UNITED STATES
NUCLEAR REGULATORY COMMISSION
" WASHINGTON, D. C. 20555

Feb;uary 17, 1987

# o

Docket No&"750-275/323

MEMORANDUM FOR?+ . Document Control Désk

FROM: P ;Hans Sch1er11ng, Project Manager
s . .* Project Directorate #3
3o Division of PHR Licens1na-A - e

SUBJECT: "~ " 'DIABLO CANYON LONG TERM SEISMIC PROGRAM (LTSP)

?'

The«enclosedjpackage ‘'of documents. on- the LTSP was received by the Proaect

Manager on‘ February 10, 1987 from Pacific Gas and Electric Company. The

documentsvare 1dent1fied an the enclosed 1ist. Please place, the documents

and the.1list in the docket file for 'Diablo“Canyon Unit 1, Docket No. 50-275,
- ‘anduarranqe for a copy to be-placed in the NRC PDR and the Local PDR.

{ ans Séhierhng, Project Manager
Project Directorate #3
Division of PWR Licensing-A

Enclosure: : g
As stated s NN

.- cc: Reg'File w/o enclosure
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LIST OF PG&E LTSP-SSI DATA PACKAGES TRANSMITTED TO NRC . .

I. Data Package A - Additional Materials Presented at the NRC/PG&;,LT§37§§¥*
Workshop on 12/10-12/86. o

'
i

1. Comparisons of Results between CLASSI and SASSI'SolutidnS,=,

2. Summary of Description for Analyses of Recorded Earthquake Data and
Correlation with Analytical Models. '

3. Viewgraphs of presentation for Incorporation of Incoherent Ground .-
- e R
Motions in SSI Analyses.

4, Viewsgraphs of presentation for Nonlinear SSI Ana]ysis for Base. ;..
Uplifting. -

II. Data Package B - Structural and Foundation Model Properties for_the DCPP

Containment Structure used in the LTSP-SSI Parametric
‘Studies

1. Fixed-Base'containment structure model properties and natura1
vibration ‘modal properties

2. CLASSI surface-supported foundation mode1 and impedance functions for
containment

3. SASSI surface -supported and embedded foundation models and 1mpedance S
functions for containment. i

4, Listfng and diskette of the Hosgri time history used in the
parametric studies for the containment structure.

StaffGrp 23 -1-
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’ III. Data Package C - References Requested by the NRC Consultants on the

Studies of Incoherent Ground Motions.

1. Loh, C. H. and Penzien J., "Identification of Wave Types, Directions,
and Velocities Using SMART-1 Strong Motion Array Data," The 8th World
Conference of Earthquake Engineering, San Francisco, 1984.

2. Loh, C. H., Penzien, J., and Tsai, Y. B., "Engineering Analysis of
SMART-1 Array Accelerograms," Earthquake Engineering and. Structural
Dynamics, Vol. 10, 1982.

.3. King, J. L., "Observations on the Seismic Response of Sediment-F:i:lled
Valleys," Ph.D. Dissertation, University of California, San Qiggo,
1981. '

4. Lilhanand, K., and Tseng, W. S., "Direct Generation of Propapiljsgjc

| Floor Response Spectra," Bechtel Power Corporation Technical Report
TS No. SFPD-C/S-83-07, December 1983, "

et y °
O StaffGrp 23 -2-




«
. a
. ‘ g : . f -
kL '
"
" W, .
EI [ i M 1 .
- B I
Wty . ,
,
! .
* w o ¢ .
e e .
+
N R .
oo P t .
v
o s ) ' ¢
- N .
i N
LIS ' “ - g - .
. o N
, b P N
N ’
' rn
P
# . ~
«
"



_ R MR
. T Data Package A Item #1 -
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COMPARTSONS BETWEEN CLASST AND SASSI SOLUTIONS

CONTAINMENT STRUCTURE

SURFACE FOUNDATION

0 VERTICAL SV - WAVE

o INCLINED SV - WAVE 30° FROM VERTICAL
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‘COMPARIéoﬁs BETWEEN Etgssl AND SASSI SOLUTIONS
AUKILIARY BUILDING
SURFACE FOUNDATION

0 VERTICAL SV - WAVE

o INCLINED SV - WAVE 3G° FROM VERTICAL






O ol

D1

LR

8 o1

(8

.

LT

1'ERI0D SCC

) O

100

b8

- ¢ & v, = . - N
N
B
»
- v
32 :
= . - . R P
« e w— e — - wm - - s e i) @] mamwe Pt P st | e Ay - swa | e - Stee——-
[RPRNRNI Po N DERSURSPREDR PR, DI PR S
aarfoe o < - - [ e e - —— PRSI S,
=" - - — « - £ FY LR . A cuwum i wnsem AR = - - W
— —— e — - - - - o ] o~ - - - - - . - mm] e  mmeycemmave } wenv Jo cmew
U M o~ P _ - [ - R P ——
. x\\M
-—— - W - - -y = Pp—— — o~ - = - -m
(L]
«
z =
~ =
- - [+ 9
&3 —= 2
— b4 - ~O
— = - o —— —— - Hl'..[
— ® arn e s ef - - ==
| e e ear {eme N —
-y U
o > ——— e e [ ilth
- RS - - . m——
o 3 =
bl « a = e e — -~
. Qr L
T Nm w =i - . (R P
- 2> =
w =,
— - L Mvv o = PETN A o g o - - -
w = -
m @ w :
LR ™
w
(=]
(-] < »
JRUSSRANVN R - AN - “ -
— [+ - - T T sw e w b - - = - = - -~
— —— RO, © 3 . . \ .
p— ) Pt i . i RS I I R e
wwwww S . - - > - ew | meen R -
— o — N o | — g . - -
~
S F— S ERP — - —— -] « . -
-~
wl
-t e s ] s e e s o f e 3 v — = - N . . N .a
_ el
.
- N v— & w— | — o~ M — A ama s o ms - = ] romrmme @ o m mume - [iw s @ <o ovcue [ eme v o—
B -d
w v
w3y
x 3 .
> O
. I - -
- s
> H
o~ o “ e IS
- Pt © «w - o~ o - - @® o - - ~
8.¢ UFI2TDY LA LY ?
S MOWYY3T2TDY "YvBi2543 2473 NOMYE3IIITOV WBLD2NE
.
’ *

LI 'Y

«

o1

F REQUENCY CPS

140) - SURFACE FOUND. - VERTICAL SV

Aux. BLDG. (ELEV.

{SASST CASE ASC3)






PLIanD Sl

ol

(AR

10

K]

100

100

.
s s s e i e O gt § ot — — . - )
RN _— —
e e | e s °
———————— [ .
. S T e -
k .
.- » v——d v i .
- - - LY = e oy mmpe ) v — \ ~
@3
~
=
o
=z
oo O3 Q
-m e e
o e . v Jan -
e orvemrme fo w x ——— N ©
- - | —— \
U B - _— °
..... —— - — < >
<
PRUURIDENSI TR e ae— ] « 22
= Q2
—arae o m e fumm cwemamn 2 v § cma - e emime [ YM
2w
=
w
e s s | avme ram- o 2D
. n m .
[=]
c =
w =
o
b
(V]
S 2 3
- —————— - PRI Py f m—— - — - L
JUNARRTNIN, IO RN S — | » u
. x e e [omms e tora] rrwmm o ma o e e @ | e i | — ] -
PRI [P SISO SR (ORI RISV W \
s € | 4o e fons o e ] e o emamnm | e e —_
. @
v e o oo 4 e f o v s f —_ e -
.
\ =
x| —— - e w
) . bl
.
- - - ~
A
9=
o v
W
. <L
2 -t
- W
- L
-]
) o
- 3 0 ("] - ~ (=]
.
383 NCIL¥AINITIY Tsui03dE
-

®

PERIOD SEC

-
-
(-]

(]

(ML XT]

Pian -

- [PPSR J
— JOUNNEDOERS SR DU f—
[FURIEE N I, IR,
g _ e | ® - o ———— e ¢ | e——— ev—— = 8 R nd - - —
ee————— aw-zm | e e | oty e wm ammgms ] o B WA w e - - - —
— e e 3 fen m—— i o e—— 5o | — —
v———— v USSPV RU— PUNHEN S—, N
—— ey [ P T ——
=
[-%
N A SR W A S —" A — 3 —— e § w0 — — -, = - — vt o - - e
. 1==—T HHW
[ PN -
R S —
T \\Lv
- —
o
T B L et PP - SN S
o i
i -
PSRSINUNIN SNSRI I S, R P
—tamn e fo mxas -} emeeemn amafe e e a——
— - - o - e ) s i — N s
. \
© i —— v e e e o
T
——rnr -] o« [ - /S
\
RN PN DRI v vu el
PP W S—— - - — - - - - £ = .
. P SR
e T [ PO 4
- ot
.
~ [¢]
- - ] o~
-
+ 2
- - - - - Al
N ieTemAs L e, s
-« - - - - H

8 00

8y

é

H o

fIFOLN NCY.CI5

AUX. BLDG. (ELEV. 85) - SURFACE FOUND. - VERTICAL SV

ISASST CASE ASCR)






DCNGY et

a
Y R
v ,
- . Qo o
L Pp— ps4 .- T T
- - S—— mam e o e | e —— s S—— “» 2 - - —— e -
P wa v e Joa - « e m aa FRCRROSt I SRR NITSIS PR —— ———
— o w c e s - o e s ——— [ w e o warxs wse) e smma e lie——— i famy = - ———
. e . .- — - 0 - » > v moa P m i ot mremmet ] m— e e ——
PR RIS PR - . P e v e agem mim e < e faem e — a o
[
® i
- - me ~ - . Teehr s Thmm AV SPWES LE W TS WAMARAS PE A Gm e et et e §
.
- BN PP N DU P [ —— ———
- 1
l :
— ~ < wems . - e T A mmow e e — s w
»
(-] -ﬂv (&4
o =
& I =
a
b2 A - -]
ac <l ./\ll l-“
- o -3 - 1=
I P ol
= » s oan - o amn swo] e - - e R - [ =t SREERENASTNENE N
~ v oe s e | em———— Ny ———— e e o s e ] ®© PR 2 ees amnde s we . ——— v e o —
eia s - e | tem——— .m\lu —— - - e - ~
e o e | mea—— .,vn- R DO = ST T N : < ——
* . [ T T ST S S w e .
.\.V 1Y & AU-
[N N T P T NSRS IR (T [N - mamaw o -
- Nl oY ‘
2 .
- G,
et Joam cmmm fam T e »> o s mr o ® JUUII R S 7 S
Ry m - e — -
(4] =
lAulc\.\j w ¢ J
e - . e womaene famomm e o - ~ W a 3 — —— N — P P,
f
(| . o g i M
2 v @
[
L N o b4 =f.
- w - -
i e = x - - . - - - & [ cmmfimar  —rmecwn e e e o f we— pa= re A.aT am_wm - [P
- - --lo > « sa - aanvel o« ven mm mrm ol mi ose o wm w - - n m
- " w » - LN e BT = — - - -
. -
N W -~ le 2a 0w Focm wr e P PR el =
—_
- = . o mrm . “ mes. = .
-
- - = = —_— ew wor -
- = v
w
. . - N .o o - - - .
~— i
. . |
- : - - . < N g _ - B JRDDR P H .
P -
=17
.2
> J
20 .
| - - —
e = 2=
-~ e o ~ o
- am e o - 8 (-] - - w L - ~

<

3 S "TNOUYYITIOIY WHLI543 3-YS "NOILYYITI3DOY WWHLIDILS

«
. . -
-

8 100

6

FREQUENCY.CPS

10
ayx, BLDG. (ELEV. 140} - SURFACE FOUND. - 30 DEGREE SY

ot






B RG y

P
I e mm s ——a .
W mewer e PR - n—m
. - T e IR, -
M
-
@ J
i<
=3
a. \\n\
o
ars? ] .
. LIr= e
. A —
~ - - - w - —au . — ===
- PR . e s
- w - - = - EE 2 - -— ”“
A - - - e e e o« . \
- e . e s R
— - . - ——— =
I —
- ——ne Y - - W
— —
Ll 8 - f
- LEE T - - EXL XY — -y Smina e - -
ce s — femiae sum s fe e [ & RN -
. - oy oan - [ RTFUIEPRITNIN PRTURIPIPOIE (PPN S -~
ane PR RO UV [PUTE T SR, V.
”
PRI B —— PRV ST IRUVOUR I UL 4:
e nmrn e | v awmean] mmememem | o ——— s a e o] e
* \
— -— ———
.
. ¢ msie = - s nwf e mnm e ] ma ma e o | m——
M
.
.. -
AT o
- > &% « - -~

100

3

8 100

[]

10

B-C5 NOWMYYITIDOV VH1DI43

FREQUENCY.CPS

AUX. 3L0G. (ELEV. 85) - SURFACE FOUND, - 30 DEGREE SV

(CLASSE)

PZRINDD SFC

(48!

LA

10

s o emeawa

B m—— ————

7 % B s B T B T B D i L
s o eomem rofn cmar e ] o v m wamro] vene mereem o [ i e—— e | ———] - —]
s - armiem v wns mme ornman f o ma— a —
L e - wmgm Twwe emfa e D B TV PR
. m e - i - B e
» ) s = ey e am P
- - - - " e - - -——
- - —— —— - -
-
-
=
- IN *
NO
e mcam e a oo weslimy e s amam.
e e o P cafam ey e
—————— o ey n e -
e e =fs a s e {er——— -

m A ——

« s —

e L

- ——

— e che  w w r} eimim wen
was Sar a- e - ran P
——mm
. N B ERE .
- « aer = o=
-, , -
. . »om-
- e e - o
~ L2 4
- - & ™ - ~

2 1S THONVES 13DV WHLDILSG

& 00

6

sy

8 190

FREQUENCY CPS

AUX. BLDG, (ELEV. 85) - SURFACE FOUND. - 30 DEGREE SV

(SASSI CASE ASCR)






COMPARISONS BETWEEN CLASSI AND SASSI SOLUTIONS

CONTAINMENT + AUXILIARY BUILDING

SURFACE FOUNDATION

® \

0 VERTICAL SV - WAVE

0 INCLINED SV - WAVE 30° FROM VERTICAL







e
LI

PERIOL:

Ee 8 S - Q
s = of [————/.- —] RN =] =
- » .+ vvam e maw - —_] renmae P 4 % moesm cam o i mmicwe asewsf  ceom{ ©
. ——— o —— . e - m. woms swmeim asle m—— - _- PR N PR
EY- 3  ——— n - W W o = m - mevewre =y I"r =,
_Z S I Bl s
1
PSP S . NS -
ARSI IO I Y SN I B
K :
N PUNRTUIINS I ~ n—- _ el
2 o |
= ‘ = |
& — ! a ] .
. 2 . B :
NG - —T s = - = i !
o -
[ — = - ° [ S PR R
== ° HH- - vt —er  wmn R - - - ulm
= = [N PIRE [P Y . =i
4 © « -~ ] emes ey
3 - \F\.‘M\ > . e L — et e ml UC—
w ¢
——- - e . = 5 i ettt e § . v ¢ s e m W
R = Qe (4] - i
——— —— == »5 R RO B Y L
- Lo w .
T — ™ o . .
lhj W, c [ _
- o~ QM X B T S I Py, wemt wa P e L]
- w u I
M o “ o - —
. w2 -
- . i
ol o - -2 !
- e m——— - * o - - =2 - " :
- 113 R - — «C - A= smen W - - » CLLEIXR 2 lIIIl;nl'ln
- © = AT g w - -“ D 2
o - — " -_l ——ca - "&h aAr e mmsmen We-f§w -y .- W - ll-llll - -
e i = — o = - e | - °
» - »
. - “ . “ - . .
s -
— < e . I
w [ -
| -
e .
_— ~— - PO T O wed o
. .
-
=
n e wve wmmten | e— e s et rw e cme vy e o~ w — ERTTLE - - . %' K1}
I z + -
. [72)
L {5 N
< =i
. _ o O -
ol- e & .
i 5 <l <
-~ o - =« <
- - o
w o - ~ . 2 - @ - . - - o
ee 11y ... . - 5
3.5 "nNONYNIIIOIV WHLIILS SeX NGIINIININNY Tl JEe

FRCYUENCY.CPS

AUX, + CONT. (TOP OF INTERNAL) - SURFACE FOUND. - VERTICAL SV

(SASSI CASE ACS1)






H 0l

[1X]

™

oD HE

. 4 ®
.
.
-
2 ] —
-1 - - -~ ~ =
S ™ —— R - o « o pawa o | = mean s & T awEt e n epm e s T P I TR
——— -t £5% = ova 255 o me—— g © v e v w | e v man = [ T S [P »
fse et e § e e e - ermen B L LT Wiy R T T P -
R et S TSGR N S, o rrmm - PR - = > e - - P = s ome o= = - s
———— e .1 PR PR - P A v o= - m |- .
I f— - —— - . - . - . - = B
— — A stmimmte w - tome mmme ) — - — ~ - = v - i . -
u
-— L B g ~ S g rmem . - — 2 s - FIE A rmmme Jruaew ¢ = w F o wmm o] -aa -
S
g ) )
P .

DAXPING,

)

!

{

2

¥

:

i
DANPING

i

.

Y .

o
& \m av ]
- -
o - . o~ __ 1 =
o g .
- -y e - c ] - R - - - - Ead - -
[N, FURSNREN S -— VI © vamn mame | s .  eme Lo e Jan .. .. -
e N PPN SN . ce ce mene - e e A.m\ . .-
— -
(SR < e - - - PR PG e « o1
DU, W e e . . . R -} - - ..\u\\... N .
] -
i
—, +=
e ——— - PR - .. — AT T -
et e — o — - v e m ol . . Wl m— amaan - . s - vam - KI.V: am ) ot - e
- e = -

ot

10

wo

L3 S YOTR S

o et - - - - - s —— 2 wee oy e w - m. - - ] ng

PERICD-SEC.
L

W

FREQUENCY.CPS

BASE OF CONT.) - SURFACE FOUND. - VERTICAL SV
!
FREJUENCY.CFS

SURFAST FOUND. = VERTICAL SV

.
© ol. - SEm—— i 2
. v - - - - ¢ hemm—— - e e fam . o - . — v - . = ¢
\ ® puiigisowanst USIVERIROY onibaRRRUIY fates . . o -
SORERUE PRI [ N —— AN ORI PR PR - " .
\ -
rerr———— e | £ g ma— - -y . o A e s | - wr e .ll.vll/‘o- o - om - — v e - - w / Mw
A <
B e ] T TP TSnyEeiry USRS SR S PR W s RSP PEPURNNIEE N - USUR R —
z - L*9
.
- w
e} v e s =i, fog L ] [CUNNER NP SPINIRG, U B - - e v e
- » (V)
» 1} v
al e-e
- i Sy e § D iy ay ~ g} man -y — S o — - - . =e—- T s, § v w—— - e 'ﬁ £) 303
perd e
¥ . «
vN. ; [EX™)
- e—————— x & mmsas {Ae - w o m e “« wme 2 wlew v w=e € vl wommammns el o o R .t - e——— ——§ — . —y 5 - o wn
— @ e— - H [EIR
e - ' QU
. LY,
v e
. &£ v
> o3 >
. D0 . . WUA.
- — H
L. s° < - < &
~ o . =~ a - .
- p 0 < - ~ [-3 - - ¥ - - . vy

3-£5 "HOILYY3ITIIZOV WHLI343 A0 TTENUITY a0







1, T

G

e

Fé g o @

s Cr
P e b LT, L - < Cam= e = A an . - owa
oy —— ! @ - - o = o -
[gpy— — - “ - - - A - PR -
o m—— - © nmomw = la nms . a . -
[]
—— -an - m 0 . - . B - mms a «
. i | e .
1 .
i
i i
saa - B L L IERY T LR T T SR - [y S _ = wam- nfoan . =
]
o muvac wr fim ama a me e o cne. mar evm e 8 —— = [ ® - x .
s
© — 2
az —
= - )
i\l\\
- e Fid
ara? > = > ~o
o~ O © w = ————
.0.. [N} - - Fy— a - n -_— A e, - - - - v - —
o « u —— e — - P RV e IR RS
e e} N .
g e my i mcedma o f e - - casr | mm—— BN (5 PR,
nM.N ° =1 PR S [ I w.n,-li — s —
o
R ity R L e e aa 4 = erema Tt mmemm | v i m———
IA.\\-\ Latd n
<3
o [ —
- I‘O\A - ———— s @ o men f v e D i R ——ayt R e e |
b = ——

tamims emal e aa o e s - = [ RR———

i - © amm m— s T AT e .- .

FREQUENCY.CPS

RMAL) - SURFACE FOUND.

PERION SEC
[ XL
] 1)
1)
|
\
i
.
/\/\’/ V
]
! H

e
113
]

amed ve

h b =
2 \
o o e gamm——— . SSUSPREPUIIN SN, .
8 \
-
- - o
- / a =
S .
. 2
. U P ——— = - . - - - . a
.
: ’ =
B mcr - s 4 eee wEve e aia L T B ] LTl T Y Te iy pp———— | TP =3
€2 =
Py .
* v
.2
X ad
H ' S0 R
| _ . . - € — - -
N (2] ° : -~ (3]
= © « < . ~ o - - ] - - v o

€5 "NOIYYINZIDY el TEdn - TR AL R P

f 100

]

- 3C DEGREE SV

f xCQUENCY CPS

2rs2)

AUX. + CONT, {TOP CF INTERNAL) - SURFACE FOUND.
fezeer reg






L T )

LYW
»

L]

10

#:T3 "NOILVYIIZIDV WL 35:03

= T
p———— Sy —
U
re mome foeres o e
—u - H LS rmn A e rm el e e a @ e S e —— o —
:
H
R S
© 7
- =
=
- [+ 9
.
88
- ‘.V
M
-
—
=
‘I\
, —
J
-1 - nwmn
.
-
- — \
— - . |
S N : - Y FA
- - - - . L A F IR ol BT DT D Ul T R Sy, DY m— -
PRIV I RS M. S R A Y
X :
- — 1Y - - g - ——recmd = [P — - avm——— -
P L T NSRS IS — 4
SRR [T D (I VU S
.
.
) .
~N o
- . L% -~ < ~

109

8 100

6

3}

FREQUENCY.CPS

{BASE OF CONT.) - SURFACE FOUND. ~ 30 CEGREE sv’

AUX. + CONT.
(CLAsSIT)

-~

TERICD.SEC,

© f —— e i

| me——— i -

O}

- —— o

- —

D TR TR

—

— e & -

o = - ) e——— - = v———
*2e wee e PR . em  x w
s o= mim] rm st e ] mwmm—e s

2] v aw e an -

- e remem mam] e

- -
P L -
- ——
—— s | wen
- e -

- my e s -

-——— . —

— o ——

llllll - " saen = w- o own - mee ) emm cvenm] a ———
-

m—— e s o om o | PR, . aem .- axwanle wm - -
- - o= ~ m.,ll- - LT R - » - » M cwm mAafe emm
» m -

.
s
{ o
o
. ] R
o~ O
——— L -
vt e 2 Y PRI

N e ——n wmmy wmmf nm m omas e » - o -
T D T - > —
it wf s A - f e v o |- . . .

—— s = 2w mwe fravine v wm- -
- P - e
- = - ®
-
- - LU Y =
»
- 2 ow al v mena e
E
—
- €« -
- - “ - « 3 o
3,0 mm gae ATE e
<0 MOLYHTIANIY VI Ll

&

s

FREQUENCY-CPS

(BASE GF CORT.) - SURFACE FOUND. - 30 GCGREE SV

spean

+ CONT.

crcer ~rer

AUX,







Err g
M
| IO R |
[]
'
[ - )
_ - ‘l\llﬂv, T s —
5 |
x4 -]
. ~NO
sk —
o
4."‘\“
. - — Vs
, < .
PR I S S =.
L i —
e —=
el N
- p—— X
lllll ——— e e e} = \
e e I PN AU IS S ’/41
N F— R N _ /
PSRN SRR S ——— 4
i
<
: “ .
18! !
TN pad 'S o - ~ o
523 "HOILVEITIIOOY WHLI3IIS

& 1o

[

01

FREQUENCY.CPS
(ELEV. 140 OF AUX.) - SURFACE FOUND. - VERTICAL SV

.
=
=
[=
L~
—
+ v
v
* <C
o
20
<L v

-«

PERIOD-SEC,

T LU
L |
H

St

- o 0 — o —

P L TTY P

YRS ——

- mr e ®f e

-—— vonn y

. mw - a——

R s O

W s we e e

- e a—

e I T L TR CEPEN T -
R e B - cxa o 1
e on o nmm - cwnw fean v s mann - @ = -
fee mememra § o PR - an .« . = .~
] :
- ——— . aim- . - - osiw
.
H 1
—n ¢ as- s a ] ~ :
A m— e W - - -— & - e -
s s mes =
O
=
—
a
2.2
PR T [ —— ——
@ mers e s n e s sRe b pemrm wvew

(Y

H
o mve wenram onns bor av -e mome wmsmesmsf 0 n a s o o .
e mo o anand va ——- c§ - « [ . -
1 |
L T « m——— = . 1 -
4 1 . 1 - .
ELY -~ o - - = * Lo s # - - = - - 1 o
M
H — ¥ . .
- -n el » - S S e e e 3w 114 o P u S m e
! ! _ :
: ] ’ N
1 » H - - . = xes . )
- H
N H 1
-Ili -a s - b
! x -
| S ] .
1 N -
[y 2
B = 4 - emea = -y - .
. & H
—.
~ o
- - w0 - = 4 -2
-
0o e dsany mEgase, Vo,
PLAR-Y s -n.;—. PR —ma 3

FusQuULeCY CPS

+ CONT. (ELEV. 140 CF AUX.) - SURFACE FOUND. - VERTICAL SV’

—
—
w
L
<
ad
"
g
o
-
%

N
>¢ <€
230
&






Lz e

1)

;11

10

no

- [R5 - §
R l.l..ml — - e ba.
T m—
T L] - - - e - — A . 1
. )
S g
. = |
. ae Ar
- a] e
- — = =
— — _—N
— . - — \
_ —_—
i ~
- =
X =
- WA
i 3
AN
¢ \
. | \
. //
- ,
lu e w w - r o

3:-P3 "NGILVY31300V WHLD3dS

100

8 100

6

8

o1

FREQUENCY.CPS

L AUX. + CONT, {BASE OF AUX.) - SURFACE FOUND. VERTICAL SV

{CLASST)

"

PERIOD.SEC

A

ca e x may
L T

- = e waew

omss mrna -

— e 2w fae - [
«

[z )

=

=

&

oL

=]
[ B mer § o s s

cmawt A e

-—e

——— . 21—

. - -

e xea

Sma- et em

—-w lllttl4

-

o

» crmemm m et oy cme mwmed waws aeem
I ER e L
r—_— s« = - “ -
B - -
- - e
. -
. - . - -
«Q
- - w -« v (¥4
~

v T ROM

w431000Y W S0

FREQUENCY.CPS

- VERTICAL SV

AUX, + CONT. (BASE OF AUX.) - SURFACE FOUND.

(SASST CASE ACS))







PEINVO.

s,

<l

129
=

8 100

- ——

———— A - Gt—

N e Lt e Cm—— s Savover v v —

~— -

6

.-

8 100

—p

]

T

| mete o2 0 s e on

e w5 o 3§

- o -

—— i ® B

N

—— e m—

e L]

T ————ie mawma

e smame e

Awrm A Wi gem ms e wmm B @m g e o femm amer——tne s cfiie W -
S T2 s » - s Mermnansimsl s pw - mrne T s
v wemm s s we s A sewmay xwm - - Tam mmew e s
wm-, = a we- ¢ PT vofu - .  ——— -
o« cma “oe - e @ = baow s o
.
.
e - o . = o m fae e o R . e

" Pwasisams tas .. - - e e miem ambemrae = 4 smw
L 1

(2 =

-~ w L -4 - “~

3:25 "NCIIVYIIZIDOY WHLDIIS

FREQUENCY.CPS

AUX. + CONT. (ELEV. 140 OF AUX.) - SURFACE FQUND. - 30 DEGREE SV

{CLAsSI)

FERICGH <1C

" 4s mmeme) s e o Srems

S5~
- [l » M
2 = N . m - R ——
o] e as e ~H.”Aual.f v mn awn b e s ot } e -
— . e (NSRS S RN NS —
! i
e} tawn e = s mmmm et a s ) a
I (USNSUNVNONY [y [ PRI VR SIS U PR
.
S B vt -
I R » e nen marw ae
-
L I .

Py
- o~
-
<© ] ] 1
————— - v e emxfe % ommees sl o v Ll o s mcevmeme e o —————— !
v ———— . s agem— =x BN Mo PPV POUSIG—" |
aemnm ntesmemus g v pama a5 | aw ms om ceelmwie we ¢ ce ) e —— e s
TP TSP S P - - -
o o v 2w scemmrnen a ) - carmam sa feme s el x o —
s o3
e e L T 4 s s o Mo e s LTI = e ——r v 4 € 2 Sr— ]
-
T I Bl AR ETNET Y LT AT o e R LT et
s .
’
- Y mses m vmi s ] dsmam mw maman o o s wee e a mem aa ow
H ' »
. .
.
S ' J
. ! | S,
]
-3 . «
2 s e bnmwdm mmed e DN —— -
~
= 'me wr e w . N B t .
_ . »enea _ - - .- = _ - [
3 - - o ] P - . /
2L [l .
{ ~ p " b amrm—— e & wa - . N
“
. . . 1
» . - » rw am i ] ama -
H 1 [
- : 1
- S - - . . s »
H v - r
H .
: -
Ry : w mml T v sume e she . - [ .o e
. t .
. .
" . *
. ' )
frommrr = - s er mveof m v s & mmarar semen cfema 3z om oy ¥ ~ om +
i E M 4
. ] {
B | ! {
. i ' !
. | L |
- 8 H
"~ €
- - w - - ) o
LTS YRR I dadeAn s Jibas 21 -
SRNIVNSTLSOTS ST Lo

EINTA

<

8 100

[

¢

FREQUERCY.CPS

AUX. + COMT. (ELEY. 140 OF AUX.) - SURFACE FOUND. - 30 DEGREE SV

(SASSI CASE ACS?)



I



.

= T2 oe ey
.
T g pee— K 3 .- <
H ﬁl - o - v r—— 3 - - o —————— ge = even e Jiene v m a aeis ar ] v cmaemimme | 2 o ] e S
- - - fa et e o — o P —— - ~ m] maw emae - m - wrmm s Bfan-0 cJamas] @
[ .- - - - ———— ] e it e w ] i a bl i ) e e | f ]
C—— e e - - < cmim et e [mrew vm e e e wanasla mezv e, eln mm e enme Y S )
T e —— P T N [T [N U I .
I
e -4 A e e e ssom § avaess: w  smaflen s ¥ ewmponam] - Pmmar - - = . = - - O Y il R I K]
{ " 1
A ! [
= wes PR e U PN (PR P, . P T ¢ pm mea - . - [T Y [
< . -
. - - - * nmmr e m b mwemmweremecmc acsmmus wm ﬁ. rm— == - - - e o» 1 wene - - ~
. ] ] 4 .
o : J _ 2 J \
= 1 H - (] —
- Ve H o
a . - ¢ | :
5 _ : i 5 m
-1 N ~ S LV o - ~NOo : o -
- ? - - — -
< - 0w e e [ IS OIS S EPRIp— P et ISP NP p— = = © —— e wmes iw R W o 4 wia 1_ = £y B . s - —rw o taeam——] - >
- = - S e e A e — - N ae - © 74 — - - w “ . mun whms w ame - hw o aww R S P pe— (Y v
P PSSR, (. — s RN P, G S DR T S w
. w o
e amw w fe e ieavmei] o =] v testas | ammmes smieen f e i fimman s ce] RS e e e
» \- [T m
- — wm e - - an e - [V ] - | ————— % - —— - o— - L T N = - a e W e B e em— =
d o
NURNR N — N - g9 e DT oSN NI DU B -
(o] 2 - Q.
.f >~ ! -~ >
w » oma PRETPAY [P o —y — S 9 s memat | v w ] v e m——— 5 -
lw za =~ |- z 2
...I.j WW o w S
- « = arw s bem n s e ) cic e - co—— PR = ] I (SRR P U — 20
. - o2 3 o %
4 - W " - ¥ ow
- f 0w x O
] - [T
b Py
w . &
< >
- o 2 o 2
3 i
A TR e S e e e e =~ =l RS (T O .
ommmm—e foae Umm mmte mee oms sl cwa w— e - © - vw smsrmmfe semtn e s —
. e . . _ I SR U D -~ . RO (R N )
. > 1 w >
- - - .- mrce mua wesvm ) cm - rmrmmas ] = wrn - o = i v e w] [PPRRSIRNE S 2
- < .
- . . [ o d— e - [ [ W I T P T «
S P =
[ - win fers amms o hmuss o m—— sfew wm men amn ] s iara sen - i - T e—— w
- b H ) -
« . < 3
T I —_ - - e . s [ ‘e . @
. M o (M
. - -
: = =3
. R - ew ¢ mal v seman - n-l..lp.lu_ 'y M e & ¢ wfe s v P ——— =4
’ H O o~ - Lo
. . .
L bs - wr
.2 -
> o3 1. xx
- - DO ! - - x<
. > L - A —— P
B ) . S (2]
- - ey - < N o - - w - - ‘. o
- LRIR MOUVYIIIY WHIDHLS ) TUTHONMESITT T L,
L3 -«




-




SR RSN et Y e

R R T o Bae

- Data Package A Item #2 -,

ANALYSES OF RECORDED EARTHQUAKE DATA AND CORRELATION
WITH ANALYTICAL IODELS

1. Introduction

The available earthquake data recorded at the DCPP site have been
analyzed for the purpose of identify the dynamics characteristics of the
DCPP power block structures for correlation with the analytical que]s.
The dynamic characteristics planned to be identified from the data are:
(1) the SSI frequencies; (2) the amplitudes of the SSI response
amplification functions; and (3) the SSI effect on the structures.
However, due to low intensity levels of recorded earthquake motions and
wide variations in the site geology and topology of the free-field
recording stations and, thus, the recorded free-field ground motions, the
amplitudes of the SSI response amplification functions as well as the SSI

G effects on the structures cannot be reliably assessed. Consequently, the
analyses of recorded data in this study are only used to assess the SSI
frequencies of the DCPP power block structures.

-

2. Instrumentations

The specification of the recording sensors are prgvided in Table 1. The
locations and orientations of these sensors in Unit 1 and Unit 2
containment buildings, auxi]fany building, and turbine building, and
those in the free-field are shown in Figures 1 through 4, respectively.

3. Available Recorded Motions

The earthquake ground motions recorded at DCPP site used in this study

are shown in Table 2. As can be seen from this table, the peak

free-field horizontal accelerations of the five earthquake listed - Pt.

Sal, Coalinga, Pt. San Luis, Santa Maria, and St. Martin earthquakes,
@ are all of low level amplitude with none exceeding 0.02 g.
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The specific components of recorded earthquake motions available for this
study are summarized in Table 3. Those components that have been used in
the analysis are also identified in this table.

Data Analysis Techniques

In processing the recording data, two data analysis techniques have been
used to identify the SSI frequencies of DCPP power block structures.
These two analysis techniques are referred to as the "transfer function
(TF) technique" and the "response spectrum ratio (RSR) technique." The
schematic diagram of the TF and RSR techniques are shown in Figure 5.

As shown in Figure 5, a selected pair of recorded motions are first
preprocessed to remove the non-zero mean (i.e., zero-meaned) and then
smoothed at the beginning and the tail end of the time history using a
cosine-tapered function. These zero-meaned and smoothed (DS) motions are
then augmented with zeroes to.make 2N data points to suit the FFT
algorithm used for the data analysis.

In applying the transfer function technique, the pair of DS motions are
analyzed using the Bechtel DATAN code (Ref. 2). The smoothed transfer
function is computed using this code as the ratio of the amplitude of the
smoothed cross-power spectral density (CPSD) between the two selected DS
motions, to the smoothed power spectral density (PSD) of the DS motion
designated to be the input motion.

In applying the response spectral ratio technique, the 2% damping response
spectra of the two selected DS motions are generated, and their response
spectrum ratios are computed using the Bechtel MSPEC code (Ref. 1).:

StaffGrp 18 ) -2-
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Analysis Results

The results of analyses of the recorded data obtained from using the TF -
and RSR techniques are presented in Figures 6 through 19. In each of
these figures, the smoothed transfer function and the coherence function
computed from using DATAN, and the 2% damping response spectra and the
response spectfum ratio computed from using MSPEC are plotted for a
selected pair of recorded motions. The empirical SSI frequencies can be
jdentified from these figures as the frequencies corresponding to the
peaks of the transfer function and the response spectrum ratios.

The analysis results for the containment building are shown'in Figures 6

- through 10. In Figure 6, the transfer function of the motion at the

free-field (FF) to the motion of the containment at springline (CS)
obtained from the analytical model used in the Phase II study, and from
recorded motions are compared. The EW SSI frequency of the containment
shell can be clearly identified from the transfer functions show in Fig.
6 to be about 4 Hz. The NS and vertical SSI frequencies can similarly be
jdentified from Figures 7 and 8, respectively, to be about 4 Hz and 13
Hz. The analysis results for the internal structure using the recorded

- motions at top of internal (TI) and containment base (CB) are shown in

Figures 9 through 10. The EW and NS SSI frequencies for the internal
structures can be estimated from Figures 9 and 10, respectively, to be in
the range of 9 to 10 Hz.

The analysis resuits for the auxiliary building are shown in Figures 11
through 18. The analysis results in Figures 11 through 14 are based on
the recorded motions for the Pt. San Luis earthquake; and Figures 15

through 18 are based on recorded motions for the St. Martin earthquake.

Since all three recording sensors in the auxiliary building are located
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at Tow elevation of the building (E1. 100'), the recorded motions do not
provide as good a data base for analysis using the transfer function

. technique as those for the containment building. However, the analysis

results shown in Fjgurpé 11 through 18 using the recorded free-field
ground motions and the three recorded motions at E1. 100' of the
auxilfany building appear to give some indications that the horizontal
(EW and NS) SSI frequencies of the auxiliary bui]ding"are in the range of
about 7 to 9 Hz where the response spectral ratios show amplifications.

Due to the lack of available recorded data in the turbine building, the
identification of SSI frequencies is not-feasible. The analysis results
for the NS component of recorded motions at E1. 140' of turbine building
and the free-field ground motion near warehouse are shown in Figure 19.
As shown, the identification of any SSI frequency from the results cannot
be made. Efforts are being pursued to obtain additional recorded data in
the turbine building from the Pt. San Luis earthquake and the St. Martin
earthquake.

Empirical SSI Frequencies

Based on the results obtained to date from the analysis of the recorded
data of the low level earthquakes, preliminary conclusions on empirical
SSI frequencies that can be inferred from the low level earthquakes are
as follows: '

(1) the EW and NS fundamental SSI frequencies of the containment shell
are both about 4 Hz;

(2) the vertical SSI frequency of the containment shell is about 13 Hz;

(3)- the EW and NS SSI frequencies of the containment internal structure
are about 9 to 10 Hz;

‘
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(4) the EW and NS SSI frequencies of .the auxiliary building appear to be
in the range of 7 to 9 Hz, but these frequencies are not as
‘conclusive as those for the containment structure;

(5) due to limited recordea data available to date for the turbine

building, the SSI frequencies of the turbine building cannot yet be
identified.

' Cor}e1ation with Analytical Models

The empirical SSI frequencies that can reliably be inferred from the
analysis of recorded data are being used for correlation with the
frequencies obtained from 3-D analytical SSI‘modeIS“current1y under
development. The fundamental SSI frequency of the SSI model of the
containment shell sfructure has been shown to be in excellent agreepent
with the empirical frequency. The correlation of the analytical and the
empirical results for the internal structure is currently being
perfo}med. Due to the lack of a clear indication of the empirical
frequencies for the auxiliary building, the correlation with the -
analytical model for the building is expected to be more difficult. A
correlation of analytical and empirical frequencies of the turbine
building is currently not feasible. Whether a correlation can ever be
made for the turbine building will depend on the reliability of
additional recorded data that are being pursued for this building.

References,

(1) Bechtel Power Corporation," CE789 (MSPEC) - Computing and Plotting
Response Spectra," Computer Program User/Theoretical/Verification
Manual, Revision.1, July 1984.

(2) Bechtel Power Corporation," CE928 (DATAN) - Probabilistic Data-
Analysis," User Manual, Revision 1, June 1984,
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SENSOR SPECISICATION CHART»

Sensor Locotion Qrientation
Type Channel (See Notes 3 umd 4)
DCS-  (See No.
Deck  Note (See  Mox Elev.
Nos. 1) Note?) G (f1) Unit Description Chl Ch2 Ch3
TR i &9 I Outside Conteinment - Base, Bosic (SMA J) System & Trligger (See Note 5) 180 210 Vert
TR 3 303.5 1| Top of Contoinment, Basic (SMA 3) System (See Note 5) 180 270 Vert
TR ! 64 1,2 Aux, Building (1)) - (18), Bosic (SMA 3) System (SeeNote 5) 180 270 Verl
-1 TR ! a9 1 Outside Contoinmen! - Bose, NW Sector Vert 118 8
1.2 IR I 89 1 Outside Containment - Base - NE Sector Vert 240 150
2-4  Single 3 1 9l 1  Conloinment - Near Reoctor, Belween SG -3 ond SG 1-4 -- -- Vert
13 TR 2 140 | Contoinment - Operating Deck, Near Steam Generotor No. 1-1 Vert 180 90
-4 TR 2 140 | Conloinment - Operating Deck, Near Steom Generator No. -3 Vert 0 210
2-4 8 1&2 2 40 1 Contoinment - Operating Deck, Annulus-South (See Note 6) 90 180 See Deck 24
3-1 8 142 2 140 I Contoinment - Operaling Deck, Annulus-West 180 90 Blonk
2.2 . IR 3 231 I Containment Liner, Dome Springline - NE Sector Vert 60 330
23 IR 3 231 1| Contuinment Liner, Dome Springline - S Sector Vert 180 90
3.2 LiE} 3 23 I Containment Liner, Dome Springtine -~ NW Seclor Vert 300 210
4-3 8 1842 i 8% 2 Ouiside Contolnment - Bose, N Sectlor Vert 90  See Deck 4-3
’ ond 44
4-4 8 142 | 89 2 Outside Contoinment - Bose, SE Sector Vert 200  Seel );-f‘l:!lo.‘)
o {]
5-1 8 142 ] a9 2 Outside Conlainment - Base, SW Sector - Trigger "A” Vert 320 Blonk
3-3 R ! 100 Aux. Bldg. - (Fuel Hondling), Between SPT Fuel Pool & HVAC Filter Room Vert 0 210
3-4 TR 1 -100 1,2 Aux.Bldg. (H) - (18), Woll Next 1o Stairs - W End Vert. 210 180
4.} m I 100 1,2 Aux.Bldg. (V) - (18), E end next to liquid holdup tonks - Trigger "B" Vert 90 0
5-3 TR | ~= == FreeField, Neor Reservoir Vert ! 27
5-2 TR | 85 1  Turbine Bullding, N End, Switch Geor Room Vert 0 270
ia B 3 I 140 1 Turbine Bullding, N End, Turbine Deck . - D
4.2 IR 1 85 2 Turbine Building, S End, Stairs Vert 180 0
2-1 IR ! 89 ! Outside Containment Base, S Sector Vert 0 270
6-1 TR t == «= FreeField, Near Warehouse {See Note 7) Ver! 176 A6
5-4 R 1 -- == FreeField, Near Meteorological Tower Vert B4 354

*See lollowing puqe for 1oble notes,
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Earthquake

. Point Sal

Coalinga

Saint Martin
Santa Maria

Pt. San Luis
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TABLE 2

EARTHQUAKE GROUND MOTIONS RECORDED AT DCPP SITE

Date

5/28/80
5/02/83
6/29/83
6/20/84
11/12/84

Local
Magnitude (M)

Epicenter
Distance (KM)

Peak Free-Field
Focal Horizontal Ground
Depth (KM) Acceleration (g)

4.6
6.7
5.4
4.3
2.4

30
110
85
30

6.0 .012
8.4 .014
- .023 .
9.4 .01
4.9 o .027






TABLE 3
RECORDED MOTIONS
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= Available, N/A = Not Available, * = Used in the analysis.

Notes: v

®
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TABLE 3

RECORDED MOTIGONS (Cont'd)

" EARTHQUAKE
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[~ 4 m . . s oy f o= = 1 a e 1 O <2
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0 el L osw |l T wn 120 WS swunicPol © %
w Pl © o x| S 1 30 [XO QU1 OV | VO
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Available, N/A = Not Available, * = Used in the analysis.

v

Notes:

®
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FIGURE 5
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—_ Data Package A Item #3 -

MODELS FOR GENERAL CHARACTERIZATION
OF SPATIAL INCOHERENCY

. COVARIANCE MODELS

0 LOH (ONE- AND TWO-PARAMETER MODELS)

0 HARADA (ONE-PARAMETER MODEL)

- 2. COHERENCY MODELS

0 LOH (ONE- AND TWO-PARAMETER MODELS)
0 HARICHANDRAN AND VANMARCKE (FIVE-PARAMETER MODEL)

0 LUCO AND WONG (ONE-PARAMETER MODEL)
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COHERENCY MODELS

sgmn (.)-(-, N)'-'"ngn (3, w) 'Y(.)-(., w) exp( -i W—X_] /Vn)

mn=1, 2, 3
LOH MODEL (REF. 11)
exp (-aqix1)
(1o 1X|+o 1X12)exp(- o IX1)
¥ (X, 0) = exp[-(@%)2]

exp[=(*14329) IX1 ]
COefficiegts:- G1 and ¢2

HARICHANDRAN AND VANMARCKE (REF. 5)

Y(X,w) = A exp E-;?(?m (I-AmA)]

+(1-A)exp |- ZX_  (1-A+cA)
e(w)

where C 1

o(w) = k[}#(%)b]-ﬁ
] o1/,
“COefficients: A, o, k, Y% and b
LUCO AND WONG (REF. 12) |
| v (z,w)=exp[-’(w|zn2]
Coefficient: Y«

StaffGrp 19
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IMPLEMENTATION OF SPATIAL INCOHERENCY
OF GROUWD MOTIONS FOR SSI ANALYSIS

DETERMINISTIC APPROACH - USING CLASSI CODE

PROBABILISTIC APPROACH -.USING PROSPEC AND CLASSI CODES

-

R Yolanca S <0 P
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FIGURE 1

SCHEMATIC DIAGRAM OF PROBABILISTIC APPROACH FOR
INCORPORATING INCOHERENT GROUND MOTIONS
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STRUCTURAL RESPONSES POWER DENSITY
DENSITY Su (w)s AND

FLOOR RESPONSE SPECTRUM

FLOW DIAGRAM OF PROBABILISTIC APPROACH
USING PROSPEC AND CLASSI CODES FOR
INCORPORATING INCOHERENT GROUND MOTIONS
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FOUNDATION SUBREGIONS






COVARIANCE MATRIX

-
i el el Jo — = 1N
(b - - (s s8]~ 8]
N | l I
N N I | !
ii ij iN
[S&,}m ]- _[Sgn%n ]‘ - "[ Sgmn J
o (3x3) {3x3) |
[s,6-5h0] - AN
(3Nx3N) SYMMETRICAL N .'. .I
[SJJ ]‘___'SJN” ]
gmn |~ =} Sgmn
(3x3)° N\ |
N
|
[ NN
Sqmn |

Luco and Mita assumed the following form of covariance function §;§n between
subregions i ‘and j:

Ss}rgn = Sg;rgn q.’?i"’?jl,w) ngn (3,«3) exp [-(Ywﬂﬁ-'j(‘j])Zl;

1,2, 3;4,5=1,2...., N

m’n

where, Sgmn (0,0) PSD (m=n) or CPSD (m#n) of the free-field ground motion

at a reference point

<
i

dimensionless spatial incoherence parameter

2=
u

number of foundation subregions

S=avfGrp 19
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Schematic Diagram of the Approach Adopted in the Computer Program PROSPEC







VALIDATION OF ANALYSIS METHODOLOGY

?

PROBABILISTIC APPROACH FOR SSI ANALYSIS DUE TO INCOHERENCY
WILL BE BENCHMARKING AGAINST ANALYTICAL SOLUTIONS BY LUCO
AND MITA (REF. 13) ”

VALIDITY OF PROSPEC COMPUTATIONAL PROCEDURE FOR GENERATING
PROBABILISTIC FLOOR RESPONSE SPECTRUM HAS BEEN DEMONSTRATED

IN REF. 8







ASSESSMENT OF SSI' RESPONSES
DUE TO SPATIAL INCOHERENCY

COMPUTE THE "RESPONSE SPECTRUM RATIO" AS THE RATIO OF THE
SPECTRAL VALUE OF THE SSI RESPONSE -DUE TO INCOHERENT
GROUND MOTIONS TO THE SPECTRAL VALUE OF THE CORRESPONDING
RESPONSE DUE TO COHERENT GROUND MOTIONS

© USE THE RESPONSE SPECTRUM RATIO, IN CONJUNCTION WITH

ENGINEERING JUDGMENT, TO ASSESS THE EFFECTS OF THE
INCOHERENT GROUND MOTION INPUT ON THE VARIABILITY OF SSI-

RESPONSE







Data Package A Item #4

NONLINEAR SSI ANALYSIS
FOR

" BASE .UPLIFTING
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WINKLER DISTRIBUTED SPRING

4
w >

k? =5- 1 Iz = =

'VERTICAL RESISTANCE FORCE

4s)
i

s ) D
j p(x)(2y)dx - w
o

¢
o

D
2k, R [ D¢b(1 - x/D)J/l-(x/R -l)zdx -w

OVERTURNING RESISTAHCE MOMENT

D

(

J P (x) (R-x) (2y)dx
o.

MS

(D
2k,R | Doy (1-x/D) (R-x)/1~(x/R - 1)? ax

o

]







where

, 2K ¢ . )
s'. &b - -
p° = = [fl(r) 2rfo(r)l W
s -
M° = Kéeb ;[fz(r) - erlfr)L
23
fo (r) = hz- 1-52 ds
-1
r
£,(r) = % j s/ 1-s% as
. A |
8 (* -
£,(r) = & I s{/ 1-s? as
-1
v 1. fT 2.1 . -1
fo(F) =3 + T l1-r™ + T sin “r
vy = =4/ 2.3 |
fl(r)—-ﬁ (1-x%)
f(r)=f(‘r)+-§rf(r)
2 o 2 1
s-=‘X/§d-l -1 <s <1
r=p/R-1 -lgrsl






TANGEWT STIFFNESSES

s ) r-4x,¢ K, \

dp = £, (r) 7 £, () dy,,
) = ?
2K K, £,(r) d¢
s 5 $ ~2 b
WHICH REDUCES TO

ap® _ ifé dyy

] R when r = + 1.
am Ky déy, NO UPLIFT

HODIFICATION TO THE TANGENT STIFFNESS

s -
d K d
[ P } Koy Kyo ¥y
S
dn ‘ Kys Koo d¢y

where
x; 4K, (
K = ( [] “) 2 f r)
Yy + K R °
Ke ¥ %y
, 2K
K = K ii £, (r)
ye Ky, + K; K
1 [21(9 2
K¢¢ - K;fz(r) - ) R fl(r)]

[] + Kll
® i
" .
KY — 4K.

= —fy (), -1l€r<l
22
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DANPIG FORCE AND MOMEWT AT UPLIFTED POSITION
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Lumped mass model of the P.W.R. containment
and internal structures
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ODIFICATIONS TO UPLIFT ANALYSIS METHOD F
FOR_DCPP-LTSP_APPLICATION:

|. MODIFY THE NONLINEAR CONSTITUTIVE EQUATIONS TO INCLUDE
THE EFFECT OF EMBEDMENT

2. MODIFY THE DAMPING MATRIX TO INCLUDE THE ADDED ENERGY

DISSIPATION DUE TO IMEACT RESULTING FROM CLOSING OF GAP
AFTER UPLIFT







SIS/ ' Q\V/\\//\\/A\//

7/
2 ‘Aﬁézzc,->//“f*>u4«>A7\>4héAn~

Configuration of An Embedded Foundation

Static Soil
Pressure due to
Dead Load

resulted from seismic

y , ;;7 Dynamic Soil Pressure
rocking moment

Resultant Soil Presswu
r\ + for resisting dead
.T. load and seismic rock’
4 moment
\\+
Schematic Soil Pressure Diagram for an dplifted

Embedded Foundation
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ASSESSMENT OF EFFECT OF UPLIFT ON SSI RESPONSE

. . LINEAR (WITHOUT UPLIFT) AND NONLINEAR (WITH UPLIFT)

ANALYSES WILL BOTH BE PERFORMED

RESPONSE RATIOS OF THE NONLINEAR RESPONSES TO THE LINEAR
RESPONSES WILL BE DEVELOPED

RESPONSE RATIOS WILL BE APPLIED TO THE CLASSI/SASSI
LINEAR RESPONSES TO ASSES THE EFFECT OF UPLIFT ON SSI
RESPONSES IN CONJUNCTION WITH ENGINEERING JUDGMENT
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FIXED-BASE CONTAINMENT STRUCTURAL MODEL
AND MODAL PROPERTIES
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STRUCTURE
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Containment and Internal Structure Model
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'® '
. PROPERTIES OF THE STRUCTURAL MODELS OF
. THE CONTAINMENT BUILDING AND INTERNALS

Joint Properties Member Properties
Location : . Moment of
Mass Height between Area Shear Area Inertga
No. (kips) Joint No. (ft2) (£t2) x 106 (ft4)
1 2421.44
1 to 2 19 560 0.494
2 3815.70 .
2 to3 1119 560 1.604
3 4169.90
C 3to4 1412 706 3.260
4 . 6417.46 O o “ ‘
N 4tob 1656 828 4,280
5 6407.80 T
A 5¢to6
6. 6388.48 1
N 6to7
-7 6481.86 M
E 7 to8
8 5924.80 N
T 8to9
O 9 5393.50
9 to 10
10 - (BASE)
1 1172 1.720 (E-W)
N 10 to 11 2013
T 1192 1.913 (N-S)
11 13647.0 E
R 816 1.785 (E-W)
2 11 to 12 1991
1372 . 2,036 (N-
12 16903.0 L (N-5) J
Note:

2.04x105 ksf

5.1x105 ksf g,
2.61x10% ksf

Modulus of Elasticity: Containment E¢
: 6.5x105 ksf_ G

Internal 2]

StaffGrp 23
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A.

B.

StaffGrp 23

CONTAINMENT STRUCTURE

FIXED-BASE MODAL PROPERTIES

MODE
NO

BNy =

FREQUENCY
(cps)

4.7
13.2
13.9
24.9
34.4

INTERNAL STRUCTURE

MODE

NO

FREQUENCY
(cps)

13.9
15.6
33.5

MODAL_MASS
X OR Y Ra
1116 -
- 1233
235 -
64 -
28 -
MODAL MASS
X Y 1z
886 - -
- 87 -
- - 864






B Ll
.8
S

v -
-
.

£ R R R e

= Data Package B Item #2 -

"CLASSI" SURFACE-SUPPORTED
FOUNDATION MODEL AND IMPEDANCES
FOR THE CONTAINMENT







PLEASE REPLACE DATA PACKAGE B, ITEMS #2 AND #3 WITH THE ATTACHED PAGES.
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— Data Package B Item #3 -

"SASSI" SURFACE-SUPPORTED AND
EMBEDDED FOUNDATION MODEL AND
IMPEDANCES FOR THE CONTAINMENT
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“SASSI" SURFACE-SUPPORTED AND
EMBEDDED FOUNDATION MODEL AND
IMPEDANCES FOR THE CONTAINMENT
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g Data Package B Item #4 ‘ -—

®

LISTING OF THE HOSGRI TIME HISTORY USED
IN LTSP-SSI PARAMETRIC STUDIES
FOR THE CONTAINMENT STRUCTURE
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.006284
.164340
« .aw232876
8887

. @6949
-.074452
.125740
.022840
.014351
.120070
.196790
-.221480
-.198500
-.023223
.003698
.328350
.145830
-.185850
-.054362
-.019554
.343690

.355890 .

.060406
-.019043
-.219140
-.173160

.311760

.024335
(ﬁ9707

8408
-.108390
-.173900
-.035743

.161080

.224780
-.069628

.174850

197520

.051886
-.133190
-.158430

121900
-.117940

.015826

.263910
-.043759
-.024578

.224450
-.100590
~-.248800
-.018784

.250850

.241390
4660

o
@6732

2950430
.385340
.120470
.262420

7960 °

.065468
.087535
.012915
+108270
-.079754
-.001676
135090
-.036574
.028920
122400
172110
-.202400
-.219650
.030029
.045529
.310630
.074515
-.094959
-.157420
.073841
.282910
.407570
.078030
-.031720
-.152860
-.068688
.264050
.048869
.157810
.089132
-.014509
-.097726
-.215250
.007575
.133030
.236850
-.040598
.141320
.216550
.093208
-.187380
-.131130
.113580
-.179860
107150
.176740
. 005690
.063780
.204320
-.055067
-.139270
-.057969
.268380
.329020
.047394
.080847
.321660
310430
.158200
.214810

.044507 -.017043 -.038916 -.015208
-.003680 -.055911 -.042699
-.030960 -.044813 -.034736

.120110
.121400
.098288
.034980
.021546
.013255
.097742

.139160 -

.239700
.221730
. 083595
.042238
.208520
. 059777
. 089457
.190820
.053746
.175490
.436350
.023010
.104630
.068778
.000420
.163900
.004833
.191910
.054400
.057192
-.194900
-.198610
-.019607

.069604

.222200
-.042502

.111120

.228780

.087280
-.342630
-.072803

.016243
-.153370

.125610

.019916
-.006517

.085700

.128770
~-.026621
-.127160
-.169030
.258320
.327610
.014728
.171880
.251700
.290630
.141250

.028271
-.095582
114420
-.034410
.083242
-.093788
.106590

~-.376950
-.198300
.103830
.049156
.097143
.033645
-.190180

-.109840°

-.090578
.154840
.365850

-.047808

-.138050

-.135840
.020110
.093172

-.021717
.076398
.107970

-.022444

-.288910

-.164430

-.027590
.019311
.216760

-.103230
144970
.182410

-.003056

-.387090

-.052446

-.128780

-.039232

-.017820

-.054846

-.089964
.077072
109790

-.202220

-.179080

-.229980
.276150
.218740

-.075970
.171060
.210220
.284170
.034421

.131010

-.083847
-.018897
» »000019
.043790
.039641
-.138760

.121150
~.044894

- .077853
-.468050
-.137470
.083829
.053891
.113870
-.088185
-.240510
.001936
-.208540
142110
.252800
-.124740
-.152520
-.285090
-.002738
.040948
-.035714
-.036390
.168930
-.186530
-.204850
-.211450
-.040541
.010487
154250
-.156380
.206880
.128600
-.060509
-.368740
-.032414
-.290650
.098250
-.172210
-.118730
-.161070
.033073
.075529

'=.362590

-.262120

-.128820"

.202340
.086503
-.086279
. 082996
.300080
.181210
-.006536

.008817
-.039956
-.131590
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IDENTIFICATION OF WAVE TYPES, DIRECTIONS, AND VELOCITIES
USING SMART~1 STRONG MOTION ARRAY DATA
C. H. Loh (I) .
J. Penzien (II) ' K
Presenting Author: C. H. Loh

"

SUMMARY

Presented in this paper is a method for identifying wave types, direc-
tions, and velocities contained in strong earthquake ground motions. After
transforming the motions into components along their principal axes, use is
made of a principal variance ratio R(f), defined as the ratio of the minor
principal variance to the major principal variance for those components of !
motion within frequency band Af centered on frequency fo. At those frequen-
cies where:R(f) has very low values, single wave types dominate the motions.
Using directions of principal axes and phase lag information, wave types,
directions, and velocities are identified. L

’ INTRODUCTION

At a meeting in Hawaii during May 1978, the need for strong earthquake
. . ground motion arrays was discussed and plans were developed for promoting
. such arrays in many locations on a'world-wide basis (Ref. 1). One site

selected at the workshop as having high potential for frequently experiencing
future strong motions was north-eastern Taiwan. Responding to the great need,
a strong motion array was installed in this area in the town of Lotung in the
fall of 1980 under the joint effort of the Academia Sinica in Taiwan and the

University of California, Berkeley, with financial support provided by the

National Science Council and the National Science Foundation (Ref. 2).

The strong-motion array in Lotung, called SMART-1l, is a two-dimensional
. surface array consisting of a center station CO0 and three concentric circles !
(inner I, middle M, and outer 0) each having 12 stations with radii of 200
' meters, 1 km, and 2 km, respectively, as shown in Fig. 1. This arrangement of
37 stations was selected to optimize the expected information to be obtained
from both the engineering and seismological points of view. The instruments
in this array record digitally with a common time base accurate to 1 milli- )
second over a duration.which includes 2.5 seconds of pre-trigger memory.
Fortunately, many earthquakes have triggered the array since the installation
providing a wealth of strong ground motion data.

It is the purpose of this paper to present selected results of a single
study carried out using SMART-1 data in which a promising method for identi-
fying wave types, directions, and velocities was developed. Due to space

- limitations, application of the method herein is restricted to a limited ]
‘ nunber of motions recorded during the earthquake of January 29, 1981 (Event 5);

(1) Associate Professor of Civil Engineering, National Central Universtiy, .
Taipei, Taiwan, China -

(1I1) Professor of Structural Engineering, University of California, Berkeley, .
Califormia, U.S.A. . . .
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see Ref. 2.

In an attempt to identify wave types, directions, and velocities produced
by the earthquake of January 29, 1981 (Event 5), let us first examine the

This earthquake was centered 30 km S26°E of the center of the
array. 1Its focal depth was 11 km and ics Richter magnitude calculated locally
by the.Institute of Earth Sciences in Taipei was 6.9.

CROSS CORRELATIONS AND PRINCIPAL DIRECTIONS

cross correlation coefficient given by -

where

and where x4(t) and x
x—d‘reccion (East-Wes

Using to = 50.3 sec and AT = 7,0 sec so as to include the significant
high intensity portions of the motions recorded at all stations in the time
wvindow of Eq. (2), cross correlation coefficients were genera:ed over the
range 0<1<3 sec for many station pairs.
plots ¢f these coefficients against time lag T are-not characteristic of those
produced by pairs of motions dominated by a single travelling wave.
shapes and low values of cross correlation suggest the simultaneous presence
of multiple waves travelling in different directions with different velocities.
Selecting the maximum cross correlation coefficient on each plot, one can
examine the relationship between maximum cross correlation and distance (true
distance; not projected distance) as shown in Fig, 3.
exponential curve was derived by a least squares fitting of the data points
shown. The rapid loss of maximum cross correlation with distance supports
the above suggestion that multiple waves having different wave velocities and
directions are simultaneously present at all stationms.
this observation, it was concluded that resolution of the motions into their
frequency components and into their principal-directions was required before
identification of wave types, directions, and velocities could be made possible.

Following along these lines, let us transform the x and y recorded
components of horizontal ground motion at a point into their X and ¥ components

RiI(T)

’/Rii(O) njj(o)

¢ +52

xi(t)

(t) are the recorded acceleration time-histories in the
) at stations i and j, respectively;
Eq. (2), AT is a time window centered on time ty, and T is a time lag.

the ground motions at these stations were produced primarily by a single
travelling wave, then the above cross correlation coefficient, which can range
from +1 to ~1, would show high correlation for T equal to the time required

for the wave to travel between the two stations.
course, depend upon the direction of.wave propagation as well as wave velocity.

in accordance with Fig. 2; thus,

xft) = x(t) cosd + y(t) sind
y(t)= -x(t) sind + y(t) cosd

192

%, (e+1) dt

see Fig. 2.

This value of T would, of

It is pertinent to point out that the

In this figure, the

As a consequence of

[T
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Xext, using time and frequency dorain windows, the Fourier transforms of these
new components are calculated using relations of the type

t + %1 .
Ai(f) = S AT X(t) exp(-12nfr)de %)
o 2
x(t) = f Af Ai(f) exp(i2nfr) df + J Af Ai(f) exp(i2nft) df (5)
-f -3= £ - 2% ,
o 2 o 2

vwhere window lengths AT and Af are centered on time ty and frequency f,,
respectively. : .

The direction of maximum intensity as a function of frequency £, can be
obtained by maximizing the variance function

Ry g, (7=0,8) = R (0) cos’6 + R (0) sin’d + 2R (0) cosd sing  (6)

1% X%y Y4¥4 171
with respect to ¢ giving (Refs. 3,4,5)
2R, (0) :
¢ (£) =3 tan”t 1 (7
ot5o? 7 2 R, (0 - K __(0)
1% Y1Y4

Angle ¢o(£,) in Eq..(7) denotes two principal directions which are 90° apart;
one being the major principal direction, the other the minor principal
direction. The “corresponding principal variances will be denoted by Rx1xi(f°)

and RYiYi(fO)’ respectively.
PRINCIPAL VARIANCE RATIO

Let us now define a principal variance ratio as given by

R(£) = 5, (8)
° Rz &, £) 3
which varies over the range O<R<l. If we examine the motion at station i for
discrete values of f,, consistent with the discrete frequencies of the Fast
Fourler Transform (FFT) method used in evaluating Eqs. (4) and (5), we find the
following results: (1) When R(fp)=1, there are no principal directions because
the harmonic motion at frequency fo moves along a circular path at constant
angular velocity 2wf, as shown in Fig. 4; i.e., the motion is equivalent to two
resultant harmonics in orthogonal directions having equal amplitudes but being
90° out-~of-phase, (2) When O<R(fg5)<1, principal directions do exist with the,
motion being along an ellipse; i.e., the motion is equivalent to two resultant
harmonics in orthogonal directions with different amplitudes and they are 90°
out-of-phase, and (3) When R(£fy)=0, principal directions exist but the motion
is atong a straight line; {.e., a pure harmonic exists. For R(fy)>0, the two
orthogonal waves could be made up of the superposition of multiple waves moving
in different:directions, Thus, in che‘inCeresc of identifying wave types,
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directions, and velocities, attention should be concentrated on those discrete
frequencies having low values of R(fp). Fortunately for the SMART-1 data

R analyzed, these frequencies represent frequencies of high energy transmission
as will be shown subsequently.

Eﬁ Y Figure 5 shows plots of the major principal variance Ry ;1(f°), the

i principal variance ratio R(f,), and the dominant (or major principal) direction
¢o0(fo) for the horizontal ground motions recorded at stations C00, I03, and 106.
It is significant to note that at frequencies f3, £2, f3, and f;, representing
high intensity motions, i.e., high major principal variances, the corresponding
principal variance ratios are low indicating dominant wave transmissions in the
neighborhood of these frequencies. Note that the dominant directions are near-
ly toward the epicenter for frequencies fj and f2 but are much closer to the
normal direction for frequencies £3 and f;. If the dominant waves are propa-
gating in the general direction away from the epicenter, this observation
suggests that Rayleigh waves are the primary source of energy transmission for
frequencies less than about 2.5 Hz and that shear waves (SH waves; perhaps in
part Love waves) are the primary source of energy transmission for frequencies
from 2.5 Hz to about 6 Hz, Above these frequencies, the directions of propa-
gation are quite variable,
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v Let us now examine in further detail the dominant directions of motions at

i frequencies £} = 1,17 Hz and £3 = 2.85 Hz for many stations in addition to -

: stations C00, 103, and 106 represented in Fig, 5. As suggested above, the

dominant ground motions at these frequencies seem to be caused primarily by -

. Rayleigh and shear (SH) waves, respectively. Figures 6 and 7 show the dominant

.- HMHE * direction at frequencies 1.17 Hz and 2.85 Hz, respectively, at many stations -
~ ER TR as given by Eq. (7). The average dominant direction ¢o over the array is also

‘ shown in these figures. Note that the average dominant direction in Fig. 6 is

. reasonable clogse to the epicentral direction while the average dominant -’ -

direction in Fig. 7 is close to the normal direction.
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We may now use these two average dominant directions to generate corres-
ponding functions A
T
t + 5=
o 2
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H 1j co-_z_. J

Lot

et 818+ GO WA, TS e e £ AT S 008 &+ o I A e oY @ gl
o nretrrs

.
Mr e g

-

for ground motions recorded at many station pairs across the array. Noting the
maximum cross correlation for eachstation pailr over the entire range of T and
the corresponding relative distance between stations as projected on the average
dominant axis, valuable plots can-be obtained as shown in Fig. 8. Each data
point represents a station pair. The upper plot in Fig. 8 is for fy equal to
1.17 Hz while the lower plot is for f, equal to 2.85 Hz. Straight lines fitted
by least squares yield wave velocities (inverse values of the line slopes) equal
to 2.4 km/sec and 5.3 km/sec for the Rayleigh and shear wave velocities,
respectively.
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Because a2 uniform elastic half space transmits Rayleigh waves at a velocity
equal to 0.9 times the shear wave velocity, an explanation is needed of the
mixture in the same time window of SH waves with local velocity of 5.3 km/sec
and Rayleigh waves with velocities of 2.4 km/sec. The usual seismological
interpretation of this large difference in local apparent velocities -is that
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the SH waves are associated with longer travel paths from the earthquake source
to the array in the vicinity of which the SH wave fronts move steeply upwards
through the sofl. Thus, the apparent shear wave velocity is largely controlled
by the more rigid, deeper rocks in the crust. On the other hand, the Rayleigh
waves develop near the surface between the source and the array so that their
wave velocities are largely controlled by the shallower less stiff materials.

According to this explanation the vertical components of ground motion
in the time window studied should be significant in the frequency range of the
Rayleigh waves but relatively insignificant in the frequency range of the
transverse shear waves described above. This prediction was tested by comput-
ing the three~dimensional particle motions as a function of frequency fo,. The
results show that the particle orbits agree well with the above prediction;
i.e., significant vertical displacements are present in the frequency band
0.25 to 1.5 Hz, but relatively small vertical displacements are present in
the frequency band 2.5 ~ 3.1 Hz, .

CONCLUDING STATEMENT

Although further verification is needed, the method presented herein for
identifying wave types, directions, and velocities making use of major
principal variances and directions and a principal variance ratio shows con-
siderable promise. Since generating the above results, the “authors have r
generalized the method to a consistent three-dimensional form which permits .
further improvement of the results.
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ENGINEERING ANALYSES OF SMART | ARRAY
o ACCELEROGRAMS .

C. H. LOH, J. PENZIEN AND Y. B. TSAl
= Eurthquake Engineering Reseurch Center, Unirersity of Cahfornia, Rickmond, C ul‘dwm‘a. US.A.
and -

Institute of L‘unl! Sciences, Academia Sinica, Toipei, Toinan, RO.C.

SUMMARY
Presented are the results of engineering analyses of sclected accelerograms recorded by the SMART 1 strong motion
array in Taiwan which is described in 2 companion paper by B. A. Bolt, Y. B. Tsai, K. Ych and M. K. Hsu, entitled
Earthquake Strong Motions Recorded by a Large Near-source Array of Digital Seismographs. These analyses include (1)
transformations to principal axes, (2) generation of Fourier amplitude spectra. (3) development of generalized response
spectrum ratios for characterizing multi-suppost excitations and (4) moving window analyses in the time and frequency
domains for studying the spatial variations of recorded ground motions. .

INTRODUCTION

As described in a companion paper,! the SMART 1 strong motion array in Taiwan consists of a central
station and 36 stations located on three concentric rings (12 stations cach) as shown in Figure 1. This
arrangement is designed to provide basic ground motion data for both scismological and cnginceering studics.
The scismological studics include source mechanism and encrgy transmission phenomena while the
engincering studies concentrate on the influence of spatial variations of ground motions on the dynamic
response of large structural systems such as industrial buildings, bridges and dams. This paper is restricted to

. . N

. f oz oot

Figure 1. SMART 1 sicong motion atray
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the enginecring studics using selected aceelerograms recorded during the carthquakes of 14 November 198_0
and 29 January 1981. The results presented focus on the correlations of multi-support cxcilations and their
influence on the dynamic response of lincar structural systems.

RESPONSE OF LINEAR SYSTEMS TO MULTI-SUPPORT EXCITATIONS
A. General system
The equations of motion for a discrete parameter linear structural system subjected to multi-support
excilations can be written in the form
mi' 4 et + k' = p(t) )

where r* is the total displacement vector from a fixed reference containing n components, ic.n = n,+n, where
n, is the number of degrees of freedom in the system exclusive of support displacements and n, is the number
of degrees of freedom associated with the support displacements, p{r) is the load vector containing non-zero
components only for the support interaction forces, and m, ¢ and k are the n x n mass, damping and stiflness
matrices, respectively. This equation can be partitioned and written in the form .

e bl sl )i -

)
where r; and 1}, represent the n, and n, degrees of freedom, respectively. .
The total response can be separated into quasi-static and dynamic responsc of the form
A
=t o)

where components in vector rd are identical to the corresponding prescribed support displacements in vector
r.. components in £ are the quasi-static displacements in the n, degrees of freedom caused by the support
displacements in ri, and components in rf are dynamic displacements in the n, degrees of frecdom.

The quasi-static response is obtained from the first of equations (2} upon letting i and §* equal zero vectorsy
thus, giving

- r:'-—kl:lkt.r.b “

The dynamic response is obtained from the first of equations (2) upon substitution of cquations (3) and (4),
giving

mui': +cui:+ kur: - [mn k;l k‘b- m)h] i‘b+ (C“ k; ! k-b-c*] i‘b (5)

The second term on the right-hand side of equation (5) equals zero for stifness proportional damping and is
small for other forms of damping when the damping ratios are low, say less than 10 per cent of critical;
therefore, it can be dropped from the equation without introducing significant error. The dynamic response
can then be obtained from the approximate relation

mni:'*'cni:'*'ku': = [mukn:. klb-"‘sb]?b (6)
Solving for fixed base structural mode shapes and frequencies using 3
m,F+k, 0 =0 U]

the vector ré can be expressed in terms of the resulting n, x n, modal matrix ©, and the n, fixed base modal co-
ordinates Y, as given by

N=0,Y, ©®)

Q)

» tims wws
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{ntroducing cquation (8) into (6) and using the orthogonality properties f)f the ﬁxc_:d base modes, uncoupled
normal mode equations of motion for the fixed base structure are obtained as given by

MY, +C Y, +K, ¥, = Ofm, Kk, —m, )T, )}
where M,, C, and K, are n, x n, diagonal matrices defined by
M,a20'm, O, 3
C,a0lc, o, =2M,0,& (10)
K,mOTk, O, = M, .

where w, is a diagonal matrix containing the fixed base normal mode rrcqucncic:s and &, is a vector containing
the n, normal mode damping ratios. It is assumed here that damping matrix ¢, is of the Caughey form so that
uncoupled dumped normal modes exist. )

1 should be recognized that generalized shape functions and corresponding amplitudes could also be used
in formulating the original discrete parameter equations of motion. Normally, however, the standard finite
clement approach would be used.

B. Special cuse of the general system
Consider a special case of the general system formulated above where n, = 1,1, = 2and n = ). Letthe two
prescribed single-component support displacements at supports A and B in this case be denoted by DAl and

v,alt). respectively. Equation (3) can now be written as .

() nm)- (Am) Lo Ly,
f= {oa)) = {va)) + 1 O o Loy
) vealt) 0 v .

Note that the single degree of frecdom in the fixed base system as represented by (1) could bc any single
normal mode of the multi-degree fixed base system or any other single gencralized shape function for that
system.

The quasi-static solution as given by equation (4) becomes

n "“ﬁvu\";“'l"'vﬂ 7 2
113

and cquation (5), yiclding the dynamic response, reduces to

: kyy m kyy m
; 2 W EJMUIE Y F) ST g 13)
b F:+26‘w‘r1+wl'1=(kll mll)v‘A+(kll mll)v“ (
where ‘
Wy = s/(kn/"'u,
&y = oy f2my, wy (14)
For the subsequent development, it is convenient to write equation (13) in the form
F1+2€|w|i‘|+U)§f‘| =—A5.A-Bi;.. (15)
where .
Kia m,,) ( 13 m.,) 16
=) BE=~|—=—— (16) .
A= (ku nyy kyy mp

Let us now compare the maximum absolute value of dynamic response with the two simultancous inputs as
expressed by equation (15) with the average of the maximum absolute values of response produced by the two
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inputs applied as rigid base inputs separately, i.c. the averages of the maximum absolute values of response
derived from :

1428, 0, B+l = —(44B)5, (17
i+, 0, voir =~(A+B)iy (18)

Letting S, T) and SPE, T) represent the standard pscudo-acoeleration fesponse spectra for ground
accelerations 7, and 5,4, 1espectively, the maximum absolute values for #§ as given by equations (17} and (18)
will be

SSA+BSMET) and —(4+B)SPET)
1] ]
respeclively. The average of these two maximum responses will be
) |
2! A+ B[S T+ S T))
The quantity T introduced here is the fixed base structural period 2a/w;.

Consider now the maximum absolute value of response resulting from equation (15). It is convenient to
designate inputs 5,4 and 5,4 50 that | A}<| B} and 1o introduce a participation factor ratio y defined by

r=g (19
Because | A|<| B], y must always be in the range
~1<y< +1 (20)
Using this participation factor ratio, equation (15) can be written as
Fi+28, 0, + i rf = —Blyd,a+6,) 1)

Defining S2%y.&, T) as the standard pseudo-acceleration response spectrum derived using 1[5, -+ 5,9) 35
the single i input to the single degree of (reedom system, the maximum absolute value of response raulung
from equation (21) is (2B/w}) S%1. &, T).

A generalized dynamic response ratio ©%(y, &, T) is now defined as the ratio of the maximum absolute value
of response derived from equation (21) to the avcragc ol' lhc maximum absolute values of response given by

equations (17) and (18); thus AN CMG‘J S“" e -&_QM'B Ll

AN )
{y+ 1) [SM(E T +S3%E, T)

Note that as 5,,(t) and §,,(1) approach full positive correlation with each other, ®(1.& T) ~ 1.

The generalized dynamlc response ratio defined by equation (22) can be used cffectively to measure the
modified dynamic response resulting from the differences in the two simultancous inputs G, and 5,5 These
diflerences obviously depend upon the distance between supports A and B as well as other factors.

Since $2%(1,£,T) and SMN—1,&,T) are the pscudo-acceleration response spectra for single degree of
freedom inputs {5, +5,,] and §[5,5— 5,4, i.c. the in-phase and out-of-phase components, respectively, for
motions at A and B, the normalized (orm of equation (22) given by

25, &1
(SMMET)+SP%ET)

can be used for y = +1 and y = — 1 to measure the intensity of in-phase motions and out-of-phase motions,
respectively.

¥(n.d, T= 22)

(r+l)

e DRI 4y 6 T) =

——se g

)
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Figure 2. Simple shear frame with mulii-support excitations

l.‘ Exumple No. | of the special case. Consider the simple system shown in Figure 2 with support inputs at
A and B as indicated: For this system, equations {4) and (6) become

'1‘ = i[le'*'vlh] = ‘24)
and
425, 0,1 +oir = =4[5, +0,] 29

where w, = J(k/m) and &, is the fixed base damping ratio. Constants A and B as defined by equations (16)
are both cqual to §; thus y = + . The dynamic response ratio reduces to the form

2528, T)

QUET) = e e 26
e T LT @)
and the shear forces are given by -
‘ ' 7 L -
Al =§[r1 +(‘—'—2-'1*—)} mn-i[r:—(ﬁ'—zi‘)] )
Let us now define two new acceleration spectra S,(&, T) and Sy(&, T) by the relations
S\ENEw] |r‘ +(—'—2—"!é) ;S Nawl|n (‘ e "") )

Note that when 5, = iy, Sy(&. T) = Su(& T) = SME, T) and when 5, = Fy, SYE T) = S, T) = SP. T

Defining a new generalized dynamic response ratio (&, T) as the ratio of the average of the maximum
absolute values of V,(1) and Val1) produced by the multiple inputs as represented by equations (24) and (25) to
the average of maximum absolute shears as produced by separate rigid base (single input) inputs 6, and i3,
onc finds ‘

- SA“-TH'SI(C-T)
SMETHSIET)
Note that for systcms of the above type which are statically mdelcrmmalc through their supports, the

forces produced by the quasi-static tesponse are proportional to the out-of-phasc ground displacement

(oo, A2

YET (29

=~ # B
v'(z)) vealt)
win ] ”
) v iagy K Tixtontr

Figure 3. Simple beam with multi-support excitations
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2. Example No. 2 of the special case. Consider the simple system shown in Figure 3 with support inputs at
A and B as indicated. It is of interest to consider the absolute maximum responsc of a single mode vibration
for simultancous inputs #,(1) and 5y(1) and to compare this maximum response with the average of the
corresponding absolute maximum responses produced by rigid base inpults £,(t) and Gylt)

Considering the first mode, its dynamic response is given by

0 = 1) sinx{- (30)
and its quasi-static response is given by
AYx, 1) v,A(:)+(‘—’t'1‘l—2—"'-“—")x 31
Adding equations (30) and (31), the total fesponse is given by
ix,0) = "(‘)wl(x)*'l’u D(x)+ 1,5 Dy(x) (32)
where
. AX
Q(x) = sm—l:-
X
. Oyx)m |—E 33
X
Dy(x) = 'l:
Using the principle of virtual work and standard finite element methods, onc obtains
m mL m m mL
"= 12 | My, ==
. 2 2 34
x*El
kny -W: kyymk;3 =0
from which
w} =k fmy, = u T, = 2rfw (35)
1 1t 11} ﬁlL‘ » 1 1

Substituting equations (34) into cquations (16) gives A = B = 2/x; therefore, y as defined by equation (19)
cquals 1. Since this structure is statically *determinate through ils supports, the quasi-static response
produces no internal forces in the system, which is consistent with equation (4) giving r{* = 0. It is quite clear
now that the generalized dynamic response ratio given by equation (26) for £ = &, and T= T} is a dircct
measure of the modified total force (or stress) response caused by the differences in the two inputs F(1) and
ayle). ' .

Considering the second mode response, equations (32) and (33) still apply except that

D(x)= sinsz-

T 36)
This mode shape leads to
mu"il':; mll-ﬂ‘: "’l)"-ﬂ
2 2n 2x
8a*El én

ki '—L';—: kyymky;=0
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Thus, _
k 16a* Ef .
W= m'l_,., ===~ (sccond modc frequency) (38)

§ubsliluling cquations (37) into equations (16) gives A = I/x and B = — I/x; thercfore, ¥ as defined by
equation (19) equals — 1. From cquation (26), it is seen that 9%(~1,£, T) = o, the reason for this being that
the second mode is excited only by the out-of-phase motion (f,5— 5,A)/2. In other words, the rigid base (in-
phase) inputs produce no second mode response.

CORRELATIONS OF MULTI-SUPPORT EXCITATIONS
A. Multiple components at one support

Consider input accelerations a,,(1), a,,{1) and a,,{1) at support r in directions x, y and =, respectively, These
motions can easily be transformed 10 any other orthogonal sct of axcs, say X, j and 2, through a
transformation matrix a which satisfics the condition a¥a = I (identity matrix); thus, we can write

a(t) ay 4y apy a,(1)
alt)} = [dy dx; ay a,(t) (39)
adn dyy a3 dyy a, (1)

One can easily find that transformation giving the principal axes, i.c. the directions for which no cross
. correlations exist among the three transformed components of acecleration.? For small structures, the
ditections of the principal axcs for all inputs would be approximately the same; however, for large structures
significant differcnces could exist, particularly when the site conditions are complex.

.

B. Uni-directionul components at two supports

Let a,40) and a,41) be the recorded ground accelerations at stations r and s, respectively, in the ith co-
ordinate direction (i = x,,2) at time . These motions can be separated into their in-phase and out-of-phase

components as shown by
al) = [a..m+aum] +[a,m—aum]

2 2
adl) = [u,.m;a..m]_[a.m;u,.w] 0)

The first 1erm on the right-hand side of equations (40) represents the in-phasc componcnt while the second
lerm represents the out-of-phase component. It is very informative to compare dircctly these two
componcents for different pairs of stations and for different directions when studying the correlations of u, (1)
and a,(1). As pointed out previously, equation (23) can also be used for this same purpose by lettingy = + 1
and y = — I and comparing the two results obtained.

Corrclation studies of g,{t) and a,{r) can also be carried out using the so-called "moving window®
technique. To develop this method, we make use of the Fast Fourier Transform algorithm to gencrate

eetard) -

u,,(i(b,l)a-[ a,{a)e"*"dx 41)
t-
1 :001&-12’
b,,(cb.l.a)E—J a(if.ne ¥ aff 42)
27 ). isens

Where ais a dummy variable for time 1, At is the window width in the time domain, A is the window widthin
the frequency domain and fis a dummy variable for circular frequency @. Time ¢ in equation (41) can be
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varied continuously for a fixed value of At resulting in 2 moving window in the time domain. Likewise,
frequency & in cquation (42) can be varied continuously for a fixed value of A@ resulting in a moving window
in the frequency domain. Equation (41) is actually the Fourier Transform of a,(t). but considering only its
values over the time range At centred on t while equation (42) is the inverse Fourier Transform of o, (i, 1), but
considering only its values over the frequency range Ad centred on @. In some cascs a,{i®, ) and b, (@, 1, )
arc calculated for At = o0 and A® equal to a finite value, respectively; while in other cases, they are calculated
for At equal to a finite value and A@ = o0, respectively. In certain special cases, finite values are used for both
At and Am.

To continue with this moving window approach, gencrate the cross correlation coeflicients (or functions) as
defined by

P d®,01)= ( .r' b,{@,1,a)b{®,1,a+7) daz) / \A: J.w b,{@,1,a)? d:] \4: Jm b @, 1,a41)} da] 43

where 1 is a time diflerence. By this definition, the cross correlation coefficients fall in the range
-1 spll.n(‘bv‘lt)s +1 (44'

The use of equation (43) to study the cross correlation of motions u,,(li and a, (1) is described in the next
section of this paper.

NUMERICAL RESULTS OF ANALYSES

A. Directions of principal axes N ‘

Directions of principal axes were determined for the ground accelerations produced at stations M02, M0S
and MI2 during the carthquake of 14 November 1980, and at stations €00, 106 and 009 during the
carthquake of 29 January 1981, The directions of these axes when projected on a horizontal plane are shown
in Figures 4 and 5 for cight difflerent overlapping time segments of 4 s each. The crosses and dots indicate that
the major and minor axes, respectively, are approximately vertical while the short and long solid lines
indicate directions of the intermediate and major axes, respectively. The most significant of these results are
those for time segments in the range 0<t <8s which covers the high intensity periods of the motions.

During this high intensity time range, the major principal axis for the carthquake of 14 November 1980
points downward towards the hypocentre located approximately 10km S 16*E of the centre station of the
array and at a depth of 62km. This obscrvation is consistent with high P-wave contributions to the ground

NOV. 44, | $tANOw STANION STAON .
1900 w2 "1 w03

0-43¢c V4 )'e ~

283¢¢ -~ ~ ~

conc | -~ o ——

s-0sec. 7( % *

sz 3¢C. * * —4

waseC, )( X ——

1w X X —~f—

nas 3Lc, + ‘/~ —4—

Figure 4. Directions of principal axes for ground motions produced by the carthquake of 14 November 1980
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Figute S. Directions of principal axes for ground motions produced by the carthquake of 29 January 1951

motions. During the time range 6<t<18s, the 4-s segments show the major principal axis to be
approximately horizontal and usually pointing in the general direction of the ¢picentre.

For the carthquake of 29 January 1981, the major principal axis is approximately vertical only during the
first 4.s segment at stations C00 and 106. For all other time segments, it is approximatcly horizontal. During
the high intensity time range and considerably beyond, the directions of the major principal axis correlate
reasonably well with direction to the epicentre Jocated 30km S26°E of the array’s centre station. The
hypoocentre depth for this earthquake was approximately 11 km. These observations are consistent with S-
wave conltributions to the high intensity motions.

B. In-phase and out-of-phuse components of uni-directional motions

As defined by equation (40), in-phasc and out-of-phase components of uni-directional motion at selected
paits of stations were calculated. Figures 6-9 show Fourier amplitude spectra for cach of these components
as recorded during the earthquakes of 14 November 1980 and 29 January 1981, respectively, for station pair
C00 and 103, The in-phase component for the earthquake of 14 November 1980 is much stronger than the
out-of-phase component except for frequencies in the approximate range 5-6 He. The large percentage of in-
phase motion is consistent with coherent wave [ronts of the P-wave type moving in an approximate vertical
direction as indicated by the vertically oriented major principal axis previously described. The in-phase and
out-of-phase components for the carthquake of 29 January 1981 are approximately equal in intensity if
averaged over the entire frequency band 0 < 1/t < 7 Hz; however, there is a definite shilting of the intensity from
onc component to the other as a function of frequency. To illustrate this observation, notice the high
pereentage of out-of-phase motion for frequencies in the neighbourhood of 1, 3 and SHz and the low
percentage for frequencies in the neighbourhood of 2, 4 and 6 Hz. While_some effort has been made to
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Figure 6. Fouricr amplitude spectrum for E-W in-phase component of motion for station pair €00 and 103
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Figure 9, Fourier ampmudc spectrum for E-W out-of-phase component of motion for station pair C00 and 103

vationalize the cause of this phenomenon, no explanation will be st forth at this time. Obviously, furlhcr
study of these and other results are needed.

C. Normalized dynamic response ratio

The gencralized dynamic response ratio @%(y, &, T) defined by equation (22) can be used to correlate the in-
phase and out-of-phase components of uni-directional motions at station pairs when placed in its normalized
form shown by equation (23) and when evaluated for y = +1 and y = — 1. Plots of this normalized ratio
against structural period Tare shown in Figures 10-14 (or & = 0-05.

Figures 10and 11 show plots of this ratio for station pairs C00 and 103 and C00 and 106, respectively, using
7 = + | which emphasizes the in-phase component of motion. Notice that the percentage of in-phase motion
for the earthquake of 14 November 1980 is very high compared with the corresponding percentage for the
carthquake of 29 January 1981 particularly as shown by the longer structural periods. This obscrvation is
quite similar for station pairs C00 and 103 and C00 and 106. Clearly, the results of Figures 10 and 11 are

consistent with wide propagating P-waves for the 14 November 1980 carlhquake and predominant S-waves
propagating horizontally for the 29 January 1981 earthquake.

The normalized dynamic response ratio for y = 4+ 1, & = 005 and for station pair C00 and 103 is again
plotted against structural period Tin Figures 12 and 13, Also plotted in these figures is the same response

ratio for y = —1 which emphasizes the out-of-phase component of motion. Again notice the very high ,

percentage of in-phase motion (y = + 1) for the earthquake of 14 November 1980 as compared with the
carthquake of 29 January 1981. Comparing the curves in these same figures for y = =1 shows a much higher
percentage of out-of-phase motion for the carthquake of 29 January 1981 as compared with the carthquake
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a

of 14 November 1980. The plots in Figure 14 correspond 1o those in Figure 13 except they represent station
pair C00 and 106 instead of station pair CO0 and 103, The results for both station pairs are quite similar,

The previously mentioned observation of an oscillatory shifting of the intensitics of in-phase and out-of-
phase motions with frequency for the casthquake of 29 January 1981 isagain apparent in Figures 13 and 14.

D. Shear ratio

The generalized response ratio O'(£, T) defined by equation (29) (called the shear ratio here) is plotted in
Figures 15 and 16 for the earthquakes of 14 November 1980 and 29 January 1981, respectively, using the
recorded EW motions for station pair C00 and 103. The plot in Figure 15 showing the shear ratio to be nearly
equal to 1 over the entire structural period range indicates a very large pereentuge of in-phase motion: in fact,
50 large a pereentage that the rigid basc input assumption usually made in engincering practice would be
reasonably valid for this case. This observation is quite significant considering the fact that stations C00 and
103 are separated by 200m,

The shear ratio plot in Figure 16 for the carthquake of 29 January 1981 is quite difierent from that in
Figure 15. It shows a shear ratio considerably Icss than 1 over most of the structural period range which
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Figure 17. Cross cotrelation cocflicient for E-W components of motion for station pairs Q00 and 106 and 106 and M08

indicates the double-support input produces response considerably less than the average of the separate rigid
basc inputs. The out-of-phase components are obviously strong for this case causing a large reduction in
Structural response. -

By dcfinition, the shear ratio must approach infinity as the structural period approaches zero because the
Quasi-static forces approach infinity while the dynamic shear forces remain finite. This fact explains why the
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shear satio is larger than 1 for the shorter structural periods. The quasi-static response also increases the
shear ratio above unity in the longer structural period range for the case of the earthquake of 14 November
1980 because of the large percentage of in-phase motion. One should note that the shear ratio is exacily unity
when the motions at stations C00 and 103 arc identically equal. This ratio can exceed unity only as a result of
the quasi-static responsc caused by the out-of-phase motion.

E. Cross correlation coeficients

The cross correlation coefficient defined by equation (43) can be used to study the correlation of motions
a,{t) and a,(t) mcasured at stations r and s, respectively, in the ith dircction. Letting Ar and A® in equations
(41) and (42), respectively, equal infinity, the cross correlation coeflicient is a function of time diflerence 1 only.
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Figure 17 shows plots of this coeflicient for the E-W components of motion at two station pairs, namely C00
and 106 and 106 and M08, as recorded during the earthquake of 14 November 1980. The maximum cross
correlations for these two station pairs were found to be +0476 and —0-291, respectively, while the
corresponding cross correlations for zeco time difference were found to be +0-204 and +0167. These
correlations arc rclatively low as their numerical values are dominated by the higher frequencies in the
ground motions. The values of time difference ¢ associated with maximum values of correlation are now
being used to assist in studics of wave transmission characteristics (wave type, velocity and direction). The
results of these studics will be reported later.
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Tigure 21, Cross correlation coclicient for E- W components of motion for stations 106 and 012 using frequency domain moving window
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Because of the dominance of higher frequencies on the cross correlation cocflicient and the differences in
correlation which exist among frequencics, a2 moving window in the frequency domain was used to obtain
cross correlation as a function of frequency @ and time diflerence 1. In this case At was set equal to infinity.

Figures 18-21 show this correlation plotted against ground motion period (2x/i) for v =0 and for
Af = ADf2r = 0-438 Hz East-west components of motion for stations €00, 103, 106 and 012 recorded during
the carthquake of 14 November 1980 and 29 January 1981 were used as indicated. Figures 18 and 19 show

- the cross correlations to be very high for the longer periods of motion recorded during the earthquake of 14

November 1980 and they show a relatively fast drop in correlation with decreasing periods below 1s. In

-
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contrast, the cross corrclations are relatively low over the entire period range for the moti9ns recorded
during the carthquake of 29 January 1981, as shown in Figures 20 and 21, except in the near r'\clghbou_thoo_d
of certain discrete periods. The significance of the oscillatory character of these cross correlation functions is
now under investigation with no definitive conclusion having yet been reached. .

Cross correlation cocfiicients have been generated for components of motion using both time and
frequency moving windows. For example, it was gencrated for the major principal componenls of motion at
stations M02 and MOS as recorded during the earthquake of 14 November 1980 within the time period 9-_14 s
and within the frequency band 2:6-3-0 Hz; see Figure 22, The resulting cross correlation is plot_lcd against
time difference 1 in Figure 23. Because of the narrow band character of the components of motion and the
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phase angles involved, this function has the appearance of a slowly varying harmonic with a 3-3s period
which peaks at about ¢ = 0:47 s where p =08, The significance of this shape is now being correlated with other
information to shed light on the wave transmission characteristics to be reported later.

F. Pseudo-acceleration response spectra

Standard normalized pscudo-acceleration response spectra were geacrated using § per cent of eritical
damping for the components of motion recorded during the earthquake of 14 November 1980 and 29
January 1981, The averages of these spectra for the E-W components of motion are shown plotted against
structural period in Figures 24 and 25 where they can be compared with previously published average
spectra representing four different soil types.® The average spectra for these two carthquakes have shapes
which correlate best with the previously published averages for hard site conditions. This observation is not
consistent with the relatively soft site conditions of the SMART I array which suggests dominant influences
from the source mechanism,

CONCLUDING REMARKS

The SMART 1 strong motion asray in Taiwan has provided an excellent data base for studying spatial
variations of ground motions and their influences on large engineering structures. The methodologies and
results presented herein represent the beginning of an expanding rescarch effort in this important arca. Much
work needs to be done with special emphasis on interpretation of results. Hopefully, the present paper will
provide a stimulus in this direction. . ‘ '
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