposition gives only approximate solutions; the rigornas S -

solutt e must be obtained by such mot *nids as Femarier trartsfcreation -j 'f
or di rect i nte gra ti on.

,
"h " 8

3
- T?w computed str actural response say vary appreciably with t.he ii

.

13 t he ba

techn.1gue chosen for determini.sg the composite modal damping. [* Th' A
_. y .

. Model steerpae t ticri is ina pplicable, no matt er idsat modal damping W"*h i ncluded

values are used, for cases an which the radiatim camping is .[, because o
-

sufflet aitly large. This will be illustrated later in the report. *T W 8'81*

Such utsunderstandir.gs lead many orgineers to stipulate a limiting value j% 1Etead,
f e the composite modal damping, giving rise to yet another controversy. 99 y'N. ha lf.s p a e%3

9

This report, is intended to tu vi ew t he tapedance functicus approach and the a simplir

significance of radiation damping in soil-structure interacticrt analys es and , ', impedance

t here try , to clarify the issues described above. To accomplish these W and deeper
>, e-

objectives, the report is organized as follone: Y .,f. :

o Srief review of the essence of the impedance function representation for R f5 8 b
* rr - e

a fcLasdati cm. * (~ E
rr

o Disczassion of the effect of radiaticri damping cri struct6ral response. h.jg
o Discussacri of the limitations of ths modal superpositica method and the # '

TM * W
nM Aproper ytow of the role of composite model damping in the analysis. 1

O Evaluation of the available dynamic field test data ard their

cearelation with theory.
'. 4 T,(t)*.

'

I,y M (t}tg b ;
V t,

Me 1
4" R [ Th1.s resul
_$ tet t edt t.he

-Q When t
Si te, the^

,N i
j&

,.A.,
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||hY2 N12 pQ4
ar.
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2. THE 1Pf E0ANI f> O!ON APy RQ A Cli .Jrc
frwquency

cg;Rp
st.,ilfie

For a strw:ture founSad at the surf ace of a site that is ideal 11od as an '

,w,

elastle. horizonta!!y layered half space (Fig. 2-1(a)), the half-apace [^M Q V,( t )
,

foundation may be analytical!) re pres ent ed by a s et of complex. ,, . # M ,(t)
fre que nc y-d epe nd en t impedance functions. In essence , the impedance functions d
relate the structw al base shear and soment--V,( t) and M,(t). %cause o
respectively-to the base motions as follows

-4 - GP pe m21 r.g

{% s utge s t e $
' V,( t i 'R,,f ) *!! ,(w)' ' u ( t }'1: 'w R (w)*

h ''A''' ? 'y b
,. (2-1) if Seve rs,

, g(t ) Rrs "}( II (rs *} Rrr "} * Aire ('*} . ,"b(I} -

E,
I*

b el ow .
,

A (>where s, is the base trans lati cut relative to the free-field motion, and r (a) The itb
La the base rot a ti on. j 5 t he at

The impeda nce functims are frequency-dependent because the soll sass is
. s .h base a

5

i ncl ud ed in the derivation. The laaginary parts in the impedance matriz exist i'.y ( ratio
a

bbecause of the assumption that certain refracted seismic naves prosegate into ' W be que
.

t he sent-inf1ntte space and M not return; tfry v3.11.sh identically if, struct-

. .t 11% stead, a perf ectly rigid trouncary is assmed to exist scmewhere in the g; $ rigt d1
ma lf. space soll foundation. *he off-diagonal teams are usually small and, as Ty. j act ual
a sloplificaticri, may be ignored. A.s a mechanical analogy. the simplift ed the so

tapedance matrt s say be translated into a set of frwquency-dependent springs by fin
tnd dampers by lettirg

g ri gi d-

,

. we u N' -

(b) is ,otn, ,, v r,, v. g
. Epp(w) I (w) e wC (w) ,3,,, (w) 3 recti

radi a t.
Trus . t he s imp l i fi ed Eq . ( 2 1 ) can be rewri t ten ( R ef . 7 ) a s

corns tri

'V,(t)' 'En ("} *b(") "C
' '

,, w) ( t )' . (c) The in;(
,

M,(t) E,p(w) r (t); Cpp (s.,) g(t) ; re qui reg

{ the moc
This results in the equrvalent soil-structure systen shown in Fig. 2-1(b). In

- ,
' half-sr

imich the impedance rections E and C,,, are for vertical et brations. the fit
When the soil profiles permit a uniform half-space ideelisation of the

Li t e , t he f rw<tue nc y-d epe nd en t parameters may be further approstaated by eY.
cut-off

thsee crq
s

d. .2-s d'h n
* tYh%.

.: N f f
fE $ - h l.

65s%Ps a d;$#M % 4W4 M @ h dh!@de$ff$ 1'4djg
. <

L

%y W |
..

;
.

i ., f
-

. DN
b.Y2

TAB LE %. I . Coms arison of ogwi valent dampa rts rett oa A rce analy sis and testing. N.M-f.9
- .y % ,. _fo -.. . ..ns
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W|z* $ ~-
.M. fpu
.v JW:
w.9 7f aw qweney.i rar peMent o ws (Ref. 7). T *J t 1.s. Eq. (2-3) may be further @ M> ,

s. spl i fi ed f or a m i fore si t e :
*r*

g

3,.,, ,

.K (t), [C ' ((t)' "N 'C.
' , % :.' ' sV (t) Wb 8 3a (2-4) '-.M f t) E r (t) C e (t)

r. b r. bs a

(d o.a .
.

.

fNeause o f the a ppro zi a.*t t on , the va l ue s cf E,. . . . .C may vary s n ewhat ,r
o pe rv21 ng m t re c ho i ce o f t he i ndi v*. d ua; er g; neer. A popular cbc1ce is that M, d
s ar ge s t ed b y # 1 char t . Ka; 1, a nd W oocs ( P ef. G l . Tables 2-1 an 2-2 show the ir il '. .

Ive. ses for nreu;ar arx metang lar bases. respectively. gg
ISeveral taportant femtares of the impedance rectierts are summarized -g ~

bel ow.
D.. ,

,

(a' The impeca noe rections are analytica;;y derived on the asstasptions that
it 3 Rt he structural ba.se La rigid and that a perfect bond exists between the

e'base and the soil famcatim. for actual building bases that base a larse #-

ratio of horizontal dimensie. to thicaness, the rigid-base ass.aption may .; s.
.W*~-g ttbe que stionable. However, the *bcx* or * framing * effect of those yh

structural wall.s e ntending done. to the base tends to increase base fgy
ri gi dit y. In ottwr words, the base slab within a buildirig system is

{.
actually more flexurally rigid than tf the ba.se slab alone 1.s placed on R ' N*,,

Authe soil famcation. Such as observatim has typically been demonstrated
by f1 itte element soil-structurw inta action analyses for which no
rigid-base assumg tice is necessary.

.5

b(b) As pointed out above, the equivalent damping terms in the tapedance v.
f\meticns stem fNa the imaginary par".3 that exist because of the wave

}
radiation amatssptices in the the<m y. Therefore, they should not be

cortstrued as materi al damping.

.

(c) The tapodance recticats represent the equivalent boundar y conditions
re qui red to re place the entire half-space foundation that is escluded from ":s f

| the model along the soil-struette-e irterface. In the event that the |f W
half-space foundation is out off sem erhere auny from the base--such as in
the finite element approach -the impecance functions required along ttw
cut-off boundary to re place the e xcitated portion of the foundation become
those deselbed in Ref. 1 The soil-struettre system shone la

I
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Fig. 2- 1 (e l . t he ref e r* . is mathemat;cally identical to those in
. gg

.

s Fags. 2 1(a ) se (b). This illustrates the statement made in the S .j)2 g e r,
Intro"ecticn that bot r t he ta ped.a n ce tru$ the finite element approaches q s/.,

{ share the same theoretical basis--the Palf space as s tas pti on . -

,Qi[- *.
.

. . , .I
J'

(d) The effect of w;. material dampang may be accounted for in the tapecance %f
~** Motion

fr. tions throuq*, arhalytical derivat;cne (Refs. 9 10). The soil diamping ''
i

mechastam may be e L3 cows or hy steretic. Hortzen
*

W
:f * 3. 2
[' M gi ncl us. or. of the mat erial dampir.g se* f t es both the spring and the dampir.g ..hj Rocking

. terse, although, as one sculd anticipa e. the effect on the lattar is sorv
$ pronowice d . The equivalent damping teres now contain the composite * Sf,

'

k effects f rts both
I the radiatica damping and tne material damping. *hrt&ca
r

fe ) Rigorous analyttcal solutions are not available yet to accomt y;.
for the

i e ff ect of structural embert. Apprvaimate solutions, hotever, have been
U.,g :;-

! s utsest ed (e .g. . R efs. 10, 11). In seneral. eabeament tends to increase
<

| the va;Jes of 1,oth t he spr1ng and the dasping te-se. *,e
z
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| TA8LE 2-1 F rw queur- a nor pe Me nt impedar.ce functier.s for circular bases (from w%q .

f''i 7 -
-

%gi s r. 8). 2e

w. , T. . . ., , .
*

y
1.

9 P k

I
r* : r*A .-L..- e.

M-Equivalent EqJivalent "' ' E

Motton Sorang Ccnstant Damp t r., coefficient
, g

i 3 ;

12r; o1GP f,--
Hortmental K g x 0.5W P J s/G* = \

1-8s , p- p
4#a%, cc.y

>.
8U

, *j--O ,C
'

K P /s/Gpocaing E, = *
r Z

3 t si 1-a,-

g~ r$ypp
2- e

' 40P M:$ 'e - .
0.85Kf Ja/G!

F, 7vertacal " =
y1.

'

.;.

~7,.
- - .s e -
$ h.

Ce v = Potsson's-ratio of foandation medium,
..,A .-

5 3

G shear modulus of foundat tor. medium, t.s .,,y ,; 9.* -
s=

3.._ r n
sr

r ad t u s o f t he c a teu l a r ti.a s e ma t , '
7R =

f y .z$' .
3;I

density of found.ation medium,
I .Y2

a =

| M>2 n war, '!p;f536 a =
' ygA* 3 ,

.ses -s,
* .46

|<~M.
, I, = total ma ss moment of inertia of structure & #^-

y

s

| and base mat about the rocking axis at the ta se.
.:
$ .

w%'y
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TA8;E i-2. F re q uency- 6 nde pende nt tapcoanee fonc tions for rect angalar t>ases -

l$4 re ( f rte Bef. P).
|' AO'c- -

<!* a's
,. ..

1

L)' 1
Equavalent Equivalent 'ff;;Q_q-
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This secti cri de* a ta s t he pi t f a ll s of e mp re s sing radi a ti on dam ping t r. t erms
,

--G . s;

e.. of a damping retto that is then used to predict the effect of radiation n . ~. A4:q MC.j Jo; despir.g on structural response. A simple illustrative example of a one-ease -

p n' <T structwe is present ed.
1

3.1 RA DI ATICW LAPFIE AS A .APF DBC S ATIO,,

%. M-
i-2.

1:h" Ul, It is mon er.ginee-t rg practice to con ve r t the rad t at a an dampi ra eys

coe f ft e; eet that is derived frtan theory into a certain deeping retto in order a. . ,

;

y4$ to predict its effect cn the st=uctral response. This practice may have ~ ?
'

k;.;w< be gun be cause en gi nee rs are f a s t11 ar with t he C . ca pt of the modal damping
iQ ratt o as a mnvent a t mensw e of the effs:t of material damping in a
F

>.

,.

structural system subjectt3 to dynamic loadings. There are several pitfalls,y g

h j
associated with treating radiatacri damping the same way, and few engineers T, '

*N
aQ --

netually know about them. These pitfalls are dLseussed below.

vbr>MsA
w

(a ) To convert \

$yer the radiation d.amping coefficient , say C,. Acto a damping 9 |ratto requires a certain definition sucn as
,,j

m. m.

D, e C,/2 SG (3-1) ~

E., g

This de finitt en applies crily to single-degree-of-freedom (SDCF) systems '.I hering uniquely specified velui of m. e, and k , and it has ce rtain "

1,J: pnysical meaning. A questian hence vises: wnat ir end a sust be us ed in
g^ E|g . (3-1) for a soil-structwo systen? There is no unigus answer to 41s
jgj . question; hence , the value or o, wit! ry depending an the engineer's

i t
r chol os . Altnoug's me commen practice is to use k K, as11 e a totale

T structwat mass, the 0, so competed har no particular physical
'

h sigttftcance wiless the struture is so stiff relative to I, that it may
be regarde$ as a riga d body, and the entirw interaction system may be '

.e
'l.j mmd as a SDCF system.v
7 -

le stors, not only ees e, have no wi1gue definistan. it senere11r hea
., re particular physical meanleg. Thus, misunderstanding and misuse of the
%

red 1et1ces dans.ng conce pt ean sea 11y happea whonewer it is thought of on1yn
N.< 1a terms of the damping rett e.If
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;g y . .**% or
_ ..

hM 1"3

,> $'9
y *- ~ ~ 2 m:*

J. :4 .a.;f;4.y %L
.-o8,s (D) N ot realising that t he t hecry p rv et ces only t he radi a ti on dam p t r.gt .,#

t v.W coe ffici ent from unt en the damsing ratio must be coegmated, many engineers
( i nf er t hat structures with stallar geometry and founded on stallar soils,e + . ,

.~
J+ ;ff have statt ar va!ws of radiation haping rstlos for soll. structure g%hg
3 interaction arityses. The pitfall is apparent: it is the radiation Y# 1

damping coefflet ett s that would have sla11ar valurs. Consider the
,

+-' corditions shom in Fig. 3 1 For Caw (a ), whi ch c on s i st s o f t he bas ema t
, alme, assume tant D equals 181 as predicted by the theory or measured " ,M., s
y 'A fitze dy na mi c te sts . According to the theory. the value of the radiation , # ,,fth'g

dam;1ng coe fficient ," C,, will remain the same fcr all three cases.,

S*I l g Applying Sq. (3 1) to ecnvert to a d.asping ratto and using the 15[' ,
3%_g conventimal pesett ee or a e E, and e e the total structural mass, one
-

woul d fi nd that the same C, res ults in the following D, value s:
.. G

181/ vTD, e 91 .......... Case (b)e

IOS/ viO, e 61 .......... Case (c).e,.
,

e t.

Note that E, resatta unchanged fe all ttree cases, according to the h
! f . ei theory; hence . D= is inversely proporticr.a1 to the total structural sa.ss #-

(h, ,5m
w

* .
In this e xample. To infer that all three cases have the same value of ;*

D, e 181 is apparently erronecmas.
9. ,
e

(c) Marty engineers take D to be a modal damping ratio La predict how.. . m

) radiaticus dampang affects structural response. This m13 understanding v111
he clarif ted in Sec. 3.?.

'M | (d) As sentioned in the Introduction. engineers often resort to modalY)P4 ., superpoal ..on for the numerical soluticet in analyting unifors 3011 sites,.

M for uhtch the impedance functims are approximate frequency-1.,-tependent
t. funetione. Certain eceposita eodal damping values euEt thea be

deterwined, and computatimal technigues have beea dewetopod thet ere
LL/ formulated only in terne of the radiation damping ratio, not the dampingg3W coe ff t et ent . The pitf all assoetated with adopting such tectutiques to

.

%1cmalate ocoposite modal damping w11.1 he discussed in Sec. 4

-I
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3 2 THE EyfECT Or SADIAT10M DAMPIM
.

e - -
g a
I 'c .

I. 9 It is generally held that large radiation dam pa ng results in low V 4

I
structural response. Such is not ne ce s s ar il y trw . and trw 111uste stems h'

"P', A ..m ,. ,

s f rtue a assunder standing of the act ual role of red;ats e damping. To f [
111ust rat e this point , e-ansi der me st apl e exampl e--a two-mas s , * ,s3

[" spring-arus-damper-conneet'ed 4, stas undergoing ve -tt eal harmonic etbratt ms as

g depleted in Fig. 3 2. The system may be regarded as a sell-s truct ure .

'Pr'*;k-
-

1 -F. era c ti cr syst es composed of a one-mas s struct.e-e fag), the base (z 1

d'*$z4
2'WA

q3 anc trw r r,que ncy- trusepende .t tapedance f anett er.s n
2 ''"d '2 The . -

'b'
-

structural frequency is 5 Hz, and structural camptng is 21 of critical (see Mkg
,y, flg. 3-2). t.et e , the radiat t e damping in this case, be a variant e wttich, y-2

to t re d t e ms i ce l es s par am et er D, ac co -d i ng to f lg . 3-2,w en con ve r t ed

.p ' a ss umes t he val ues of 0.1, 0. 5, 1, 2, 5 and 10. 1.he . subjected to harmonic, f
sr,5 verti en t , in pu t ground mot t ces of Ta (t) e sanant, the amplitude o'r the

~

g - steady-state response of o, as the stown in Fig. 3-3 (per. 12). Bote the
.
..

[hg f oll owing obs er va ti cris . k
h* e The res pcr s e amplitude of u indeed decreases as D I""#'**** r"'" '

g 2

A.,]a 0.1 t o 0. 5 t o 1.0, tu t t he n it increases again for higher values of D '

I.D 1 .
2[I e The res onant f requency of the system, wrtien is dictated by the location

T(.,5 of the peak f regar ney f or the amplitude curse of a , s hif ts free bi ~g

|% 3.8 Ks (t he fi r st f rw g aency o f t he und.am ped s y stan ) to 5 Hz (the

h' fired-base-struet tre frequency) as D increa.ses free 0.1 to 10.0.
2

This is so because the dynamic response of o approaches that of the
g

f1med-bese struetsm e as D becomas larse. In the 11mit1ng onse (D2 2

.hc beecues inf1ntte ), the structurw becomes dynamically fixed at the base f .:

* because of the infinite damping form , e veo though spring k has m1y
2

g, .$f}Ii a finite valus. In other words, the amplitude curve of o for D *,-g 2* .qj .Ki.A equals infinity v111 be identical to that of the fixed-base structure
fd<

having a damping of 21 critical.

*
The point to be made here is that the radiattces damping retto La merely a

/ M- dimenst ort.eas quantity and, unlike the modal damptng, carinot be used to

prediet the ma6nitu$e of the structural response. The example clearly

denonatrates another is port a nt pot tit: er b1 trer11y reducing the magnitude of

the radiaticei damping for any gluen problem for fear tant the struct ural

n p_. _ g_ u n.. _.t .m. t n. . _ y . _ o. . .

.
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P'- # .. . loor spectrum that has 'Jeak.s at erroneous freque nci es . For Lnstance , assume*

-

t*at the the ore t i ca' va l tr- of C La setelly 10 in the etaaple problem. If /-Q fy

Q this value i s dr as t a ce lly -duced to 0.1 t he response of m would not
y

. ! '. ***
* increase e astically as ma?.y would anticipate. Actually, the response of o *

g

dec reas es sli gh tly. Also, the resonant f requency 1.s in error ( 3.8 rather than
,

' 5.0 Hz ) . I
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f" 4 In t he impedance appro.acn to soil-structure intera: tion analysis. .%e
,;([ equa t i t:ns o f act i on shc al d e c t i ci t ! v incorporate the Empedance springs. 4

*Q ~ a nd dam pe rs . C. I n t he s y st es st i ff ne s s a nd dam ping ma tri ces , res pec t iv e! .',;I Mor eo ve r , when the damping property of the structsa e is specified in te as cf ;

t ne (1sec. base structu'ral modal campang. which is the current prae *.oe, a'^

's
< > Q. - * or e .a t n trans f orm at i on o f t he coordinates must be applied to the etaations cf

W.;F* w ttee sc that the structural modal'* ' g f requences , s.,j, anc damping
;. e; values ,, . are ec11ci t paramet eas .r. the tra ns f orm ed system stiffness and - 4

jf . ' j damping ma tri ces . respectively (e.g., D ef. 13).* 1;eA;7; i
In ge se, al . because the impedance springs and dampers are3.>

, {,[ *# f re quency-* pendent , the equations of motim are solved rigorously by the
I5g method of Fourt ar transf erisation in the frequency emain. Whe n

ji #f - f re quency-i ne pendent impedances can be used for uniform soil sites, for
[

''

example, the rigorous solution can be obtained by the methods of Fourier,,

.. trans f orm a ti on, comple s modal , analysts, or direct i nte gra tien. The method of'*

norm al mod e s uper pos i ticri, t roug9 wt cely used in engineering practice, yields
only approximate solutions because classical normal modes do not e xist.%,

in

"I[ general, for the problem mder const $eraticrs. Best ees, under ce rtain,

f ' AMv.f conditt or:s t he normal mode a pprezimaticn may be unacceptable--a very important
*g' W,.k'i'

- wm
poirn.

'AN-E in conjmetion with the appalcatie of modal superpositten, coctroverst em
arise with regard to the tecre11gue for determining the camposite modal.J.+

/J{g,*y( t' damping. .,.,. and its magnitud e. It has often 1 a=a postulated that the
. i .*5 composite modal dampang value s Pould be lial.ed . . order to produce- [sw.g- conservati ve structural response.

@ This section highlights the 11altaticms of modal superposition for
soil-structur, i nteraction analy sis. A prt:per understanding of the role of

'

the mapostte modal damping in such analys es is developed.
%,c ,-

3.., 4.' , .p a.1 t.!Mttatlows
.

es
*

L ^g - }
%. .q. T,. ve r, nat ur. of -al s Pr.ition diet.tes that th. resonant;f f r.quenet.a or t re structural respan e ineariably ecineide with the,. mp frequ.mi of the sou-structur. syst . g. o ulustrated ,re.i-1, inQ rig. 3 3, t n. reson.nt f,equ.eu e. or th. s,si .ul gr.dua u,1-.
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towaad the rire. bas * strucita al f reque r e t * . . e.e , es the radtation damping. .+

J p,, -fpy a nc rea s es . Sach a f requency satrt cannot be done with norial mode methods, no
d mat t er wru t%.9 coposi te damp a ng va l .ar s are used. To L11ustrat e this point.

.

,,

tfd., consider again the two-mass systee 19 rig. 3 2. s;r%r

[J rigure 4-1 sho.rs the normal mode solutions for the response amplitude or
. k d# structural mass o for several assuus2 composite modal damping reticas . J,-*'h g

i

J,. a close comparison or rig. a-1 and rig. 3 3 re e ls the re. lowing:g and

g. M.

p*7 fa) When D 0.1 (dampt wr rat t o for the roundatix). t he norw al mod e
. :. :W %E a pp ro s .m a t t y is a: m=ptatie , a ru: t he *egat red values rcr **ceposite

r -Q7 sw -q
-7 =.4-

.
modal sampa ra are, by a ns pecticr. J, a a$ ans 3 ' "0$*2

k; bb m.
D (b) when 34a 2 e xce ed s 0. 5. the r.orm al mod e a ppro s t sat i on becom es less
g- acce pta bl e , regardless of the values of the composit.> sodal camping.
$h In fact, when D e xce eds 1.0 s razed-base-structure assumption2

p'.g turns out to be a better a pproximation, provided that an errective
W 414 structural modal camping greater than 25 is used. As D increa ses
>,t ~ g E
g e,J, .
. ~. T . urther. the errective damping rapidly ecriverges toward 25--t he
gyJg r. ned-base struct ural camping specirt ec initially.
~

4. , %

7_ .n conclusion, soda.1 analysis srould be used with cauttors because its
A *~. validity large!r depends on the magnitude or the radiatie daiping and the

~4,. structurel rigidity relative to impedance springs. Pro vi d ed that the relative
,

.

,

+j. structw al rigidity is not too great, the modal superpositim approximation as

[+{ g
, gene * ally acceptable until the radiation damping, empressed in terms or the

dimens t eless ratt o D e xce eds the range or 0.8 to 1.0.
&y

el

<p ye 4.2 CDMP0511T MOD A:. DAM *DeG
.w
'g}
g; e.2.1 Det erminatie of Compc.at te Mocal Damping

c ri

when t he,m impedance functicms permit the normal oc>$e approstantion, the
. welun of the compoette modal camping also dictates Pew cicae are the
4 ' amp 1:tudes of the appresimate and rigorous solutions. Several techniques are

3@,d
.

a u.bi e ros. es ti ti ng .odai ~,i es va t a <e .g. , pers. u . it. m . rh...
-;c m otheds are not empered at great lengsh her . N ote . no .er. that a suttabi.

,7M- t.chnsom must al=rs correlate t's appreatmate and risorous solutions during
'
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t he process of ecupetteg the compos;te modal dam;&ng (e.g., Paf. 13). {Q Altrunagh the correlata an critern a may vary from one pe rs or. to another, t he
'I ' '[ v ari a tt oi is us ually small, and one can always forets11 the quality of the J

4s+-
.h .?

"C,L. a ppro almat i on wit h rws pe ct to the rigorous solut1m. For ins t ance , the best3 > a
for .I, and 3 f or the tw -mass sys'.es discussed in Sec. a.1 (a)e ~

es timat es
2

g
.

,.e
, were based on correlat1*ig the approminate and rigor %s solations for the ~

l re ponse of .,.
Ag ,. On the other hand, any tecreilgse tr,a t coe pe t es t *ie composite modal damping

,,
_is w. t hou t a corr < ati on w.th the rigorns solution wil; *encer the de g**e of

@QR appro xi mat h er ece rt a tr.. This is trw cas e wi t n mos t existing tectrtiques N *I

s7 MM (e.g., Refs. 14, 15).4
y9, #M y*

Typically. these techrtiques compJte the composite modal
f* 1amping as a ce rtain weigMted average of the structural dampirig J and the

radi ati ces camping rati css D,, and D,. A con ve n t e ce , and , he nce , a
defect, of these techriaques ts that trary do nat require formal forwulation of

g] [
LPse equatims of motices. The ncritaingaeness of the parameters , D, and D ,

**kqi adis additional uncertai nty to the caput ed damping enlues. A general trend 4 .
p'

v -Kgg has been oteerved--these techniques usally overesttaate the required sodal R
e@ma* damping arms, hence, underestia. ate the structural response, particolarly when

s - the radiation damping ratico are cuen larger than the struct w al dampingli%,;x aers. o, ia).

w,5 y9|w ac-
M e a.2.2 The Proper f: ole of Caposi te Modal Damping
3
*!
e

i
-

To understand the r21e of the compoalte modal camping, it is taperative to
~y., ~4's f a rs t oto erwe the f oilow'.ng preeise:

( h C1ven that the tapedancw funMicns are relid representaticrLa of the$ [p ) founda t.1 on , t hat the rigomus solution must be obtained by one of theN d j tau *ee rasserical analysis methods sentioned above, and that norm alp

p1'gg ; mode apprus t:satim la permissible , then the required composite modal
gyp damping value s, regardl ess of their niagnitudes , must be set in such a
rg un y t hat t he opt imiam a ppro s ta a ti m fo- t he structural response can be
,.

.

acht - d.
-vs.

~/, Trass, to arbitrarily 11ma t the com pu ted va l ue s of tan com pos i t e dast pi cg i s , i nV.

2 . t. fP reality, to render a poor a pp ru r im a te s ol u ti on . O nnece ss ary c ons er va tise will
O

C&h be introduced into the structwal resperise, and sometimes extra floor spectrim
1 ... 111 e .r-ted .ith re. pen to the rigo,oua .olution. ro, e ,-,le ,p - ider . gain the t-3 s,ste.. ro, the cas. or D, . o. i t h. best

. estimat es for J, are, accor11ng to Sec. 4.1 (a), J, a at and 3 " *0I*2

L ..,

%g.W gmy my ,

pg, ny q;n jf3YY YWyh?$W?g$g$$;qhq?$m'L$ gh!fkhY CI b YNm
mn$ big .D

@ .

*

ps ,'
9fA

g .,. Q -2- ,,%
. f'b

i;~fkQ. . o, i ..d i,ie o-ii. or 1.bie arl.1-i.- The o-ti. h.. be e - re le- a 6r ic5* *ad h== gg% .
-

'I~ \
q , k d '' ' . . }| 'f' s +' s . ' Y' kn ? a '' 3 'l -' '~"' '

p



- - - - - -

.

~ ~ , . . -
. ; e, $b h w' -

.

s
- - ~

A,I. , n ., 2, ,, - s am a . arws . -- i == w - - - - - * -

**{'-- - - ~ - ~ - -~~1* ~ ' ,
~

~~?~~ha " . * y- ' ** ~- '': ^* ? ^g i >

*
1

* r - :- a y + ,. '

k'j~ j[ *i FR*1 Y t % 'd%3%hE T:1.i E b * ' L ','' k.. ,
.,y,. . -.:. . . . , . ~ ;~K C'M. = . .. t . . .-= 57* EE 5~^

.
' -

~ 55
- wsr %, , , , ,_ _ .

[ ?5 [h
i; .(.* 7,- r .g*'S %

..s.- ,
. d;7Z* *ey 2. 1s to be red ,a= 1 to 101. *he e , t he con s eque n y is obvious: bas ed on N.,w.#,

gE F ;e . ..', se e stra spectra; peak hav;ng an apprecia ble amplit ude coald bep w .w.

pg-d creat e et 4.y e 9.2 Ms on t*w floor spectrum of m .
y

/ .M'g"[W Ir general , unl ess the radiat1cr. dam ping is small . at l ea st the modes (one
-

mo1e f or so r t i m ! ar.a ys es ) are trevitably assoc * ated wi th l ar ge values of ~

,~

tw M com po s; te m odal dam *.r.g. TMse are the modes for which substantialgmy
% '' per'.1 ci pa t a cts f the base trartslaticr. and/or base rock 1r,g takes place , which 1

's pny s; ca * !y understanda ble. For a given prvDiem. If such modes do not occur.

*

f reque ncy rak e of int eees t . i t ees not mean that they e notwa t n a * t rw d

j *z.st. * *w y ar e at m; gner f rwgaencies.

Mk*

4.! CA'E .**7Df ,i-w
4

*

y Referea.ce 16 presents a very int e*esta r4 cas e st udy of the> ,

s tr act are-f oundatt or i ntera:ticri effect for a se ven. story Draced truss entse
'ower *F;g. a.23. A freque :cy sweep;ng test was sone with a shaker plaard on

t t he four*.m floor. A;p arert resonances weae observed at about 2. s to 2. $ H z
* .9 to 8 5 Mr. and the associated damping values were estimated to beand atp

*
t about 2.51 and $.51. respettleely.

The autnors tner, established * mathesatica; model for the struct wo and *

.:n.M ,, attarepted a analytical correlati e w;th the field test re s ul ts . T wo
a I infferent approac hes were used. In t e firs t approach, 19e soil-structure

p* & nterneta cri effect esas simp;y assumec to be regligt *11e. and a fixed-base model.

ly ; was oor.s. Seced . The f requencies of tne firs t tnso modes of the fixed. base
'

j model are campar=d wit h t he m eas ured enlues in Fig. a.3 The correlaticri is;

reasonab; y good, indicating that the int eraction effect is indeed
i n s.g n i fi ca nt . As are may anticipate t*te analytical modal frwquencies are, *.s tj p s11 grit ;y hig%er than the test results because the deforwahility of the

#f. .; foundaticri soil tes re glected.
-

In the second approacn. frequency.independe 1t impedance springs. E ,
.g and K,. were uoeputed to represent the fourdat t ar:. *he frequencies and mode'*

j s ha pes o f t he first taree noses are s notes in Fig. a.3 McLe that the second
"sE mode (e.7 to 6.9 Hz) was not obs erved in the fiel d tests, nor in the

!
I fixed base model. T* sis by no means implies that the interaction model is

wf ina ccurat e , because the first arid L31r1 modes agree closely with the test
- res ul ts . The onl y lo gi c al i nt er p ret a ti ces is t ha t the second mode .ust .e

P ha ply dassped. .%en an int erpretatiert is s @ port ed by the fact that the
,

i l
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* *
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b y
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ana supplier i n r e f . 3 a shJ we r ba l c oe n i t she nt s were maJe by the app!!sant to s uppl y . [Mpws : w ,.
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WQt n
L. j 5.1 3 Aralytical I.

5. EVALUATION 7 FIELD TE.373,

Frts Table 2 2
!a t his 9ee t s on, i n f rrm at . or, f rom se veral ava t* a ble dyrhama - field tests a s

, I nt erv st is the evalmtt a of the arnalyta .a1 radiation damping values in
' ,$r.M,!

36.2 e an.are R e
'

. ',@v s s= rad to assess trw wi n dt*.y of tw Impedaner the or y. Dr pa-ticular

.

''

E e 2.2a.'
- arg bl es 2 1 and 2 2, wnten, trasug* of ten used , are e nt rem el y contro vers i al . f D, e },,1,1, I

sore rteld te sts we., perf orsed cr. str etures , ot r es e f <ntings. It ts '

E = 2.58
ritportant to diff erentiate trar twc. The camping ratto deduced from tests on

. p ,ge
| st4* uct ure s is equs valent to the coarsite modal dample.g for the, interaction g .i
syst em, k, vnt l e that fme tests m foott. :gs is equivalert to the defined the authors dic
dem 1ng re t t o, D , w hi ch compr.ses the coat ned effects of radiataan darpine *[ dam pt r4, u sa ng t he
tnd soit ccteri al damping. E4en awa.!aD1e test res ul t is reviewed. separately '# ( R ef. 18 ) for a 6 sit. ?M! cnr . W f re quency.i nde pende

d Note that for bort?
5.1 CASE I-KAMAOKA B0. 1 BW REACTCft 3|TIL3ING (R ef. 17) h. E (ae) with eeC,. 31g

compared with E ,a
9.1.1 Structural Data g- compa-Lam of the r,

. e.
,. j freqency C,, which

Ba se dimensi on : 6e s a 6a e H. Ms for the EW and ba t >-
Tot a l wt . (ag) : 1.ma x 10' ton 3.} damptrq ratice for

$ ['M2ss acus. A nert.
2cit. base (I,) : 9.916 s 10 t.o.sec D,( G , a 2

Tot al he t an t : 58.7 e o ( g, e 2p
Embedeent s 12.7 e e three sides

f As t he f requency e njg
1.2 Foundation Data .pg + . radiat;on daeping r

*
'

% j increase, as sugge s

Shear wave ve t oe t t y ' Ve) 80: n/ see cm a se . '1 i ;

Shear modulus (C) : 1 312 to, t/my n :p ;
5 1.4 Freqtsency and

3Unit weight (pg) : 2.01 t/m g.
Potsson's ratt o 1/3 W The authors esta

| '

assi.ased that the st:

) , ' #*[ & nteract1 on system +
-

s

impedances and athall
proJuced the rigores
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5.1.] A r.117tical !apodances %f s
fo11 cart ng tabl-s

.m

From Ttble 2-2, the equivalent rad 11 for calculating the radiation damping N
eare a e 36.2 m and a 36.6 m, and the following were computed-e

' ' g.
$ .,'y g They 5

g e 2.2a a 10' t/a 5-

e C / h t*'s )D' ,e M (Dg y ,',g10' , . 'Tne e speram en*'
g g , ,

r

D' e M (D C / AQ) 4' '
5.1.5 Sueuseyg;;

The Eutru)rs did a complet e analytical pred tett or. of the composite modal
,

Ca par a son. ..camping, usang the f requency-de pendent impedance functierts suggested by Tajia w+.
(Raf. 18) f or a m t f ore half space . Figure 5-1 compares the si mp11fl e2, .

* arms ompostte c

'* 'f re quency-i nde pende r.t lepedances with the f requency-de pendent impedances.
of soll materiacote that for horizontal moticris E (w) is to be oospered with E,, andg
ely the radiat2(w) isith wC,. 51stlarly, fw rotatinnat motions E (w) is to beE

g

com par ed with E, and E2(w) trith wC,. Of partlaslar interest is the
^ "

# I" Icomparism of t he recitaticri damping ratt om. At the fundamental systen

freque ncy C,, which ins analytt ently computed to be 2e 5 na and 2e u 5.2 E """ ***I " '

*Hs for the Dd and It3 directions, respectively, the effective EM radiataan
v ;p

damping ration for the f reque ncy-dependent impedance are i-

n $a -_-f 5.2 CASE !!~KA
s:

D,( Gy e 2e a 5 Hz) e 605
# ' 'D(G e 2e s 5 Hz) a 281p y

were cz>nducted

" " ""00 the frequency exceeds the fundmental mode fmquency, the effective
""radiat tcri damping ratio for the frequency-dependent impedance will also

2 rol.1 m pi nc rease , as s ugge st ed b y Fig . 5- 1.
j e Throgh-s

insipin9.1.4 Freque ncy and Camposite Modal Damping'
e By usintg.

-

The authors establi.shed a mathematical model for the structum, and -h EP'' 'II
.

Ih b d *"[Ds tased that the structsaal modal damping J is 25 for all modes. the n

81teraction s/ stem ses coupled with the f requency-dependent foundation . N " 9"*"#I'

laped;nces and analyzed by the method of comples modal analysis. This method
~ ' *

proJuced the rigorous solutions for the system fmquency and the composite " ** I

5 7 to

5-2

pt ,'
g .h~

. #%

-
Q ..?
. . . (

<

/kj-.

.hNr 7.3 Enstneered set
.-

.

O % I $ * 9 1

* *- . .,WF
" b Y- -f
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b

f.,.;. .y ' lcoda; damping. Tvy are compared with the e speriment al val ue s t r. t he
-g e 8e ceu.s e eifollowing tabl e, f or t he first mod e on l y , i

d pro vi des
Eu NS

5 i

,

3, ,%'. -1.-| damping t. , a i
7%eory 5.0 Hs 17.75 5.2 Hs 19.81 d*[ 1

. *y 5 3 CASE III-Ntusert:ent a.8 Ms 22 5 to 28 31' 5 0 Hz 17.5 to 31 51' L;

(Ave. e 2e. 61s ) (Ave. e 22.01;
531 S tr uct urs

'The e sperimental valses wwy f rom floor to floce.

Sese d
5.1.5 h ar y g ,-

, , otal

Wt. ma
Casparison of the analyta cal and e xperamee.tal values for system frequency - ' -

irus composite damping for the first scr$e J .stifies the adequacy of the !!eignt
t

1 pedsnoe theory. Not e that the esperteental damping coesists of the effects Eacedse
of soll material damping and embecmont. while the analytical eelue represents

anl y t he r ad i at1 cri damping f rom the elastic ha.f-space theory. 5 3 2 Foundatter
From the maparisons of D, and D, between the frequency-dependent and

f re quency-i nde pende nt impedances. it is ressorable to predict that stallar Shear s
Enalyti cal res ults wr.J14 be obtained when the frequency-independent tapedance s Shear e
are used in the calculstt om. '

Unst we

roissor

5.2 CASE !!--MAMAOKA NOS. 1 & 2 BWM SEACTOR BUIt.CINGS (R ef. 19) u '4. ,

5 3 3 !apedances

Forced vibrettan tests. stallar to thcse performed on Unit 1 in Cas e I

woes menducted on Unit 2 a f ter it was N11t. More data isere collected, tast The fo11carle
the resalta are essettally the same as thee obtained for Case 1. f tmas , t he

tutters d11 not attempt another analytical correlation w' th the tes t res ul ts. E, a 9
The following points are worth sentioning: =

A D, a 36
e through-soll structtre-structsre int eract1m appeared to be ] ;

insignifteant, when the data are capared between Ref.17 and 19. ; 534 Erperiment

e Sy using a regression analysis tectritque, the authors were ant e to more

precisely identify the various modes , whet her highly damped or not. Besonance wn:
~ e. n n

Based ces this tectutiqm , the modal damping values for the different H s in t he ot her i,,

f requency ranges are as follows: M festd to be aboui.f
1 to e its 40 to SOS (essenst ally growid movements) N......

r

4 to 5.7 Na 201.....

5.7 to 9 ns 3 to 151......

1 ;
1

5-3

W
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5 3 5 .%sse 8ecause of true s: mil ar e sperimental res ult s i n Cas e s I s aid II, Case !!
,

* vsg..provides e1dit t anal vera f.e *.t on of the adequacy of the radiatices 1 *p

damping theory. I *rij,
L The es,~

t?e in Case I..

b .; ,:2
'

S.) C ASE !!!.-NtrtEA R SAFETT RES'A PCM DEACTop BUILDIN3 (p er. 7.') g) [.# " * " " ' ''

EsN.: between th
S.).1 Structurst Data

i
,

"" ' '

Base dimension : 21 e dias (circular)
-r%an

% F(- s.. Case 1
*h'J N" |Tote! ir.. (as) : 7585 ton ' - Ce .

w t . ecs . i ne rt .
.Y * '*'

a bt . bas e ( 1,g ) b: 1.01 a 10 t.a

E. k'
#

Meight : 30 m y esbration
'

Earw e ert : 10 a
!

' i. .
'

laydown ar.
**

41rrerentS.3 2 Foundation Data (layered Soil Site I *:tch '

configuratt>5gf
; 3 9W eonrigurat1-

Shear mo ve ve locit y : 40 0 m/ see , s ee . [N,h ) in embecaer
Shear modulus : 3.27 a 10' t/e# 2;([Maw. TransieUnit weight : 2. 0 t/ m3 'ka ve .

, meenar. ism (Poissan's rett o : 0. e5 ave.
slab accele,, s.M

g - a ,,4.g design gre65 3 3 Irpedances

[ ] e1braticus r
i, ; .

typtoelly e;
The ro11 caring volws were obtatted based on Table 2 1 [ The nea

[[cc eelocity is0E, a 1.777 s 10 t/m E, e 1. Se a 10 t. M

'{(s;.) : seeraged weD e 365 D e 9.22 L !a r The teec. . .
(

i- * horisoet al-S.34 Emperimental Results
J.i. for all the

;Q eenter of rsR esonance ma observed at 5 and 6 Hz in one hor 12ontal direction and at S f though the i
Ka in the other horizontal directicus. The associated damping ealues were ; ik% The slab eotfcamid to be aboat 155 and 185, res peettve17 A

.9w. ohn erwe ticri.Y Dd
append 1..

iU resceunt frg

/. Leet res ul ta
.*w-

.q
3..

.e.h*Y

..#. fNM,% W
WT b

? .*~
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g
. .N,b.lo-

r;c-Ki
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s.3.s mar, t

'
' $.4.1 !apedane

The orperleental value of the coepsette modal desping is smaller than that ^7 j
<

in Case I. The analytical values for 3, and D,, the impedance damping + .g I wnen tne a
rettom, a re al so sm a ller t han t hos e in Cas e 1. Thus , resso*=stle agreement C'M ! tw ca l cula t ed
between the e xpe"1 mental and analytical composit's model damping values can be '

a ppeared to ha
enticipated alt nough the latter was not evalla ble from Ref. 20.

t he actual soly
I ay

g In general

S.a CASE !Y--CEN3ETE SLAB FIELD TE375 AT SONCS 2 & ) SITES (Ref. 21) Q impedance spri

* h.qs-- rocki ng mode.
o

To gather realistic soil-structure :nteraction analysts parameters for the a,. "7 w value. From t-Cdesign of Units 2 and 3 of the San Onofre suelear Cenerating Station (SONGS), as illustrated
vibrett e tests were performed ces concrete slabe built at the construction 'nilw ro t at i crial mod
Irrio=m area of the Unit 1 site. Five types of concrete slabs representing k b range under co

r-

dif erent size. em bedm o nt 'ndition. are geometry were built (Fig. $.2). The analysis, howe
configuration of the bottom of Slab No. 3 was tsa11t to simulate the base slab acce ptable, as

$g/, fconfiguration of a typteal Fiat containment s truc t ure . Additional variations
,

from the pract;t.

in embedaant conditions for Slab son. 2 and 3 were const dered (Fig. 5-3). '

embedded to a
Transient load vibration test.s were conducted. Figure 5.a s hoiss t he the test res ul'

e.esanism (pull-release) for triggering the slab vibrations. The resultant increase the fa%s..-sist acceleraticms ranged fra 0.2 to 7.0 g, caparable' to the anticipated D;(
fy. v E

Tables 2-1 or ~'

design greund acceleratisms at the si t e. The resonant frwquency of the slab .M E
ettraticzi ranged from 17 to 90 ftz. As espected, the slab motions were f 5.4.2 !spedance
typically damped sinusoloal motions.

The nearassrface soll is the San w teo Formation Sand. The sheer unve The decay ra

vslocity as about 800 to 1200 f t/see for the top 1$ ft of soll, and the - damping retto,,,

averased value is about 930 ft/seo. Y soll material e
The tests showed essentially the same resonant frequency for both the N analytical walk

,

* horizontal * and rocking modes. Inspect.lon of Figs. 5-2 and 5-4 shoise whyt i radiation dampt
for all the turitontal pull tests, the pulling load did not pass through the
ecnter of resistance, and significant rocking motion alunfs occurred even S.a.2.1 St a b se
though the tests were intended to prodsace only horisontal.aode slab notions. N

p.The slab eatim traces shotes in Fig. S-$ for Sla'b 50. I clearly confiru thia For the rot
sbeervation. j. accouatta for th

Appendis A of Ref. 21 describes the details of the alab taats and the increase the re.
rotonamt frequeneles from the various tests. Correlation between the field

predi c ti cate .

teet results and Table 2 1 1epedances La discussed below.
For the har

e xper sm ental va.
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4h
9.8.1 !apresace Springs % ma * * 1 or.ed a t

g[ be t wee 9 theebWtchen tre ma.ts of the slab is known, the e f f ec ti se sont spring cortstant can ''( j'g mode dampir4
3

be cal cul a t ed f rum t he o t.s er v ed rw s or. ant f rg quency c,f t he s t a t . The embedment horisor.tal e

(ppetred to ha ve significantly increased the resona nt frwquency and, hence , g average of t

t he act ual soi1 spring em etart. For t he"

in ge ne.al, wit h sheilcme or no embedser* \ the tes t s stage s t that the .i effective ca

garpedance spet nes r, and r, st n in Table 2 1 are su"ftcient, ror tne berwa th the
rnesa rc scr$e K from Tacle 2 1 appears to everest 1 sat e the erperimental e SS L1 s (s2 FWip

value. F r-m t he analyt1*al pcint of vi ew, this is also anticipated because. ?y j sabstantial

I ' ,.Nes il lust rat e.1 i n Fig . 5 1, the freque r:cy-dependent impedance spring for the the se11. and .rut &ticetal asse is smal;r than the E free Table 2 1 f w t he f reque ncy %c vibrat a ::et .p

Parigs ursde=- c ons11erati ces. WPen applied to soil. structure i nt e*mett on radiati ces d.a
arta l y si s , howe ve r , t he f re que rbey.1-v'9 pe nd er.t appro xim.ati on is still M

tece pta ble , as was j u st i fi ed i n R ef. 7 f or a un tf orm so L1 si te . Moreover, ij 5.4.2.2 Slat
w.from tre practical potet of vi ew, base elabs of the actunt structte es are all jg

embedded te a certain e ssent and are seldom purely urant,edded. According to QL This is a
.,the test resul ts, any ruamins t e*bedmont of the structural base will easily {.p, camping vela

[ slab vibraticincrease tre field value of E to surpass t.ae analytical value frasp

Tables 2 1 or 2 2. ,y 1.mp roba ble.

A*{ % annular rits
5.e.2 Impedance Damping I with the so11

a secau.e :
The deemy rate of tne stab notices provioes the value of the equivalent

.
typteal Fifl c

dam pi ng re t t o. D. Note that the field value includes the combined effect.s of
'

st udi es he oc4
stil material damping and radiation damping. Comparison of the field and D ecriflgura ticeip
tnalytteal values 31 von by Tables 2 1 or 2 2. which accounts for only the M

I S.$ CASE V JEm(radiation damping. is s mmm taed in Table S.t.
f

.

I ' $.4.2.1 S t a b W oo . 1 7. e aret 5 . J,' R ef e rena,

$. body (f a 1 a

Far the rotaticrsal mode, the analytt ant radiation damping adeouately Figures S.6 a

scoou t a f or t he e s per am ent al dam oing . Esbessent appears to significantly --7p; footing respo
a

.

Snerosse the radiation damping, wenich is consistent with analyttos! &' '( v t bre t.icut tes
predi c ti me. evolunted her=

For the turtsontal mode, the analytical radia*. ton Camping entmeds the damping lacre
Mesperimerical value by about 10 to 201. This is not sim*prising because, aa <

/p ??T
1, AM.#
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i
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M.'$ s.$.i LA tB A.. r-st on ed a bo ve , t ne horizontal moe tests prodwe-s very stems coupling a w
bet weea t *ir ho ri s oe t a l a"H$ roc k i ng m ot i cr s . Hence, t*te observed horisont al

.

Ir. vi ew c*

'.m; p )Code dam pa ng wa s lowe r t han t ha t anticipated on the basis of exciting a pare a3ems t he footing rhorizontal mode because the o bs er ve d dampi ng va l ue represents a certain ,:S v
i-'

r

lateral traraseverage of the recririg mode damping arms the muld-be horisontal mode damping. "

.i damptng can tFor the ve r ti ca l mode o f sl a b moti on , t he t es t res ul ts s ogge s t that the W
i : D. The daareffective damping orperuss stree gly on the stress distribution of the scil C P

u nen bedJed c4beneath trw slab and on the ear 11ttste of t*te sot t e . Note that. in reality. = N #4

'N)b cateulattor:so Li s 4) not poss ets te'isi on ca pa bility . During vertical vibrations of ;*_

s.40stantt al amplitde, the bottce of the slab could partially separate from I$
fd Unit w.pt he so ll , arus t he cam ping tazuld be smaller than that from a low-asplitude Jmv

& a. ' Effsettelbration. There fore. it appears reasona ble to reduce the analytical #O#
;7 Wt. ofrediati cri damping based on the acaeleration of the slab notion.

$g"E
q Poisson

I.

5.4.2.2 Slab No. 3 ,g
'

Wt. mam
m

,

r.,~a

&,.H According to '"his is a peculiar case because the comparison shows the analytical 7* |
i

2.85, whK D s
de png value grossly overestimates tne field value for all ther modes of yMy e |

P

slab vibration. A correlatices bet ween the theory and the field tests appears b h.I 4 4;. 5.5.2 TERT::A1| 1rp ro ba b le . I nt uiti vely , one muld e spect the contrary to occur because the .g
' annut er ring and blocu at the bottom of true slab would produce a better * bond' ' r- ''' -

The dampitwith t he soil t han wuld a fi s t slab botta .
' 12$. The analBe cause S tab No. 3 was int ended to samalate the act6m1 configuratie of a

comparason vittyptcal PWR contatrusert base cm a truc ti on. 1t is imperative that more test
I

_ , tests in Case| tt ud i es be conducted to better understand the effect of the slab bottom - Q- The acce1es,con figur a ti on en impedance damping. .1*g 0.65 g. At su

g s ubs tanti ally9. 5 CASE T--JtA RPONIC T IB R ATION TE.5"5 ON A STEEt, BOOT (R ef. 22)
t he $Laccepane

R ef e renas 22 describes hamanic etbration tests conducted on a oubic steel e
*
?*Body (1 x1 1 m) that was s ubj ec ted to different embedsent condit1crts. Q.

Figures 5 6 and S-7 illustrate the test ecariguratt orts as well as ty'pical
.

footing response vs .est frwqwncy aarves fcr the lateral and wor ti cal , T a-
witration te sts, respectively. Zapodance damping for the uneebedded asse La
syslueted here. For the e bedded cases. it is apparent tnat the Lapodance
damping incremaos with t he re tt o of em beene nt of the footing.
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In view of the manne* in which the lateral vibrarson force was applied. .y
t he footing response eut d be pe tm arily a recking scrtion rather than the pure 'N- I. Slac no.

r;# d-hlateral translation of the wwebedded ca se. There f ore , s he test valm of the '.
danying can be c orrelat ed with t he analytical rocking mode radiaticri damping.

'

Q
O. The dam pi ng va l ue from the test is atlout a1 of critical for .as - [[p

N'3 ' #u webec$as case. f or t *me a na l y t . ca l va l w . t he fo ll ow1 r4 da t a are us ed l e t he '

+J
-[Q'.

.

eal evi at ir -

* k.gje=

,, e 4
0.1) kip / ft3 ;,N M-[that wt. of soil .....

.se , -
Eff ec ti ve radius. A 1.8T f t (ba s ed or, Tabl e 2 2 ) t] -

.....p ,

s.s =i, k+ws. of rooting, w .....
.p.- e . ,

Poissm's ratio 0. a . -.....

Wt. soment of inertia $WR /). appres.
$

..... p

ka.~l 15

fAccording to Table 2 1 t he rocking. mode radiaticri damping ratto is a&8-

2.81, wnten is comparable to tw experimental volm of al. oly< dD s
r y ,a e analyt

br rtete-b, e,,r.2- ,'
=-

f'.* w.w.;,9,)S.S.2 UERTICAL TEST L

,n . 4 ,
i- | -

The damping from the footing test fcr the wienbedded condittars is about ; -AM
|".

bs125. The araalytical valw. according to Tatie 2 2. is found to be 35 5. Such
r

t

wcomparison with the e xperimental value is st all ar to that obs erved in the slab y
4

L sts in Cas e IV. . .( Q-

Q.,t.The acceleratics of the footing at resw.anca can be estimated to be about
(.

0.63 3 At such higs acceleration, the footing.ao11 corstact coridition could '[:j |

s@ntantially diff e frte that at low acceleraticn. valer. eeuld munt for SO * Jb
..

t he stserepancy betwen tw aralysteal and the experimental damptas values. . ay, |
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..NA %

. M. e'a-4 TPe analytica; bac kgreured and t%e bas.c assepticots for the impedar.ce .;,F a,.A
theory were brief1y revi ewed. The role of radiat;on damping in so11 struct6are y.

~j' ' "
i nt erac ti on er,al y s t s wa s d Ls eu ss ed. The validity of modeling the { . ,9'

sont.struct ure t ra e= set a cri by using the f reg e ncy. t nd epe nd ent lepedaroe
.

* ' +

functa ans was eval uat ed bas ed on data f rw several' fi eld. test cases. Fi nally ,
[J.

.

["* the proper proce dure f cr perfcrwing soll.strs-t ssae t re.e='actices artal yses was '

f,,,,. M 3 ;s e.a ss ed wit h em pu s ts ces t 'ir m ode, s u;ee po s;tt aa s e'. hod . *he lita tatt arts of *

,

. this met riod wre sentioned, ar.d the proper technits for detereittirng composite ''

: modal des p1ng un a d La eu as ed .
.;.

%"i
The 1eportant conclusima and ha ga.i tysts of t ar '91scussacris are listed '

b.1 .

g" #
NI 6.9 f a 1DITY OF T1fE FREQUEsCT !NDEFEBX3rf IPPECA2 2 AFPRCAC3fdr,'

.t '

k ', e For t he pa pes e of a nal y sts , t he a ns . asp *l or. t P:st t he Lopedance functierts
.,

ar e f reque ncy.tric epe ndent is neceptable for modellr:q the fa.andatiac at *

|k
, sL tes ha ving f airly untfors soit prof t.las, tnat not necessarily forbi ,

signif tmntly layered sites.
!?,,|Y

?

) o 7hr L opedanos apritigs appeer to be adequete representat1ans in
i

secordans .t t h t he fin d te sta , and st,u turu be.nent erre t. a ,,ea,

to sign 1ricantly increase the sag =.ittele of tan spring stiffassa.
% - ,,

- E
e For the horttontal and rocking modes of a base, the field tests suggest

,, that analytt eel red t at i on dampt ng al one is s.af f t et ent to reressent the
"O

ecusDined of'ects of soll matern al desping armd actual radiation daunptag *

i n t te fi el d. The only enception appears to be Stab Ilo. 3 in Case 17
for w*t.ch t rue analyttest radiation damping crverestim6.ed the observed

gy =m 16se . More testa e slabe of st ellar config.aratices we re enssed.
7
4 s
0'

. e according to the field testa, the impedance damping appears to be
-

t senettive to the amplitude of the base vibratim for the vertteel ande
k, of base vibration, probenly because the thecry assmes tenaton

aspettlity fia the soll in the derivatices of tapodance. The analyticalsI ~ ,. . - p,.g ,.c ..re om .,b,.e . L - , _ . .pp.ar, to .ef:
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ove res t t e at ed tha t observee in field tests and should probably be s cal ed
7.% [y
.-.A:*t

. ,p; , dom in proportion to the ar'ttelpated structural base seceleretton an g.

b A. actunt an timtions. Basee on the limited inforsation from Cases IV and ..3 '
,fe,, J

.

p s V, the sos:e rector .ay be on the order or i - a , =nere a is the, f. f a
7 ;*s 4 8 ,r.7,, ,f..'

PW idl ground seeelerstion e mpressed in units of g.
.. 4 f* pi

?k k| 9I .

'.CA4 ' 6.2 THE DTECT CW" RADIATION' DAMP 1NC Cpl STRUCTURAL Rt3PCst3E
''

, Z .1 ;
*

N...4, .xy' It uns poi ntM out and demonstrated by e ramples tPat the magnitude of the %
3 wC g',[*,3 strvetwat response is by no manns inversel, proport&cnal to %e sagnitude of qd3

[". Y .Pe emveritionally defined radiation damping ratio, D. ConM que ntly , ^

[*. arbitrarily reducing the radiation dampir4 bes not warrant a more ah''
,

"

.- coruse vetive structural response. Moreover, floor spectra with erroneous peak
. frequencies could result from such arbitrary reductions.y

h p

' jA-,,, k. ; ,.
6.) AN ALYSIS PfcCZDcat

The fo11 caring comments apply to analysis by todal superposition (the norsal I~g4 . 0o. . ._
. .

st, M
!

$ 3, g.,
.

e', r, , e when frequency-independent impedance functions are used to model the a
'

foundatacri the normal mode method produces only apprusimate solutions;
g, the acceptability of such solutions depends largely on the magnitude of
" %.. the radiation damping. To obtain the rigorous solutions, one can usef
gN.vd the methods of Fourier transformatt ori, eceplex modal analysis, or direct

~

!-k'N i nte grati on.- iW
? s

[.1 '-
'' s . e *- o When the normal mode method is acceptable, it is important to use tM9

f appropriate technique for determining the emposite modal damping ind, order to produce the best approatmate solutions. Most esisting
.M. h, techniques tend to oversstimate the ocupoalte sodal dan;1ng and result

'

Q.e,.$ , in econ.aerentise etruetural respanse. i,
'

>Ild N, ;
.,

Ch.s e C1een that the normal mode method is acceptable for a problem, and giron
d t%at an appropriate technique is used to settmate the composite modal

.,d ds. ping, to .odal da.,ing so deier.ines med not be reduew. in ,
4
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