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LIST OF PGSE LTSP-SSI DATA PACKAGES TRANSMITTED TO NRC

I. Data Package A - Additional Materials Presented at the NRC/PG&E,LTSP.-SSI .

Workshop on 12/10-12/86.

1. Comparisons of Results between CLASSI and SASSI Solutions

2. Su+nary of Description for Analyses of Recorded Earthquake Data and

Correlation with Analytical Models.

3. Viewgraphs of presentation for Incorporation of Incoherent Ground

Motions in SSI Analyses.

~i
4. Viewsgraphs of presentation for Nonlinear SSI Analysis for Base,:..

Upl if ting.

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 natural
vibration modal properties

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

3. SASSI surface-supported and embedded foundation models and impedance

functions for containment.

4. Listing arid diskette of the Hosgri time history used in the

parametric studies for the containment structure.

StaffGrp 23
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1i

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, 1994.

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-Filled

Valleys, Ph.D. Dissertation, University of California, San Diego,

1981.

C
4. Lilhanand, K., and Tseng, W. S., "Direct Generation of Probabil,,istic

Floor Response Spectra," Bechtel Power Corporation Technical Report

No. SFPD-C/S-83-07, December 1983.

L~
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Data Package A Item 81

COMPARISONS E EEN CL I AND A I I N

CONTAINNENT STRUCTURE

SURFACE FOUNDATION

o VERTICAL SV - WAVE

o INCLINED SY - WAVE 30'ROt1 YERTICAI
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COMPARISONS E EEN CL S I AND A I L TI N

AUXILIARYBUILDING

SURFACE FOUNDATION

o YERTICAL SY - WAYE

o INCLINED SY - WAVE BG'ROM VERTICAL
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COMPARISONS BE EEN CL I AND A I L TI N

CONTAINMENT + AUXILIARY BUILDING

SURFACE FOUNDATION

o VERTICAL SV - WAVE

o INCLINED SV
'-

WAVE 30'ROM VERTICAL
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Data Package A Item 82

ANALYSES OF RECORDED EARTHQUAKE DATA AND CORRELATIOW

WITH ANALYTICAL tiODEI S

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 models.

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

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.

V

2. Instrumentations

The specification of the recording sensors are provided in Table 1. The

locations and orientations of these sensors in Unit 1 and Unit 2

containment buildings, auxiliary 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.

4. Data Anal sis Techni ues

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'irst
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'f 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'X 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).
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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 spectrum ratio computed from using MSPEC are plotted for a

selected pair of recorded motions. The empirical SSI frequencies can be

identified 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 EM 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

identified 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 EM 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 results for the auxiliary building are shown in Figures 11

through 18. The analysis results in Figures ll 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 sensor s in the auxiliary building are located
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at low elevation of the building {El. 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 Figures ll through 18 using the recorded free-field
ground motions and the three recorded motions at El. 100'f the

auxiliary building appear to give some indications that the horizontal
(EM and NS) SSI frequencies of the auxiliary building 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 El. 140'f 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. tlartin
earthquake.

6. Em irical SSI Fre uencies

Based on the results obtained to date from the analysis of the recorded

data of the low level earthquakes, preliminary conclusions on empirical
I

SSI frequencies that can be inferred from the low level earthquakes are

as follows:

(1) the EM 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 EM and NS SSI frequencies of the containment internal structure
are about 9 to 10 Hz;
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(4) the EW and WS 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 recorded data available to date for the turbine

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

identified.

7. Correlation 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 models currently under

development. The fundamental SSI frequency of the SSI model of the

containment shell structure has been shown to be in excellent agreement

with the empirical frequency. The correlation of the analytical and the

empirical results for the internal structure is currently being

performed. 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'nd 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.

8. 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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DCS-
Deck
Nos.

Sensor
Type
{5ee
Note

I)

Channel
No.
(See Mox Elev.

Note 2) G (Il) Unit

Location

Descriplion

Orts ntntion
{See Notes 3 u<xt 4)

Chi ChZ Ch3

TR

TR

TR

I-I TR

I-Z TR

I 89

3 303.5

I 64

I 89

I 89

I Outside Containment - Base, Basic {SMA3) System tt Trigger

I Top of Contoinment, Basic (SMA 3) System

I, 2 Avx. Building {U) - (18), Rosie (SMA 3) System

I Outside Containmenl - Bose, NW Sector

I Outside Contoinment - Bose - NE Sector

{See Note 5)

(S<.e Note 5)

(See hiote 5)

180 270

180 270

180 270

Ver I 118

Ver t 240

Vert

Ver t

Ver t

?8

150

2-4 Single

1-3 TR

1-4 TR

2-4 B

3-1 B

22 - TR

2-3 TR

3-2 TR

4-3 B

3

18 2

18 2

Ilt 2

I 91

2 140

2 140

2 140

2 140

3 231

3 231

3 231

I 89

I Containment - Near Reactor, Between SG 1-3 ond SG 1-4

I Conloinment - Operaling Deck, Near Steam Generolor No. I- I

I Conloinment - Operating Deck, Near Steom Generator No. 1-3

I Containment - Operoting Deck, Annulus-South {See Note 6)

I Contotnment - Operating Deck, Annutus-West

I Containment Liner, Dome Springline - NE Sector

I Containment Liner, Dome Springline - 5 Seclor

I Containment Liner, Dome Springllne - NW Sector

2 Outside Containment - Base, N 5ector

Ver t 180

Vert 0

90 180

180 90

Ver t 60

Ver t 180

Ver t 300

Ver t 90

Ver t

90

270

See Deck 24
Bt<x)k

330

90
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See Deck 4-3
ond 44

4-4 B

5-1 B

3-3 TR

3-4 TR

4-1 TR

5-3 TR

5-2 TR

4-3
4-4

4-2 TR

2-1 TR

6-1 1R

5-4 11l

I 8 2

IAZ

I 89 2 Outside Contoinment - Base, SF. Sector

I 89

I 100

I -100

I 100

I

I 85

I 140 I Turbine Building, N End, Tvrbine Deck

I 85

I 89

I

I

2 Turbine Building, 5 End, Stoirs

I Outside Contoinment Base, 5 Sector

f ree Field, Near Worehouse (See Note 7)

Free Field, Near Meteorological Tower

2 Ovtskle Contoinment - Base, SW Sector - Trtgger "A"

I Aux. Bldg. - (Fuel Hondting), Belween SPT Fuel Pool tt HVAC Filter Room

I, 2 Aux. Bldg. (H) - (18), Woll Next to Stairs - W End

I, 2 Avx. Bldg. (U) - (18), E end next to liquid liotdup tanks - Trigger "B"

Free Fteld, Near Reservoir

I Turbine Building, N End, Switch Gear Room

Ver t 200

Ver t 370

Vert 0

Vert 270

Ver I 90

Vert I

Vert 0

Ver t 180

Yet t 0

Ver t 176

Ver t 8«

Se) I'trek «-3
0A<I 4«
ilk)))k

7 7t)

I I)

271
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0) Peck 4-3
270, Deck 4-4

90

270

86

35«

'See toltowi<x> p<j<te tor toble notes.





TABLE 2

EARTHQUAKE GROUND MOTIONS RECORDED AT DCPP SITE

Peak Free-Field
Local Epicenter Focal Horizontal Ground

~)M i d fh ) ) t )KM) ~hth IKMI ~A

. Point Sal 5/28/80

Coalinga 5/02/83

Saint Martin 6/29/83

Santa Maria 6/20/84

Pt. San Luis 11/12/84

4.6

6.7

5.4

4.3

2.4

30

110

85

30

6.0

8.4

9.4

4.9

.012

.014

.023

. 011

. 027

Ie
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TABLE 3

RECORDED MOTIONS

DESCRIPTION DECK CHANNEL DIRECTION
PT.
SAL

SANTA
MARIA

EARTHQUAKE

IPT. SAN( ST.
COALINGA I LUIS MARTIN

Containment
Base

1-2

2-4

Top of
Internal

1-3

1-4

3-1.

CONTAINMENT 1-1 VERT
N60W
N30E
VERT
N60E
N30W
VERT
N-S
E-W
VERT

E-W
N-S
VERT
N-S
E-W
VERT
N-S
E-W
N-S
E-W
VERT

v'/A

V

v'/A

N/A

v''''

V
N/A

V
v''

V
V
*Q

*v''

v'

v'v'

V
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

V
V

V
V

V

v''/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

'/A

N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

'ontainment

9 Springlinel

2-2

2-3

3-2

VERT
N60E
N30W
VERT
N-S
E-W
VERT
N60W
N30E

v'

V
v
V

*V
V
V
V

V'''v'v'V

V
v'

v
V

v''v'v''/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Notes: v' Available, N/A = Not Avai'labia, * = Used in the analysis.
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TABLE 3

RECORDED NOTIONS (Cont'd)

DESCRIPTION DECK

BD.

CHANNEL DIRECTION
PT.
SAL

SANTA
MARIA

EARTHQUAKE

IPT. SANI ST.
COALINGA ELVIS MARTIN

North Ming
9 El. 100

Core Mest
9 El . 100

I

Tur bine
Base

Turbine
Deck, N End

R

I GROUND MOTION I

3-3

3-4

4-1

5-2

4-3
4-4

1

2
3
1

2
3

3A
38

VERT
N-S
E-W
VERT
E-M
N-S
VERT
E-W
N-S

VERT
N-S
E-M
VERT
N-S
E-W

N-S
E-W

N/A
N/A
N/A
N/A
N/A
N/A
V

v'/A

N/A
N/A
N/A
N/A
N/A

*y'/A

v'

v

V

v''/A

V

N/A
N/A
N/A

v''/A

N/A

V
*v'v

v'g

*v'/A

N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A

v'v'v''p

*v
N/A I

N/A 1

N/A

N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A

Near
Reservoir

Near
Meteorolo-
gical Tower

5-3

5-4

VERT
N-S
E-W

VERT
E-M
N-S

N/A N/A
N/A N/A
N/A N/A

N/A V
N/A * V

N/A I V

V
v'

N/A
N/A
N/A

V
v' N/A

N/A
N/A

Near
Warehouse

VERT
N«S
E-M

v'
v'v'/AN/A

N A

V
V

*V

v'/A
V N/A
V N A

Notes: g = Available, N/A = Not Available, * = Used in the analysis.
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Data Package A Item 83

MODELS FOR GENERAL CHARACTERI7ATION

OF SPATIAL Ii'JCOHERENCY

I . COVARIANCE MODELS

o LOH (ONE- AND TWO-PARAMETER MODELS)

o HARADA (ONE-PARAMETER MODEL)

2. COHERENCY MODELS

o LOH (ONE- AND TWO-PARAMETER MODELS)

o HARICHANDRAN AND VANMARCKE (FIVE-PARAMETER MODEL)

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

„(x, ~) =S~n{ o, ~) y(x, ~) exp(-i "xl/Vn)

LOH MODEL (REF

y (x,~) = (a]x)2]
{o~q qe)lxlj

exp-
exp[

exp (-+1Ixl)
{1+aq Ix)+aq lxl2)exp(- Q lxl)

Coefficients: "1 and "2

where

HARICHANDRAN AND YANMARCKE {REF. 5)

v(xp) = A exp -~ (1-A<A)
ae (o) )

+(1-A)exp -~ (1-A+uA)
e (u)

b 2
e(~) =k1+"

Coefficients: A, e, k, >o and b

LUCO AND MONG (REF. 12)

y (x,<)=exp -(vulxl)2
l

Coefficient: y

StaffGrp 19
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IHPLEtiENTATION OF SPATIAL INCOHERENCY

OF GROUtlD YiOTIONS FOR SSI ANALYSIS

DETERMINISTIC APPROACH — USING CLASSI CODE

2. PROBABILISTIC APPROACH - USING PROSPEC AND CLASSI CODES

I'
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P ROSPEC

~LOOP ~=S~"'S-" SP~rTRU

I

t

R„.(>)

SSI RESPONSE MOTIONS

SU (a))

t
STRUCTURAL TRANSFER FUNCTIONS

I Hi~~~

Vg

*
0

FOUNDATION INPUT MOTIONS

C sv'(') 3
r

0

TRACTION VECTOR

QF(, x)Q

INCOHERENT GROUND MOTIONS

/su (ru, ( x-x'))Q

CLAS

FIGURE I SCHEMATIC DIAGRAM OF PROBASILISTIC APPROACH FOR

INCORPORATING INCOHERENT GROUND MOTIONS





SSI MODEL

CLASSI CODE

STRUCTURAL RESPONSE
'TRANSFER

FUNCTION (Hi( ~) t

TRACTION VECTOR
t; F(~.x)]

COVARIANCE MATRIX
[Su (~, lR-x'I)]

PROSPEC PREPROCESSOR

FOUNDATION INPUT MOTIONS
rSu'(~)]

0

PROSPEC CODE

STRUCTURAL RESPONSES POWER DENSITY
DENSITY Su . (~ ) i AND

FLOOR RESPONSE SPECTRUM
Ru;(~)

FLOW DIAGRAM OF PROBABILISTIC APPROACH

USING PROSPEC AND CLASSI CODES FOR

INCORPORATING INCOHERENT GROUND MOTIONS
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CCYAP IA"ICE t1ATRIX

[S (Ix -x~<,e)j =
9

(3Nx3N)

lt'
Sgmn Sgmn Sgmn

I

Sgmn Sgmn
—

Sgmn

(3x3) (3x3)

[', ';,I-.—I

'"1

[-""1

lg
Luco and Mita assumed the following form of covariance function Sgm„ between

subregions i 'and j:

gee gx'-x l,e) = Sge„(o.e) exp [-(yel<x-~xl)gi;

m, n = 1, 2, 3; i, j = 1, 2...., N

where, Sgmn o,~ = m=( ) = PSO ( =n) or CPSO (mgn) of the free-field ground motion
at a reference point

Y = dimensionless spatial incoherence parameter

N = number of foundation subregions

S.a-,fGrp 19





PSDF SDOF PSDF FRS

PSDF

Schematic Diagram of the Approach Adopted in the Computer Program PROSPEC
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VALIDATION OF ANALYSIS METHODOLOGY

o PROBABILISTIC APPROACH FOR SSI ANALYSIS DUE TO INCOHERENCY

WILL BE BENCHMARKING AGAINST ANALYTICALSOLUTIONS BY LUCO

AND MITA (REF. 13)

o VALIDITY OF PROSPEC COMPUTATIONAL PROCEDURE FOR GENERATING

PROBABILISTIC FlOOR RESPONSE SPECTRUM HAS BEEN DEMONSTRATED

IN REF. 8





ASSESStKNT OF SSI'ESPONSES

DUE TO SPATIAL IWCOHEREt<CY

o COHPUTE THE "RESPONSE SPECTRUM RATIO" AS THE RATIO OF THE

SPECTRAL VAI UE OF THE SSI RESPONSE DUE TO INCOHERENT

GROUND NOTIONS TO THE SPECTRAL VALUE OF THE CORRESPONDING

RESPONSE DUE TO COHERENT GROUND,NOTIONS

o USE THE RESPONSE SPECTRUN RATIO, IN CONS'UNCTION WITH

ENGINEERING 3UDGNENT, TO ASSESS THE EFFECTS OF THE

~ INCOHERENT GROUND NOTION INPUT ON THE VARIABILITYOF SSI

RESPONSE
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NONLINEAR SSI ANALYSIS

FOR

BASE . UPLIFTING
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Xb C = C' C"

Compression-only
Continuous spring
and damper

2A

Vertical sprin'g and damper mechanism

for c'rcular basemat
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HI"kKLER D I STRIBUTED SPRIi'LG

K,
k 3

.VERTICAL RESISTANCE FORCE

D
P = p(x) (2y) dx - g

0

D
22k R D~b (1 — x/D) 1- (x/R -1) dx - W

OVERTURNING RES I STAllCE NOHENT

D
s p(x) (R-x)(2y)dx

O

(D
Oh (>->/D) (R-x) 1- (x/R

0





'NTEGRATION

2K gb
P = ~ (f (r) -2rf (r)] - N

R 1 0

M = K, 4'b [f (r) - 2rf] (r) ].

where

f (r)
ir

= 2
Tr -1

1-s ds
-2

f1( ) s 1-s ds2

2 '
s g'-s ds

1 „r 2 1 .'1f (r) = —+ "- 1-r + —sin ro 2 H a

f (r) = — (1-r )
4 2

1 3 II

f (r) = f (r) + —r f (z)3
0

s < 1

D/R -1 r < 1
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TAN"Ei4T ST IFFllESSES

dp
4K

f (r)
R

2K, f (r)
R

dy

dM
2K

fi( )
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K f2(r)

'tHICH REDUCES TO

dp
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4K-
dyb

when r = + l.
NO UPLIFT

hOBIFICATION TO THE TAtIGEi<T STIFFNESS
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K
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DAi'iPI'IG FORCE AND ftOI'tEHT AT {JPLIFTEO POSITIO<
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Comparison of nonlinear aqd linear horizontal response spectra
at basemat (V = 3,000 fps, 2% damping, 0.4g Taft motion)





ODI ICATION TO U LIFT ANA I E H F

FO OCP -LT P PPLI ATIO

F

I. MODIFY THE NONLINEAR CONSTITUTIVE EQUATIONS TO INCLUDE

THE EFFECT OF EMBEDMENT

2. MODIFY THE DAMPING MATRIX TO INCLUDE THE ADDED ENERGY

DISSIPATION DUE TO IMPACT RESULTING FROM CLOSING OF GAP

AFTER UPLIFT





Configuration of An Embedded Foundation

Static Soil
Pressure due to
Dead Load

Dynamic Soil Pressure
resulted from seismic
rocking moment

Resultant Soil Pressure
for resisting dead
load and seismic

rock'oment

Schematic SoiI Pressure Diagram for an Uplifted
Embedded Foundation





AS ESS ENT F EFFE UPL IF ON I E E

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

ANALYSES WILL BOTH BE PERFORNED

2. RESPONSE RATIOS OF THE NONLINEAR RESPONSES TO THE LINEAR

RESPONSES WILL BE DEVELOPED

3. RESPONSE RATIOS WILL BE APPLIED TO THE CLASSI/SASSI

LINEAR RESPONSES TO ASSES THE EFFECT OF UPLIFT ON SSI

RESPONSES IN CONJUNCTION WITH ENGINEERING ZUDGNENT





Data Package B Item ¹I

FIXED-BASE CONTAINMENT STRUCTURAL MODEL

AND MODAL PROPERTIES
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Z(VERTICAL)

~ ~ 291.25

'7 5'1 ~

01

2'7.27'

1 ~ 22Q, QQ>

0
CpisTAIHMg olT
5TRUCTU? 5

"--1.

19'.5a'1.

170. M'

~

05

6

0 51. 127.5 ~ 12

R P>5

11 g 5m <

C;0 7I
V ~

gn pp

tp
X (N-S)

Containment and Internal Structure Model
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PROPERTIES OF THE STRUCTURAL MODELS OF

THE CONTAINMENT BUILDING AND INTERNALS

Joint Pro erties Member Pro erties

Mass Weight
No. ~(ki s)

1 2421 .44

2 3815.70

3 4169.90
C

4 , 6417.46 0
N

5 6407. 80 T
A

6, 6388.48 I
N

- 7 6481.86 M

E

8 5924.80 N

T
9,5393.50

10

ocat on
between
Joint No.

1 to2
2to3
3 to 4

4 to 5

5 to 6

6 to 7

7to8
8 to 9

9 to 10

Ar a

( ft~)

1119

1119

1412

1656

(BASE)

Shear Area
(ft2)

560

560

706

828

oment o
Inertia
x 10-~ (ft4)

0. 494

1. 604

3.260

4.280

I
N 10 to 11
T

13647.0 E

R

N ll to 12
A

12 16903.0 L

2013

1991

1172

1192

816

1372

1.720 (E-W)

1.913 (N-S)

1.785 (E-W)

2.036 (N-S)

Note:

Modulus of Elasticity: Containment Ec = 5.lxl0 "sf, Gc = 2.04xl05 "sf
Internal Ei = 6.5xl05 "sf, G> = 2.6lxl05 »f

StaffGrp 23
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FIXED-BASE MODAL PROPERTIES

A. CONTAINMENT STRUCTURE

MODE

NO

FREQUENCY

~(c s)

MODAL MASS

X OR Y

4.7
13. 2

13. 9

24. 9

34.4.

1116

235

64

28

1233

B. INTERNAL STRUCTURE

MODE

NO

FREQUENCY

~(c s)

MODAL MASS

X Y Z

1

2

3

13.9

15. 6

33. 5

886

857

864

StaffGrp 23





Data Package B Item b2

"CLASSI" SURFACE-SUPPORTED

FOUNDATION MODEL AND IMPEDANCES

FOR THE CONTAINMENT
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PLEASE REPLACE DATA PACKAGE B, ITEMS A'2 AND P3 WITH THE ATTACHED PAGES.
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CLASSI SURFACE FOUNDATlON

0.20

00
+
+ 0.15D

~ 0.10

0.05
0.0 10.0 20.0

FREQUENCY. (HZ)

Horizontal Stiffness Impedance for Translation in X Direction
(Same as for Translation in Y Direction)





CLASSI SURFACE FOUNDATION

0.20

(0
+

D
~ 0.15

(3
bJ

I

~ 0.10

0.05
0.0 10.0 20.0

FREQUENCY (HZ)

Horizontal Damping Impedance for Translation in X Direction
(same for Translation Y Direction)





CLASSI SURFACE FOUNDATION

0.40

00
+ 0.30
+
C)

Q 0.20

~ 0.10

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
Vertical Stiffness Impedance for Translation in Z Direction



0



CLASSl SURFACE FOUNDATlON

1.00

~O0»
Ld
(A

I

0.00
0.0 10.0 20.0

FREQUENCY (HZ)

Vertical Damping Impedance for Translation in Z Direction
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CLASSI SURFACE FOUNDATION

1.50

C5

0.50

0.00
0.0- ]0,0 20.0

FREQUENCY (HZ)
30.0

Rocking Stiffness Impedance About Y Axis {Same for Rocking About X Axis)





CLASSI SURFACE FOUNDATION

~ 1.00
CD

+
+
+

C)

(3
M 0.50
V)

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
30.0

Rocking Damping Impedance About Y Axis (Same for Rocking About X Axis)





CLASSI . SURFACE FOUNDATION

1.00

0.00
0.0 10.0 20.0

FREQVENCY (HZ)

Torsional Stiffness Impedance About Z Axis



0'



CLASSl SURFACE FOUNDATlON

~ 1.00
0)
+
C)

C3
M 0.50

0.00
0.0 10.0 20.0

FREQUENCY (HZ)

Torsional Damping Impedance About Z Axis





CLASSI SURFACE FOUNDATtON

2.00

00
+

1.00

C)

o.oo

-1.00

-2.00
0.0 10.0 20.0

FREQUENCY (HZ)
30.0

Coupling Stiffness Impedance Between Translation in X Direction and
Rocking About Y Axis (Same for Coupling Between Translation in Y Direction
and Rocking About X Axis)



0



CLASSl SURFACE FOUNDATlON

0.20

+

D~ 0.15

Cl
<C
CL

~ 0.10
bJ

I

0.05

O

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
30.0

Coupling Damping Impedance Between Translation in X Direction and Rocking
About V Axis (Same for Coupling Between Translation in V Direction and
Rocking About X Axis)





Data Package B Item A'3

"SASSI" SURFACE-SUPPORTED AND

EMBEDDED FOUNDATION MODEL AND

IMPEDANCES FOR THE CONTAINMENT





SASSIN SURFACE-SUPPORTED AND

EMBEDDED FOUNDATION MODEL AND

IMPEDANCES FOR THE CONTAINMENT



0



x(N-s)

SASSI Surface Foundation Half-Model



0
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SASSI SURFACE FOUNDATION

0.20

OQ

+
+ 0.15

C)

~ O.IO

0,05
0.0

l~ I I ~ I j
10.0 20.0

FREQUENCY (HZ)

~1 'I I 1 I" I

30.0

Horizontal Stiffness Impedance for Translation in X Direction (Same as lor
Translation in Y Directiorl)





SASSI SURFACE FOUNDATION

0.20

O
LLI
U)

I

~ 0.10

0.05
0.0 'I 0.0 20.0

FREQUENCY (HZ)
I/orizontal Damping Impedance for Translation in X Direction
(Same for Translation in Y Direction)





SASSI SURFACE FOUNDATION

OAO

+ 0.30

D

Q 0.20

0.10

0.00
0.0 10.0 20;0

FREQUENCY (HZ)

Vertical Stiffness Impedance for Translation in l Direction





SASSI SURFACE FOUNDATION

1.00

+O0.5
bJ
U)

I

0.00
0.0 10.0 20.0

FREQUENCY (HZ)

Vertical Damping Impedance for Translation in Z Direction





SASSI SURFACE FOUNDATION

1.50

+

D
1.00+

Cl
<C

0.50

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
30.0

Rocking Stiffness Impedance About Y Axis (Same for Rocking About X Axis)





SASSI SURFACE FOUNDATION

CI

0

O
Ld 0.50
V)

I

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
30.0

Rocking Damping Impedance about Y Axis (Same for Rocking About X Axis)





SASSI SURFACE FOUNDATION

1.00

CL 0.50

0.00
0.0 10.0 20.0

FREQUENCY (HZ)

Torsional Stiffness Impedance About Z Axis





SASSI SURFACE FOUNDATION

~ $ .00
CD

+

C)

Cl

lX

C3
Ld 0.50
V)

I

0.00
0.0 10.0 20.0

FREQUENCY (HZ)

Torsional Oamping tmpedance About 2 Axis





SASSI SURFACE FOUNDATION

2.00

00
+
+ 1.00
+
Q
+

Cl
0.00

-1.00

-2.00
0.0 10.0 20.0

FREQUENCY (HZ)
30.0

Coupling Stiffness Impedance Between Translation in X Direction and
Rocking About Y Axis (Same for Coupling Between Translation in
Y Direction and Rocking About X Axis)





SASSl SURFACE FOUNDATlON

0.20

+

O
0.15

C5

Q

~ 0.10
LLI
(/)

I

0.05
tQ

U

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
30.0

Coupling Damping Impedance Between Translation in X Direction and
Rocking About Y Axis {Same for Coupling Between Translation in Y Direction
and Rocking About X Axis)
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zan%'1'5'3'ASSI

Embedded Foundation Model





0.30 SASSI EMBEDDED FOUNDATION

OQ

+
+ 0.20D

~ 0.10

0.00
0.0 10.0 20.0

FREQUENCY (HZ)

Horizontal Stiffness Impedance for Translation in X Direction





0.60 SASS1 EMBEDDED FOUNDATlON

10.0 20.0

FREQUENCY (HZ)
Horizontal Damping Impeance for Translation in X Direction



0



0,30 SASSI EMBEDDED FOUNDATION

00
+
+ 0.20O

~ 0.10

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
Horizontal Stiffness Impedance for Translation in Y Direction





0.60 SASSI EMBEDDED FOUNDATION

CO

+

C)

~ 0.40

LLI
V)

I

~ 0.20

0.00
0.0 10.0 20.0

'REQUENCY(HZ)

Horizontal Damping Impedance for Translation in Y Direction



e



0.50 SASSI EMBEDDED FOUNDATION

~ 0.40
00
+
+

C)~ 0.30
+

m 0.20

0.00
0.0 10.0 20.0

FREQUENCY (HZ)

Vertical Stiffness Impedance for Translation in Z Direction





0.80 SASSI EMBEDDED FOUNDATION

CO

+

o
~ 0.60

O
LLI
(f)

I

~ OAO

0.20
0.0 10.0 20.0

FREQVENCY (HZ)
Vertical Damping Impedance for Translation in Z Direction



0



0.20 SASSl EMBEDDED FOUNDATION.

10.0 20.0

FREQUENCY (HZ)

Rocking Stiffness Impedance About X Axis





SASSI EMBEDDED FOUNDATION

C5

~ 0.60

(3
bJ
(/)

g
0.40I

I

~ 0.20

O

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
Rocking Damping 1mpedance About X Axis





0.20 SASSI EMBEDDED FOUNDATION

+
+ 0.15o
+

Cl

m 0.10

~ 0.05

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
Rocking Stiffness Impedance About Y. Axis





~ 1.00
0)
+

~ 0.80

SASSI EMBEDDED FOUNDATlON

C3

0- 0.60

O
bJ
Ul

g OAOI

l

0.20

0
0.00

0.0 10.0 20.0
FREQUENCY (HZ)

Rocking Damping Impedance About Y Axis





0.20 SASSI EMBEDDED FOUNDATION

+
+ 0.15

C)

C3
<C
0 otO

0.05
CO

0.00
0.0 10.0 20.0

FREQUENCY (HZ)

Torsional Stiffness Impedance About 1 Axis





1.00
CD

+

~ 0.80

SASSI EMBEDDED FOVNDATION

Cl
<C~ 0.60

g
0.40l

I

~ 0.20
cO

0.00
0.0 10.0 20.0

FREQUENCY (HZ)

Torsional Oamping Impedance About Z Axis





-0.20 SASSI EMBEDDED FOUNDATION

CD

+
+

-OAO
+

-0.80
0.0 10.0 20.0

FREQUENCY (HZ)
30.0

Coupling Stiffness Impdance Between Translation in X Direction and
Rocking About Y Axis



0



-0.20

+

o
-OAO

C3
bJ
M

I

~ -0.60

SASSI EMBEDDED FOUNDATION

-0.80
0.0 10.0 20.0

FREQUENCY (HZ)
Coupling Damping Impedance"Between Translation in X Oirection and
Rocking About Y=Axis





0.60 SASSI EMBEDDED FOUNDATION

0)
+

0.40

Cl

~ 0.20

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
30.0

Coupling Stiffness Impedance Between Translation in Y Direction and
Rocking About X Axis



e



0.60 SASSI EMBEDDED FOUNDATION

+

0.40

(3
UJ.

I

~ 0.20

0.00
0.0 10.0 20.0

FREQUENCY (HZ)
30.0

Coupling Damping Impedance Between Translation in Y Direction and Rocking
About X Axis



0



0.00 SASSI EMBEDDED FOUNDATION

00
+
+ -0.20
C)

Cl+ -OAO

~ -0.60

-0.80
0.0 10.0 20.0

FREQUENCY {HZ)
Coupling Stiffness Impedance Between Translation in Z Direction
and Rocking About X Axis





-OAO

CO

+

o
-0.60

O
bJ

I

~ -0.80

SASSl EMBEDDED FOUNDATlON

-'l.00
0.0 10.0 20.0

FREQUENCY (HZ)
Coupling Damping Impedance Between Translation in Z Direction and
Rocking About X Axis



0



Data Package B Item b'4

LISTING OF THE HOSGRI TIME HISTORY USED

IN LTSP-SSI PARAMETRIC STUDIES

FOR THE CONTAINMENT STRUCTURE



I

0



.006284

.164340
032876

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
79707

7960'408

—.108390
—.173900
—.035743

.161080

.224780
—.069628

.174850

.197520

.051886
—.133190
—.158430

. 121900
—.117940

.015826

.263910
—.043759
—.024578

.224450
—.100590
—.248800
—.018784

.250850

.241390
34660

6732
0430

.385340

.120470

.262420

.065468

.087535

.012915

.108270
—.079754
—.001676

.135090
—.036574

.028920

.122400

.172110

. 044507
—.003680
—.030960

.120110
—.121400

.098288

.034980

.021546
—.013255

.097742

.139160
—.202400 —.239700
—.219650

.030029

.045529

—.221730
.083595
.042238

.310630 .208520

.074515
—.094959
—.157420

.073841

.059777
—.089457
—.190820

.053746
.282910 .175490
. 407570
.078030

—.031720
—.152860
—.068688

.264050

.048869

.157810

.436350

.023010
—.104630
—.068778

.000420

. 163900

.004833

. 191910

—.040598
~ 141320
.216550

—.042502
.111120
.228780

.093208 .087280
—.187380
—

~ 131130
.113580

—
~ 179860
. 107150
~ 176740
.005690
.063780
~ 204320

—.342630
—.072803

.016243
—.153370

. 125610

. 019916
—.006517

.085700

.128770
—.055067 —.026621
—.139270
—.057969

.268380

.329020

.047394

.080847
-321660
-310430
.158200
.214810

—.127160
—.169030

.258320

.327610

.014728

.171880

.251700

.290630

. 141250

.061227

.089132 .054400
—.014509 .057192
—.097726 —.194900
—.215250 —.198610

.007575 —.019607

.133030 .069604

.236850 .222200

—.017043
—.055911
—.044813

.028271
—.095582

.114420
—.034410

.083242
—.093788

.106590

—.038916
—.042699
—.034736
—.083847
—.018897
,.000019
.043790
.039641

—.138760
.121150

—.015208
.008817

—.039956
—.131590

.050443
—

~ 131640
.193120

—.056096
—.114050

.115590
.131010 .077853 —.044894

—.376950
—.198300

.103830

.049156

.097143

.033645
—.190180

—.468050
—.137470

.083829

.053891

.113870
—.088185
—.240510

—.388460
—.064233

.000777

.108150

. 177040
—.215730
—.165260

—.109840'001936 .007599
—.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

—.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

—.142970
.139970
.129590

—.203590
—.130150
—.407960

.011727

.029999
—.072848
—.027637

.199720
—..376270
—.045725
—.265120
—.025512
—

~ 009631
.055458

—.040235
.227220
.043497

—.074282
—.287350
—.103830
—.236130

. 108120
—.131320
—.134490
—.245890

.008217

.079768
—.490810
—.229270

—.229980
.276150
.218740

—.075970
.171060
.210220
.284170
.034421

—.049365

—.128820 —.048136
.202340
.086503

—.086279
.082996
.300080
.181210

—.006536
—.001733

~ 180180
.019283

—.005844
—.050517

.470670

.073115

.002494
—.011492

—.202220 "-. 362590
—.179080 —.262120

.055784

.044194
—.080438
—.061270

.032647
—.134970

.254920
—.097125
—.026203

.123480
—.153370
—.236960
—.062053
—.054795

.161530

.221680
—.223820
—.044492
—.068870

.048531

.212560

.022814
—.229640
—.086704
—.449470

.113670

.031984
—.027264

.027799

.147330
—.375760
—.009376
—.257430

.072994
—.013721
—.021702

.140670

.246410
—.017560
—.148420
—.164070
—.124270
—.062073

.023303

.048557
—.091746
—.276250

.019646

.117400
—.561100
—.128820

.008132

.145900

.095227

.008408
—.049637

.553520

.043360

.072481
—.043487

. 140970
„.047979

—.075985
.015202

—.035487
—.011903

.168210
—.048589

.057881

.169970
—.203610
-.166960
—.094556
—

~ 054178
.271160
.197290

—.223560
-006209

—.099862
.257510
.296220
.011126

—.109450
—.175980
—.344730

.274020

.009567

.024343

.104430

.013820
—.240460
—.060134
—.162420

.151130

.151170
—.092900

.201490

.217290
—.004542
—.173200
—.148000

.012108
—.039206
—.015565

.212970
—.066846
—.153640

.117590

.035003
—.418830
—.066582

.152910

.164280

.173920
—.071425

.123400

.499600

.083550

.190670

.136900

1
2
3

4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

-40
41
42
43
44
45
46
47

- 48
49
50

.51
52
53
54
55
56
57
58
59
60





.247560

.118100
27707

7990
2240

—.214780
—.198850

.206540
—.192600
—.167780

.134130
—.229590

.171980
—.317190

~ 169030
'246140
.411650

—,.087995
—.006479
—.091840
—.385410
'.058957

—.093404
.067365
.154940
.526270
.366440

—.431660
6630

134
7250

.116530

.145900

.203350

.064106

.386610

.239560
—.611950
—.055947

.159980

.099831

.162220
—.082720

.273060

.120840

.024213

.494400

.078993

.454080
—.081453
—.750000
—.276430

~ 162770
.178040

7600
3450

82147
.348990
.206730
.031316

.218760

.123430
—.037745

.158750
—.024988
—.251370
—.137830

.208600
—.284870
—.094356

.096166
—.161320

.265180
—.365460

.308260

.391030

.263070
—.015214
—.004301
—.104400
—.310250

.122000
—.097270

.041495

.159820

.601680

.341770
—.476070
—.447750
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IDENTIFICATION OF "Al'E TYPES, DIRECTIONS, A% VELOCITIES
USING SMART-I STRONG MOTION ARRAY DATA

C. H. Loh (I)
J. Penzien (II)

Presencin Author: C. H. Loh

SUMMARY

Presenced in this paper is a method for identifying wave types, direc-
cions, 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 o
motion vithin frequency band Af centered on frequency fo. At those frequen-
cies vhere R(f) has very lov values, single wave types dominate the" motions.
Using directions of principal axes and phase lag information, wave types,
directions, and velocities are identified.

INTRODUCTION

Ac a meeting in Havaii during May 1978, the need for strong earthquake
ground motion arrays vas discussed and plans vere developed Eor promoting
such arrays in many locations on a'vorld-vide basis (Ref. 1). One site
selected ac the workshop as having high potential for frequently experiencing
Euture strong motions vas north-eastern Taiwan. Responding to the great need,
a strong motion array vas installed in this area in the town of Lotung in che
Eall oE 1980 under the joint effort of che Academia Sinica in Taivan and the
University of California, Berkeley, vith financial support provided by the
National Science Council and the National Science Foundation (Ref. 2).

The strong-motion array in Lotung, called SMART-l, is a two-dimensional
surface array consisting of a center station COO and three concentric circles
(inner I, middle M, and outer 0) each having 12 stations vith radii of 200
meters, 1 km, and 2 km, respectively, as shown in Fig. 1. This azrangement o
37 stations vas selected to optimize the expected information to be obtaine
f b th the engineering and seismological points of view. The instrumentsrom o li-in this array record digitally with a common time base accurate to 1 mil
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 vhich a promising method Eor identi-
fying wave types, directions, and velocities vas developed. Due to space
limitations, application of the method herein is restricted to a limited
number of motions recorded during the earthquake of January 29, 1981 (Event 5);
(I) Associate Professor of Civil Engineering, National Central Universtiy,

Taipei, Taiwan, China

(II) Professor of Structural Engineering, Universicy of California, Berkeley,
California, U.S.A.
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see Ref. 2. This earthquake was centered 30 km S26'E of the center of the
array. Its focal depth was 11 km anc its Richter magnitude calculated locally
by the Institute of Earth Sciences in Taipei was 6.9.

CROSS CORRELATIONS AND PRINCIPAL DIRECTIONS

where

In an attempt to identify wave types, dizections, and velocities produced
by the earthquake of January 29, 1981 (Event 5), let us fizst examine the
cross correlation coefficient given by

Ri (z)

1$
(1)

Rii(0) R)g (0)

ATt +-
Ri (z) -=f xi(t) x (t+z) dt (2)

ATt
0 2

and where xi(t) and x~(t) are the recorded acceleration time-histories in the
x-d'rection (East-West) at stations i and ), respectively; see Fig. 2. In
Eq. (2), AT is a time window centered on time to, and V is a time lag. If
the ground motions at these stations were produced primarily by a single
travelling wave, then the above cross corzelation coefficient, which can range
from +1 to -1, would show high correlation for z equal to the time required
for the wave to travel between the t'wo stations. This value of t would, of
course, depend upon the direction of.wave propagation as well as wave velocity.

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

~ window of Eq. (2), cross correlation coefficients were generated over the
range 0<z<3 sec for many station paizs. It is pertinent to" point out that the
plots c f these coefficients against time lag z are. not characteristic of those
produced by pairs of motions dominated by a single tzavelling wave. Their
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 pro)ected distance) as shown in Fig. 3. In this figure, the
exponential curve was derived by a least squares fitting of the data points
shown. The rapid loss'f maximum cross correlation with distance supports
the above suggestion that multiple waves having different wave velocities and
directions are simultaneously present at all stations. As a consequence of
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 y components
in accordance with Fig. 2; thus,

x!t) ~ x(t) cos4 + y(t) sin4 (3)
y(t) ~ -x(t) sin> + y(t) cos4
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Next, using time and fzequency domain windows, the Fourier transforms of these
new components are calculated using relations of the type

hT+
0 2

A-(f) = f x(t) exp(-i2xft)dt
AT

(4)
t0 2

hf f +-Af
0 2 0

f A-(f) exp(i2mft) df + f Af Ax ) ep(i2mft)x t
f

0 2 0 2

where window lengths AT and hf are centered on time to and frequency fo,
respectively.

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

R - (t~0,$ ) ~ R (0) cos Q + R (0) sin f + 2 R (0) cosg sing (6)2 2

xixi xixi yiyi i i
with zespect to $ giving (Refs. 3,4,5)

2 Rx (0)
1 -1 xiyi{' 2

'an
R (0) R (0)

yiyi
Angle $0(fo) in Eq..(7) denotes two principal directions which are 90'part;
one being the ma)or principal direction, the other the minor principal
direction. The corresponding principal variances will be denoted by Rxixi(fo)
and Ryiyi(fo), respectively.

(7)

PRINCIPAL VARIANCE RATIO

Let us now define a principal variance ratio as given by

R- - (f )yiyi
R(f ) {8)

xixi 0

which vazies over the range 0<R<1. If we examine the motion at station i for
discrete values of fo, consistent with the discrete frequencies of the Fast
Fourier Transform (FFT) method used in evaluating Eqs. (4) and (5), we find the
following zesults: (1) When R(fo)~1, there are no principal dizections because
the harmonic motion at frequency fo moves along a circular path at constant
angulaz velocity 2nfo 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 0<R(fo)<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'ut-of-phase,and (3) When R(fo)~0, principal directions exist but the motion
is a&ng a straight line; i.e., a pure harmonic exists. For R(fo)>0, the two
orthogonal waves could be made up of the superposition of multiple waves moving
in different directions. Thus, in the interest of identifying wave types,
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directions, and velocities, attention should be concentrated on those discrete
frequencies having low values of R(fo). Fortunately for the SMART-1 data
analyzed, these frequencies represent Erequencies of high energy transmission
as will be shown subsequently.

Figure 5 shows plots of the major principal variance Rxixi(fo), the
principal variance ratio R(fo), and the dominant (or major principal) directxon
Qo(fo) Eor the horizontal ground motions recorded at stations COO, I03, and I06.
It is signiEicant to note that at frequencies fl, f2, f3, and f4, 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 dizections are near-
ly toward the epicenter for frequencies fl 'and f2 but are-much closer to the
normal direction for fzequencies f3 and f4. 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 Hs to about 6 Ha. Above these frequencies, the directions of propa-
gation aze quite variable.

Let us now examine in further detail the dominant dizections of motions at
frequencies fl. ~ 1.17 Hz and E3 2.85 Hs for many stations in addition to
stations COO, I03, and I06 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
direction at frequencies 1.17 Ha and 2.85 Hz, respectively, at many stations
as given by Eq. (7). The average dominant direction 4o over the array is also
shown in these figures. Note that the average dominant direction in Fig. 6 is
reasonable close to the epicentral direction while the average dominant

'irectionin Fig. 7 is close to the normal direction.

We may now use these two
ponding functions

R- (T)
ixj

(9)

average dominant d3.rections to generate cortes-
ATt +—

0 2
/ >T xi(t) xj(t+z) dt

t
0 2

for ground motions recorded at many station pairs across the array. Noting the
maximum cross correlation for eachstation pair over the entire range of z 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 zepresents a station pair. The upper plot in Fig. 8 is Eor fo equal to
1.17 Hz while the lower plot is for fo equal to 2.85 Ha. Straight lines fitted
by least squares yield wave velocities (inverse values oE the line slopes) equal
to 2.4 km/sec and 5.3 km/sec for the Rayleigh and shear wave velocities,
respectively.

Because a 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 oE 2.4 km/sec. The usual seismological
interpretation of this large diEference in local apparent velocities -is that
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the SH waves are associated w t ongd i h 1 er travel paths from the earthquake source
i it of which the SH wave fronts move steeply upwards

1o i i 1 1 o oil d'thro g o s ~ pp
b the more rigid, deeper rocks in the crust ~ On the ot er an, e

es develo near the surface between the source and the array so that t e r
a ll d b the shallower less stiff materials.wave velocities are largely contro e y

Accordi'ng to this explanation the vertical components of ground motion
d w studied should be significant in the frequency range of thein the time window stu e s ou

in the fre uency range of theRayleigh waves but relatively insignificant n t e requ
ttransverse shear waves described above. This prediction was teste y compu-

ing t e t ree- menh h -di sional particle motions as a function of frequency o. e
he above rediction;resu ts s ow a1 h th t the particle orbits agree well with the a o p

the fre uenc bandi.e., si'gnificant vertical displacements are present in the q y
0.25 to 1.5 Hz, but relatively small vertical displacements are present in
the frequency band 2.5 - 3.1 Hz.

CONCLUDING STATEMENT

Althou h further verification is needed, the method presented herein for
identif ing wave types, directions, and velocities g

't oug u
makin use of ma5or

ces and directions and a principal variance ratio shows con»principal variances an rec ons
its the "authors havesiderable promise. Since generating the above resu ts,

generalized the method to a consistent three-dimensional form which permits
further improvement of the results.
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ENGINEERING ANALYSES OF SMART I ARRAY
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SUMMARY

Presented arc th» results of engineering analyses of selected aeeelerograms recorded by thc SMART I strong motion

array in Taiwan which is described in a companion paper by B. A. Boll. Y. B. Tsai, K. Ych and M. K. )(su.entitkd
gurrhItuuhe Strong hforiuns Recorded by u Large Ateor source ArruyofDigital Srismogrophs. These analyses include (l)
transformations to prineipa) axes, (2) g«neration of Fouricr amplitude spectra. (3) development ol generalizal response

spectrum ratios for charaeteriring multi-support cxcitations and (4) moving window analysca in the time and frequency

domains for studying the spatial variations of recorded ground motions.

(NTRODUCTlON

As described in a companion paper,'he SMART I strong motion array in Taiwan consists of a central

station and 36 stations located on three concentric rings (l2 stations each) as shown in Figurc I. This

arrangement is dcsigncd to provide basic ground motion data for both seismological and engineering studies.

Thc seismotogiml studies include source mechanism and energy transmission phenomena while th»

cngtncering studies concentrate on thc inllucnoc of spatial variations of ground motions on the dynamic

resptsnse of large structural systems such as industrial buildings, bridges and dams. This paper is rcstriclcd to
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Ihc engineering studies using selcctcd aecclcrograms recorded during the carthquakcs of l4 November I980

and 29 January l98I. The results prescntcd focus on Ihc correlations of multi-support exeilations and their
infiuencc on thc dynamic response of linear structural systems.

RESPONSE OF LINEAR SYSTEMS TO MULTI-SUPPORT EXCITATIONS

A. Ge«eru) system

The equations of motion for a diserclc parameter linear structural system subjected to multi-support
cxcitations can bc written in Ihc form

niP+ct +kr ~ p(l) (I)

where r'is thc total displaecmcnt vector from a fixed reference containing «components, i e. n ~ n, + «v where
n, is the number ofdegrees of freedom in the system exclusive ofsupport displacements and «, is the number
of degrees of freedom associated with thc support displaccmcnts, p(r) is the load vector containing non.zero
components only for the support interaction forces, and m, c and k arc thc n x n mass, damping and stifness
matrices, rcspectivcly. This equation can bc partitioned and written in thc form .

Introducing equation (8) into (6) and using thc orthogonality properties of thc fixed base modes, uncoupled

normal mode equations of motion for lhe fixe base structure arc obtained as given by

M V~+C ~i+K Y ~ xb [m kss ksi in vlPi

whcrc M„C, and K, arc n, x n, diagonal matrices dcfincd by

C,a~c„qi, 2M,ro,g

K,aib, k„ib, ~ io, M,

— (9)

(l0)

whcrc io, is a diagonal matrix containing thc fixe base normal mode frequcncics and Q is a vector containing

thc n, normal mode damping ratios. It is assumed herc Ihat damping matrix c„ is of the Caughey form so that

uncoupled damped normal modes exist.

It shouhl bc recognized that generalized shape functions and corresponding amplitudes could also bc used

in formulating lhc original discrete parameter equations of motfon. Normally, howcvcr, thc standard finite

element approach would be used.

where r', and rv rcprcsenl the «, and n~ dcgrccs of frccdom, rcspcctively.
Thc total response can bc scparatcd into quasi static and dynamic response of thc form

(3) i

whcrc components in vector r",are identical to lhe corresponding prescribed support displaeements in vector
r«components in ri're Ihc quasi.static displaeemcnts in Ihc n, degrccs of freedom caused by Ihe supporl
displaccmcn(s in r'„and components in r,'rc dynamic displaccments in the n, degrees of frccdom.

The quasi static response is obtained I'rom thc first of equations(2) upon letting P and V equal zero vectors;
thus, giving

-k 'k,vri (4)

Thc dynamic rcsponsc is obtained from lhe first of equations (2) upon substitution of equations (3) and (4), „

glviiig

k,z kis
vA viak„ '„ (l2)

and equation (5), yielding Ihc dynamic response, rcduccs to

B. Spe»iul »use of th» Iten»ra) system

Considcraspceialeascoflhcgeneralsyslcmformulatedabovewhercn, w I,«, ~ 2andn ~ 3.Lclthetwo

prescribed singic~omponent support displaecmcnts at supports A and B in this ease be dcnotcd by v«(t) and

v,s(l), respcetivcly. Equation (3) can now be written as
~ I

r'i(I) r7'(I) ei(r), r 'S r. b
r' v«(l) ~ v«(t) + 0

II I
v.a(l) v,dt) 0

Note that thc single dcgrce of freedom in the fixed base system as rcprcscntcd by r,(I) could bc any single

normal mode of Ihc mullidegrec fixed base system or any other single gencralizcd shape func(ion for that

system.
Thc quasi-static solution as given by equation (4) bceomcs

~~i+»«~i+ k»lI ~ [m»k» kv-m.vlrw+[e. k ' v-culi~ IS)
'hc

second term on the right hand side ofequation (5) equals zero for slilfncss proportional dam ping and is
small for other forms of damping when thc damping ratios arc low, say less than IO per cent of critical;
therefore, it can bc dropped from Ihc equation without introducing significant error. Thc dynamic rcsponsc
can then bc obtained from thc approximate relation

where

/kir mih /kis mis'I
ri+24ruir i+i«i»i «( )v«+( ) via

)'„,)'ii

~ Q(kii/mii)

(!3)

( I 4)

m«r, +e„), +k„r, ~ [m„k„'„-m,vlP, (6)

Solving for fixcd base structural mode shapes and frequencies using

m„r,+k„r, ~0 (7)

Ihe vector r. can be exprcsscd in terms of thc resulting n, x n, modal matrix 6, and thc n, fixed base modal co-
ordinates Y, as given by

For Ihe subsequent dcvclopmcnt, il is convenient lo wri(c equation (l3) in lhc forni

r r+>Et iui et+iud r'i ~ —Av«-BC',a
where

(I5)

(I6)

r,aO,Y,
L I us now ~ml re ihc maxiinum ab lute value ofdynamic response with Ihc lwo simultaneous inputs as

«prcsscd by equation (I5)with Ihc avcragc of Ihc maximum absolute values ofrcsponsc produced by Ihc Iwo
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inputs applied as rigid base inputs separately, i.c. thc averages of thc maximum absolute values of response
derived from

r~t+2ftctttli+a>tats t va (A+B)u« (17)

r~t+2ft tut pi+ra>sari na (A+B)u,n (18)

Letting S,""(f,T) and S,',T) rcprescnt thc standard pseudo-accclcration response spectra (or ground
accelerations f«and P n, respcctivcly. the maximum absolute values for r t as given by equations (17) and (Ig)

will be

—,(A+8)S,""(f,T) and —a(A+8)S," (f,T).
I

I I

rcspeclivcly. Thc average of these two maximum responses willbe

~(A+8)[S,""(f,T)+S, (f,T)]
I

Thc quantity T introduced herc is thc fixed base structural period 2x/t>at.
Consider now thc maximum absolute value of rcsponsc resulting from equation (IS). It is convenient to

designate inputs 8«and t>sn so that ) A)<) 8) and to introduce a paaicipatian factor ratio y defined by

A
7R 8 (19)

Because ) A ) <) 8(, y must always bc in thc range

—I ~<74+ I

Using this participation factor ratio, equation (IS) can be written as

ri+2firut r't+ati ~i av -8[YP«+Pin] (21)

I(y,f,T)ia—rb (y,f,T)
(7+ I) — 2S" (y, f T)

2 ' [S,""(f,T)+S,s(f, T)]
123)

can bc used for 7 m+ I and 7 m —I to measure Ihe intensity o(in phase motions and out of phase motions,
respectively.

Dcfining S," (y,f,T) as thc standard pseudo-acceleration response spectrum dcrivcd using ][yt>«+t>,n] as

Ihc single input to Ihc single degrcc o( freedom system, thc maximum absolute value af response resulting
from equation (21) is (28/nt f)Sary,f, T).

A gcncralizcd dynamic response ratio tps(y, f, T) is now define as Ihc ratio of the maximum absolute value
of rcsponsc derived from equation (21) to thc average of the maximutn absolute values of res ponsc given by
equations (17) and (Igg thus >ao CAc02 5"+ w /CA<0 3$

(7+ I) [S (f.T)+S, (f.T)]

Note that as f>,„(l)and t7,s(t) aPProach full Positive correlation with each other, rP (I,f,T) ~ I. I
Thc generalized dynamic response ratio defined by equation (22) can bc used elfcctivcly to measure Ihc

modified dynamic response resulting from thc dilfercnccs in thc twa simuhancous inputs 8«and t>». Thcsc
dilfclcneeS obviously dcpcnd upon Ihc distance between supports A and 8 as well as other factors.

Since S," (I,f, T) and S," (- I,f,T) are thc pseudo-acceleration response spectra for single dcgrcc of
freedom inputs /[Pan+ P a] and ][a>sn- t>«]. i e. thc inphasc and oul.of phase components, respectively, for
motions at A and 8, the normalized (alm of equation (22) given by

SMART I ARRAY ACCELEROORAMS

r,' i )

m

I

1 ~v,tt) ~ trait)
'v

~ I i )

L>—
r>atn nif

I">Sure Z. Simple shear fame with mulu.support cacitations

I
S79

~ I,
t/

~I,

V (I) -- ~+ ~ Ver) -- ~- ~«
Let us now define two ncw accclcration spectra S„(f,T) and Sn(f, T) by the relations

S„(f,T)iatu, rs+ ~; Sn(f>T)sstatt r,- -'—

(27)

(2g)

Note that when un = t>„, S„(f, T) m S„(f,T) = S,""(f,T) and when u„m Pn. Ss(f, T) m S„«. T) m S."(f. T).
Defining a ncw gencralizcd dynamic response ratio 4'(f, T) as thc ratio of thc average of Ihc maximum

absolute values of V (i)and Vn(I)Produced by Ihe mulliPlc inPuts as rcPrcscntcdby equations (24) and (2S) to
lhe average ofmaximum absolute shears as produced by scparatc rigid base(single input) inputs u«and uas.

onc finds

SA(f.T)+ Sn(ff, T)
(29)

S,""(f.T)+S,'"(f,T)

Note that for systems ol'hc abave type which are statically indeterminate through their suppaitsv Ihc
forces produced by thc quasi. static response arc proportional to the out-ol'-phase ground displacement

(Pan-i')/2.

A

v, IQ)

L
a

v'la.t I
8

v>(aJ) v,vlt)

v ta3) ~f>atnl>lr
fizuie 3. Simple beam with multi.support caeitations

I. Exurrtpla No. I r>/the sf>a'ciatl case. Consider thc simple system shown in Figurc 2 with support inputs at
A and 8 as indicatedr For this system, equations (4) and (6) bccomc

%us>a+ Patt] (24)
and

ri+2fioat ra +oat rt m )[Ps*+urn] (2S)

whcrc tot m g(k/rrt) and f, is Ihc fixed base damping ra(io. Constants A and 8 as defined by equations(16)
are both equal ta (; thus y na+ I. The dynamic response ratio reduces lo lhe form

2S."'(y.f, T)
[S."Wf,T)+Ss"«, T)]

(26)

and the shear forces arc given by
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nx
v'(x,t) ~ rc(c)sin— (30)

and its quasi-static rcsponsc is given by

2. Example Nu. 2 %he special ease. Consider Ihc simple system shown in Figurc 3 with support inputs at
A and 8 as indicated. It is ofintcrcst to consider Ihe absolute maximum rcsponsc of a single mode vibration
for simultaneous inputs vA(c) and vc/{I) and to compare Ihis maximum rcsponsc with thc average of the

corresponding absolute maximum responses produced by rigid base inputs csA{c) and gn(c).

Considering Ihc first mode, its dynamic response is given by

Thus,

k„ l6nx El
(second mode frcqucncy) I38)mi i mL

Substi(uting equations (37) into equations (l6) gives A ~ I/n and B ~ —I/n; therefore, y as defined by
equation (l9}equals —I. From equation (2XL it is scen that cbc(- I,E. T) ~ ro. Ihc reason for this being that
thc second mode is excited only by Ihc oul.of.Phase motion {Fc~

—vcA)/2. In other words. Ihc rigid base {in.
phase) inpuls produce no second mode rcsponsc.

v"(x,t) ~ v,„(c)+
'* x

L

Adding equations (30) and (3I), Ihc total rcsponsc is given by

c/(x> I) = rc(1) cbc(")+ "cAd'1{x)+"cs q's(x)
where

nx
qcc(x) ~ sin—

L

X
qct(x) ~ I--

L

mL
m» c= —,2'Lnii1 ~ Iili1

2

n'l
kit ~ ~, k,1 a k,s I0

x
'i(x)

~—
L

Using thc principle of virtual work and standard finite clcmcnt methods, onc obtains

(3I)

(32}

(33)

(34)

CORRELATIONS OF MULTI.SUPPORT EXCITATIONS

A. hfcelt/pie eomponencs uc une support
Considcc input accelerations u„(t), u,pt) and a {I)at support r in directions x, y and =, rcspeetivply. Thin

motions can easily bc transformed to any other orthogonal sct of axes, say k. y and i, through a
transformation matrix a which satisfies the condition ars = I (identity matrix); thus. wc mn wcitc

u,,(c)

u„{c)

uJI)

ui1 ais

u11 u11 al 1

us I a11

a„(c)

cc„(c)

ci, (I)

{39}

Onc can easily find that transformation giving thc principal axes, i.c. thc direclions fcir which no cross
correlations exist among Ihe Ihrcc transformed components of acceleration. For small slrucluri~. Ihc
directions of Ihe principal axes for all inputs would bc approximately thc same; however, for large structures
significant dilfcrcnecs could exist, particularly when Ihc site conditions are complex.

B. Uni.direeciccnul components ac twu supports
Lct aJc) and u„(t) bc thc recorded ground accelerations at stations r and s, respectively, in lhc ith os-

ordina(e direction {i ~ x y 1) at lime c. These motions can be scpara ted into their in-phase and out.of pha»
components as shown by

gn4 El
kcc ~—1; kcr ~ kcs ~ 0

(37)

from which
n1 El

cuc k»/mt i >>> 'j~ 2n/cucmL' (35)

SubSlituting CquatiOnS (34) intO CquatiOnS (l6) giVCS A a B a 2/n; thCrCfOre, y ae dCfinCd by rquatiOn (19)
equals I. Since this structure is statically determinate through its supports, thr quasi. static rcsponsc
produces no internal forces in the system, which is consistent with equation (4) giving rf ~ 0. It is quite dear
now that thc generalized dynamic response ratio given by «quation {26) for s ~ sc and T~ f, is a direct,
mcasurc of thc modified total force (or stress) rcsponsc caused by Ihe di5'rrrncxs in Ihc two inputs cTA{c) and ~

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

2nx
et(x) sin—

L (36)

This mode shape leads to

mL ml. mL
mii mi1 mes2 2n 2n

(40)

The lirst term on Ihc right-hand side ofequations (40) reprcscnls thc in.phase component while lhc second
term rcprc»nls thc out of-phase component. It is very informative to compare directly Ihcsc two
components for difcrcnt pairs of stations and for difcrcnt directions when studying thc correlations of uJi)
and uJc). As pointed out previously, equation {23) can also bc used for this same purpose by Irning y + I
and y = —I and comparing thc two results obtained.

Correlation studies of u„(t) and a„(c) can also bc carried out using thr so~lied 'moving
window'echnique.To dcvclop this method, wc make usc of Ihc Fast Fouricr Transform algocilhm to gcncrate

f> ~ csc 1>

u„{lcu,t)aJ aJa)c'x (4 I)
cs> n

bJcu,c,a)a —
J

u„(i/f,c)e'"'d/I (42)
-<s n

where cc is a dummy variable for lime I, hc is the window width in Ihc lime domain. hcu is Ihc window width in
the frcqucnry domain and /f is a dummy variable for arrular frequency cu. Time I in equation (4I) can br
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varied continuously for a fixed value of itf resulting in a moving window in thc time domain. Likewise,
frequency co in cqua(ion (42) can be varied continuously for a fixed value ofben resulting in a moving window
in Ihe frequency domain. Equation (4I) is actually the Fouricr Transform of uJIL but considering only iis
values over thc time range hf centred on I while equation(42) is thc invcrsc Fouricr Transform ofuJi7o I), but
considering only its values over thc frcqucncy range ikco centred on ro. In some cases u„(i&,I) and b„(io, I, a)

arc calculated for fif4 co and hco equal to a finite value, respectively; while in other cases, they arc calculated
for ckf equal to a finitvalue and ikco 4 oo, rcspcctivcly. In certain special cases, finite values arc used for both
hf and hco.

To continue with this moving window approach, generate thc cross correlation coefiirirn(s (or functions) as

dcfincd by

p,i„(<it,f,c)a( f b (co,f,a)banco,f,a+c)da)/ jt [ b„(co,f,a)tcfa] f b„(co,f,a+t)tda (43)
'h J I -a J J-4

where 5 is a time di5crcncr. By this definition, thc cross correlation coeNicirnts lail in the range

llu ts,
ISOI

0 ~ SCC

to SCC

l.c 51C.

O.a sec

~.451C

~OI~ 51C.

It'4 5CC

Slxsou
COO

5llton
IOS

SlllIOI~

—I cpu /co,f,t)<+ I (44I

The usc of equation (43) to study Ihc cross correlation of motions u„(f) and u„(I) is dcscribcd in Ihe next
section of this paper.

IIOV. «,
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SllnCII
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NUMERICAL RESULTS OF ANALYSES

A. Directions ofprincipal uxes

Directions of principal axes were determined for the ground accclcrations produced at stations M02, M05
and MI2 during thc earthquake of l4 November l980, and at stations C00, I06 and 009 during thc
earthquake of29 January l981. The directions of these axes when projcctcd on a horizontal plane are shown
in Figures 4 and 5 for eight digcrcnt overlapping time segments of4 s each. Thc crosses and dots indicate that
Ihc major and minor axes, rcspcctivcly, are approximately vertical while thc short and long solid lines
indicate directions of thc intermediate and major axes, respective)y. The most significant of Iheic results arc
those for time segments in thc range 0<t <8 s which covers thc high intensity periods of the motions.

During Ihis high intensity time range, the major principal axis for thc carthquakc of l4 November l980
points downward towards the bypocentrc located approximately 10km S l6"E of thc centre station of thc
array and at a depth of 62 km. This observation is consistent with high P-wave contributions Io Ihc ground

««scc

I"lgule S. Iyhccxions of pllncipl'I axes foi ground motions produced by ihe ctnhquli e ot 29 ftnutly 19SI

motions. During Ihc time range 6<f<lgs. Ihc 4.s segments show Ihc major principal axis to bc
approximately horizontal and usually pointing in thc general direction of thc cpiccntre.

For Ihe earthquake of 29 January l98l, Ihc major principal axis is approximately vertical only during thr
first 4-s segment at stalions C00 and l06. For all other lime segments, it is approximately horizontal. During
Ihc high intensity time range and considerably beyond, thc directions of the major principal axis correlate
reasonably well with direction to thc cpicentrc located 30km S26" E of the army's renire staiion. The
hypocentrc depth for this carthquakc was approximately I I km. Thcsc observaiions arc consistent with S.
wav» contributions to Ihc high intensity motions.

B. in.phuse und oaf~f phase components ofuni-directional motions

As defined by equation (40), in-phase and out-of.phase components of uni-directional motion at Selected

pairs ofStations were calculated. Figures 6-9 show Fouricr amplitude spectra for each of these components
as rccordcd during thc earthquakes of l4 Novcmbcr l980 and 29 January l98I, respcrtivcly, for station pair
C00 and l03. The in-phase coinponent for thc earthquake of l4 Novcinbcr l980 is much stronger than ihc
out-of phase component except for I'rcquencics in the approximate range 5-6Hz. Thr large percentage of in-
phase motion is consistent with cohcrcnt wave fronts of Ihe P-wave type moving in an approximate vertical
direction as indicated by thc vertically oricntcd major principal axis previously dcscribcd. Thc in.phase and
out-of.phase components for the carthquakc of 29 January l98I arc approximately equal in intensity if
averaged over therntirefrequencyband0< I/I<7Hz;however,thercisadefiniteshiftingofthcintcnsityfrom
onc componrnt to the other as a function of frcqucncy. To illustrate this observition, notice Ihe high
percentage of out-of phase motion for frcqucncics in Ihc neighbourhood of I, 3 and 5Hz and thc low
percentage for I'requcncies in thc neighbourhood of 2, 4 and 6Hz. While some elfoit has bccn made Io

~OVSSCC
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rationalize the cause of Ihis phcnomcnon, no explanation will bc sct forth at Ihis time. Obviously, further
study of Ihcsc and other results are ncedcd.

C. Normalized dynamic responst ratio
The generalized dynamic response ralio qy'(y, f, T) defined by equation (22) can bc used to correlate thc in.

phase and outwf phase components ofuniMircctionalmolions at station pairs when placed in its norntalizcd
form shown by equation (23) and when cvaluatcd for y o+ I and y zc —I. Plots of this normalized ratio
against s(ruclural period Tare shown in Figures 10-14 for f vo 005.

Figures 10 and I I show plots of this ratio for station pairs COO and 103 and COO and 106, respectively, using
y va + I which «mphasizcs thc in phase component ofmotion. Notice that the percentage of in.phase motion
for the earthquake of !4 November 1980 is very high compared with lhc corresponding percentage for Ihc
earthquake of 29 January 1981 particularly as shown by thc longer structural periods. This observation is
quite similar for station pairs COO and 103 and COO and 106. Qcarly, Ihc results of Figures IO and I I arc
consistent with wide propayting P-waves for thc !4 Novcmbcr 1980carlhquake and predominant S-waves

propagating horizontally for thc 29 January 1981 earthquake.
ThC nOrmaliZed dynamiC rCSpanSe raliO fOr y zc+ I, f 44 005 and fOr SlatiOn pair COO and 103 iS again

plotted against structural period Tin Figures 12 and 13. Also plooed in these figure is Ihe same response
ratio for y N —I which emphasizes Ihc out-of-phase component of motion. Ayin notice Ihe very high.
percentage of in.phase motion (y va+ I) for thc carthquakc of 14 November 1980 as compared with lhc
carlhquakc of29 January 1981. Comparing the curves in these same figures for y cu —I shows a murh higher
pcrccntagc ofout-of-phase motion for the carthquakc of29 January 1981 as compared with Ihc carlhquakc
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of l4 Novcmbcr l980. Thc plots in Figurc l4 corrcspond to those in Figurc l3 cxnpt they rcprcscnl station
pair COO and l06 instead of station pair C00 and l03. Thc resul(s for both station pairs arc qui(c Similar.

The previously mentioned observation of an oscillatory shifting of Ihe intcnsilics of in-phase and oul-uf-
phasc motions with frequency for Ihc earthquake of 29 January l98l is again apparent in Figures l3 and l4.

D. Shear ratio
The gcncralizcd response ratio tb'(f, T) defined by equation (29) (called the shear ratio herc) is plotted in

Figures IS and l6 for the earthquakes of l4 Novcmbcr l980 and 29 January l98I. respectively, using the
recorded EW motions for sta(ion pair C00 and I03. Thc plot in Figurc IS showing Ihc shear ratio to bc nearly
equal to I over the entire structural period range indicates a very large pcrccnlagc of in.phase motion: in fact.
so large a pcrecntagc that Ihe rigid base input assumption usually made in engineering practice would bc
reasonably valid for this ease. This observation is quite significant considering thc fact that stations C00 and
I03 arc separated by 200m.

Thc shear ratio plot in Figurc l6 for the car(hquakc of 29 January l98I is quite diifcrent from that in
Figu'rc IS. It shows a shear ratio considerably less than I over most of thc structural period range which
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indicates thc double-support input produces response considerably less than the average of the scparatc rigid
base inputs. Thc out of.phase components arc obviously strong for this case causing a large reduction in
structural response.

By dcfini(ion. the shear mlio must approach infinityas thc structural period approaches zero becaus» thc
quasi. static forces approach infinitywhile Ihc dynamic shear forces remain finite. This fact explains why Ihc
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shear ratio is larger than I for the shorter structural periods. Thc quasi-sta(ic rcsponsc also incrcascs thc
shear ratio above unity in the longer structural period range for Ihc case of Ihc carthquakc of l4 November
1980 bccausc of thc large pcrccntagc ofin-phase motion. One should note that thc shear ratio is exactly uni(y
when Ihc motions at s(ations COO and l03 arc identically equal. This ratio can exceed unity only as a result of
the quasi-static rcsponsc caused by Ihe out-of phase motion.

E Cross eorrrlafion cuePricnfs

The cross correlation coefficient dcfincd by equation (43) can be used to study thc correlation of motions
ct„ll)and tt„ff)mcasurcd at stations r and s, respectively. in Ihc ith direction. Letting hl and bttf in equations

(4I)and (42k rcspcc(ivcly, equal infinity,thc cross correlation cocgicicnt is 0 function of time digercnce r only. 0 ~
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Figurc l7 shows plots of Ihis cocCicient for Ihc E-W components ofmotion at two station pairs, namely c00
and l06 and l06 and MOS, as recorded during thc carthquakc of !4 November l980. The maxinium crom
correlations for thcsc two station pairs werc found to bc +0476 and -029I. rcspcctivcly, while thc
corresponding, cross correlations for zero Time difcrence werc found to bc +0204 and +0 I67. These
correlations arc rclativcly low as their numerical values arc dominated by Ihc high«r frcqucncics in Ihe
ground motions. Thc values of time difercncc T associated with maximum values of correlation arc now
being used Io assist in studies of wave tmnsmission characteristics (wave type. velocity and direction). Thc
results of thcsc studies willbc rcported later.
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Because of Ihc dominance of higher frequcncics on thc cross correlation eocgicicnt and thc difercnccs in
correlation which cxis( among frcqucncics, a moving window in the frequency domain was used to obtain
cross corrcla(ion as a function of frcqucncy tu and time difcrcnce r. In this case fttf was sct equal to infini(y.

I tgurcs IS-2l show this correlation plotted against ground motion period l2a/lu) for T 0 and ror
4fm htu/2tr m 0488 Hz. East-west components ofmotion for stations COO, I03, l06 and Ol 2 rccordcd during
'thc earthquake of l4 Novcrnbcr l980 and 29 January l98l were used as indicated. I"igures IS and l9 show

- Ihc cross correlations to be very high for the longer periods of motion recorded during the carthquakc of )4
November l980 and they show a relatively fast drop in correlation with decreasing periods below I s ln
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phase angles involved, this I'unction has lhc appcaranec of a slowly varying harmonic with a 3 3s period
which peaks at about 1 m 047 s where p 08. The significance of Ihisshape is now being correlated with other
information to shed light on the wave transmission characteristics to bc rcportol la(cr.
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F. Psetccf~eeferation resf>t>nse spec(ra

Standard normalized pseudo-acceleration response spectra werc gencratcd using 5 per cent of critical
damping for the componcn(s of motion recorded during thc earthquake of 14 November 1980 and 29
January 19&1. The averages of these spectra for the E-W components of motion are shown plot(cd against
slcuclural period in Figures 24 and 25 where they can bc compared with previously published average
spectra rcprcsenting four dilfercnt soil types.a Thc average spectra for thcsc Iwo earthquakes 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 ingucnccs
from (he source mechanism.

Fisucc 23. Cross colt»(ation co»5»kut foc major ptindpat components ol motion at stations M02 and h(0$
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CONCLUDING REMARKS

Thc SMART I strong motion array in Taiwan has provided an excellent data base for s(udying spatial
variations of ground motions and their inAuenccs on large engineering structures. Thc methodologies and
results prcsentcd hcrcin represent the beginning ofan expanding research elfort in this important area. Much
wotk nccds lo be done with special emphasis on intcrprctation of results. ))opcfully, the present paper will
provide a stimulus in this direction.
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haute N. Nonnalitcd pseudo-accckration rcspome spectra
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Fixuce 2S. Nocmaliccd pseudo.acoderaf on response spectra

contrast, the cross correlations arc relatively low over thc cnlirc period range for Ihc motions rccordcd

during the earthquake of29 January 19&I, as shown in Figures 20 and 21, cxccpt in the near neighbouthood

ofcertain discrclc periods. Thc significance of thc oscillatory character of these cross correlation functions is

now under investigation with no definitive condusion having yct been reached.

Cross correlation coc6ieicnts have been generated lor components of mo(ion using both time and

frequency moving windows. For example, it was gencratcd for thc major principal components of motion at

stations M02 and M05 as rccordcd during thc car(hquakc of 14 November )980 within thc time period 9-14 s

and within the frcqucncy band 2.6-30 Hx; sec Figure 22. Thc resulting cross correlation is ploned against

time hi(ference 2 in Figurc 23. Because of the narrow band character of thc components of motion and (hc




