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Identification of site response using 3-D array records

C.H.Loh & C.S.Yeh

National Taiwan University, Taipei, Taiwan

ABSTRACT: The purpose of this paper is to study the dynamic characteristics of soil deposits dur-
ing earthquake excitation. Generally, soil deposits are known to exhibit significant nonlinear behavior
under strong earthquake excitation. Observation of soil response between ground surface and down-
hole data provides informations on soil nonlinearity between strong shaking and weak motion. Based
on the evolutionary power spectral analysis, simplified wave type separation can be done. A system-
atic identification method is proposed to identified the hysteresis behavior of soil deposit. Bilinear
hysteretic restoring force with small yield displacement of soil deposit was observed.

1 INTRODUCTION

It is generally agreed that a particular surface ac-
celerogram reflects to some degree the characteris-
tics of the near-surface soil layers at. the recording

site. This effect. of soil conditions on the intensity .

and frequency content of earthquake ground mo-
tions has been extensively studied in recent years

(RBesset 1970; Gazetas 1979; Aki 1988). Because

of the lack of notxcable local geo]ogy and site effects
in earthquake records obtained at soil sites, the

site response durmg earthquake remains a great

interesting to engineers. - Since the installation of

SMART-1 array {with extension station on out-

cropping bedrock: E02) and LSST array (include
downhole array: DHA), many earthquake events
have been recorded. by these two arrays: These data

rmations to study the effects

cal site éﬂ?ects has been developed by usmg 2—«,}

dlmenslonal model a.nd ;he transfer fun ions be-

an: mcldent a.ngle h | by many m—
vestigators. . Since t| ;
bedrock and soft soil , ; ; ?
the location and path of wave. propagatxon
beheved that wreal dmta d

txes of soxl from strong m tion: records ﬂ;erfefore%

it requires the consideration of soil nonlinearity.
Such a problem belongs to the nonlinear system

ti on. System dentlﬁcatlon of soils can
; e of in-situ dynazmc
he procedures avalla,ble for

‘on: rmpome durmg g

alf—spax;e at

i be used to estun fe‘

d
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analysis. In the time domain, one is concerned with
parameter estimates based on recursive techniques,
maximum likelihood and related techniques. The
objective of this study is to evaluate the dynamic
soil properties during earthquakes by using system
identification techniques and the dxscussxon on lo-
cal soil a.mphﬁcatron :

2 EARTHQUAKE OBSERVATION

Talwan is a part of the Ryuku-Talwan-Phxhppme
arc system and can be viewed as'a tectonic transiz
tion zone between two subduction zones with very'
different ‘geometries. - The comphca.ted tecto
leads to high rate of sexsxmcxty in Taiwan regi
In the Northeast corner of Taiwan, high concent!
trations of both shallow and mtermedlate depth
earthquakes have been recorded. Because of this
fact, the SMART-1 array has been arranged in
thxs area near the city of Lotung in the Lanyang
Plain (Hoshiya 1984).  In order to study th
soil-structure interaction of containment of ‘powe:
plant’ dunng earthquake, the Electric Powe
search Institute (EPRI) and Taiwan Power
pany have jointly constructed a three-dimensior
array called LSST may which is located between
stations 007 and 008 of SMART-1 array. hi
dense ‘array ‘also ‘consists of eight' downhole a
celerometers at depths down to 47 meters «
fifteen surface accelerograms. Up to now, many
good earthquake data had been recorded by this
LSST array which provide data to study t il

structure interaction as well as the dynamic char-
acteristics - of soﬂ

Some events of the ‘recorde
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Fig.1 Mean acceleration response spectra

of downhole and ground surface seismic
data.

2.1 Variation on acceleration spectra

Figure 1 shows the averaged acceleration spectra
for two sets of earthquake data of surface ground
and downhole, respectively. The set A is picked
from strong motion data and set B from weak
motion ones. Apparently, the acceleration spec-
tra curves of ground surface are quite different for
Data set A from Data set B. Long period waves are
observed from surface motion observation in Data
set A. The downhole data do not show such phe-
nomenon in long period range. This phenomenum
can also be explained as the effect of strong soil
amplification as well as the nonlinearity in soil de-
posit during strong ground shaking.

2.2 Variation of soil amplification

Figure 2 shows the Fourier amplitude ratio be-
tween seismic motion of ground surface and down-
hole, i.e., soil amplification function. The funda-
mental frequency of soil deposit for different strong
motion excitation is not quite similar because of
the source effect, path effect and nonlinearity of
soil deposit. However, the amplification functions
of different events calculated from weak motion are
quite similar.

3 EVOLUTIONARY SPECTRA OF

SEISMOGRAM .
To gléi‘fny insight into the effect of the depth of rela-
tive soft subsurface on the strong ground motion,
evolutionary power spectrum analysis (Kameda
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Fig.2 Fourier amplitude ratio between
ground surface and downhole for weak
motion and strong motion.

1980) can be adopted to separate surface waves and
body waves and recognize the amplification of seis-
mic waves between surface and downhole motions
during strong motion. Therefore, the evolutionary
power spectra generated by multifilter technique in
the direction to the epicenter are examined in the
following calculation. !

Figure 3 shows a typical example of evolutionary
power spectra of strong motion records at LSST
array site (station FA1-2) based on the 1986 earth-
quake (event 16).: The filter damping 8, has been
fixed at 8, = 0.05 for the calculations of evolu-
tionary spectra of downhole data and surface data.
This example shows that the location of focus plays
an important role in identifyng the waves. For
event 16 (depth = 6.9km, A = 77.9km), the
depth of fault is quite shallow and surface waves
which propagate in multi-layered media and have
dispersion characteristics can be roughly sepa-
rated from body waves. The separation frequency
can also be determined at 0.6 Hz.

To gain insight about the role of local soil am-
plification between the soil surface and downhole
(—47m depth), the peak amplitude of evolution-
ary power spectra was observed. The amplification
is greater for body waves than for surface waves
in this example. To make a better understanding
on the site response during earthquake excitation,
time domain analysis of soil behavior by system
identification is executed.
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Fig.3 Evolutionary spectrum of Downhole data (DHA) and surface motion data (FA1-2)
for Event-16 (November 14, 1986 earthquake) along epicentral direction.

4 TIME DOMAIN IDENTIFICATION ON
SITE RESPONSE

To study the nonlinear dynamic characteristics of a
soil deposit during earthquake excitation, time do-
main identification techniques are utilized to an-
alyze the downhole and surface earthquake data.
This section presents the approach for evaluat-
ing the seismic influences on soil deposit using
the sequential regression analysis and the extended
Kalman filtering technique. For simplicity, a multi-
layer soil system subjected to a seismic excitation,
and the equation of motion for i-th mode can be
written as

(1)

where §iy 4, is the acceleration at the (N + 1)-th
layer, and g; is the relative acceleration of i-th
mode between the (N + 1)-th layer and the free
surface, ¢(¥:,¥:)is the nonlinear or linear soil re-
sistance, and p; is the participation factor of s-th
mode.

Ui +q(yi, %) =i Gn 41

4.1 Sequential regression algorithm

This method can take the advantage of the param-
eter identification methods utilized in the time do-
main. We apply this method for analyzing the seis-
mic response of soil deposit. Generally, the equa-
tion of motion for the system can be written in
terms of the state variables and rearranged to solve
for the stiffness and damping parameters from time
response measurements. For such a system of N
degrees of freedom (N layers), equations of motion
of the system can be written in the partitioned
form (Caravani 1977)
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Define a parameter vector p
p=(C, - Cn , K, - Ky)" (3
This equation (2) can be rearranged and put in the
form as
Hp=g (4)

where H is a N x 2N matrix and
g=f(t) - M z(t)

If the rank of H equals the dimensions of p (or
2N), a least-squares solution can be found in the

form
p=[H" H|"'H 4 (5)

The least-squares solution can be computed at one
time-point and update at the next time-point by
means of the recursive formulation. This technique
is applied to analyze the seismic data recorded on
free-field and at downhole array. Equivalent linear
system is assumed for each 4 seconds time in-
terval. The equation of motion of soil deposite for
fundamental mode is shown as

5:[-@,-:,—5,] o boma &)
as

where Z, is the acceleration at downhole where the
input is considered.

With the assumption of equivalent linear model
for each 4 second interval, Fig. 4 shows the esti-
mated equivalent linear parameters of soil deposit.



For the first four seconds, because the rato of signal
to noise is small, so the estimated parameters are
not reliable, therefore we estimate the parameters
based on the data taken from latter time intervals.

But after 4 seconds the estimated parameters
are much more reliable. It is found that the esti-
mated parameters are not constant with respect
to time and we may conclude that the response of
soil behavior is not linear during those three earth-
quakes.

4.2 Extended Kalman filter technique

With the same idea of sequential regression, the
extended Kalman filter is also used to identify
this problem. Consider a discrete linear system
described by

X@E+1)=8(i +1,7) X(3)

7
Y() = H X() +n(3) "
where X (i) is an m-dimensional state vector, Y(l%
is an n-dimensional observation vector, ®(+ + 1,1
is the nonsingular state transition matrix of the
system, and 7(i) is an n-dimensional noise vec-
tor which is assumed to be independent of X(3)
and a white Gaussian noise with zero mean and
nonzero covariance matrix. To obtain state so-
lutions and their fast convergency to the optimal
ones, the weighted global iteration procedures are
used (Kameda 1980). If one considered the vibra-
tion of soil deposit as a single-degree-of-freedom
nonlinear system, its equation of motion can be
represented as

(8)

in which ¢ is the relative acceleration between the
input and output, and Z, is the input accelera-
tion. In order to reflect the elasto-plastic forces
as a consequence of the deformation of the sys-
tem in both loadlng and unloa.ding processes, the
restonng force f(y, ) appearing in hysteretic loop
is assumed to be a piecewise linear function of y
and may be represetned mathematically by the set
of equation as

g+ f(v,9) =-p; £,

where ¢ is the linear viscous damping, k(y) is a
path-dependent function.

For the analysis in this paper, we adopt the bi-
linear hysteretic model to representing the path-
dependent character. Three parameters adopted
in this model are k, = initial elastic stiffness,
ya = yielding displacement and k, = stiffness af-
ter yielding. The unloading stiffness is the same
as the initial elastic stiffness. The state vector for
this system can be expressed as
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The result of the analysis for event 16 shows that
the linear model can not correctly represent the
soil behavior during strong shaking. On the other
hand, the bilinear model can represent the soil
restoring force more accurately. Figure 5 shows the
comparison in time domain response between pre-
dicted and the recorded motion. The errors among
them are much smaller if the bilinear model is used
to repressent the soil restoring force. It should be
noted that the yield displacement of soil deposit at
this site is small (< 0.3 ¢m) and the consideration
of nonlinear behavior of soil deposits subjected to
strong motion is essential in this analysis.

5 CONCLUSIONS

Based on the seismic data on vertical array of LSST
array, the identification has been made a.nd the
following conclusions are drawn:

(1) The comparison between the weak motion
and ‘strong motion ‘on spectral amplitude ‘and
soil amplification shows that the significant differ-
ence between these two motions is quite obvious.
For strong motion, the soil amplification function
caused by different earthquakes are not similar.
This can be considered as the significant influence
of source mechanism and the path of propagatron
on the local soil amplification.

(2) The evolutionary power spectral analysis on
surface' and downhole ‘accelerogram can ‘separate
body waves and surface waves. In ‘the ‘present



study, soil amplifications of this specific site caused
from this event is mainly generated by body waves.
(3) Based on the results of system identification
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Fig.5 Comparison between the estimated and
recorded ground motion data; (a) Using
linear model; (b) Using bilinear model.

on soil response during strong earthquakes, it can
be shown that the restoring force of soil deposit can
be predicted with bilinear hysteretic model. From
the analysis, it is found that the yield displacement

of soil deposit at the specific site is small (less than
0.3 em) and the consideration of nonlinear behavior
of soil deposit is essential when it is subjectedto
strong motion.

(4) The effect of source mechanism and source to
site distance (path effect) have significant influence
on the soil amplification. It may not be possible to
use any simple theoretical model to estimate these
effects on local site amplification.
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Table 1: Results of identified model
parameters for Event-16 (Nov 14, 1986
earthquake) downhole data.

Event 16 { 0.0 Hz ~ 3.0 Hz )
b
Model Dir. C K K2 Yq Pa
EP 1.3601 31.531 — _— 1.2785
(12.12%) | (0.893Hz)
Linear
NR 1.8701 35.882 —_— — 1.6188
(15.61%) | (0.953Hz)
EP 0.1051 56.860 25.252 0.315] 1.3026
. (0.69%) | (1.20 Hz) (0.799Hz)
Bilinear
NR 0.9333 52.564 29.852 0.262 | 1.5530
(0.64%) | (1.154Hz) (0.869Hz)

*
Dir. = Data transform to either epicentral or normal to
epicentral direction.

ACKNOWLEDGEMENTS

The work presented herein was supported by NSC
(ROC) project NSC81-0414-P-002-13-B.

REFERENCES

Aki, K. (1988) Local site effects on ground mo-
tion, Proceedings of Recent Advances in Ground-
Motion Evaluation, ASCE, 103-155.

Caravani, P., Watson, M. L. and Thomson, W. T.
(1977) Recursive least-squares time domain iden-
tification of structural parameter. J. of Applied
Mechanics, Transaction of ASME, 135-140.

Gazetas, G., and G. Bianchini. (1979) Field evalu-
ation of body and surface-wave soil-amplification
theory. Proceedings of 2nd U.S. National Con-
ference on Earthquake Engineering, Standford,
603-612.

Hoshiya, M. and Saito, E. 51984) Structural iden-
tification by extended Kalman filter. J. of Engi-
neering Machanics, ASCE, 110(12), 1757-1770.

Kameda, H., (1980) Evolutionary spectra of seis-
mogram by multifilter. J. of Engineering Ma-
chanscs, ASCE, Vol. 101, No. EM6, 787-801.

Loh, C. H. and T. H. Tsau. (1988) Time domain
estimation of structural parameters. Int. J. of
Engineering Structure, Vol. 10, 95~105.

Roesset, J. M. 1970. Fundamentals of soil ampli-
fication. in Seismic Design for Nuclear Power
Plant, Editor: R. J. Hansen, 183-244.

Tang, H. T., Y. K. Tang, J. C. Stepp, I. B. Wall,
E. Lin, S. K. Lee and H. N. Hsian. (1988)
EPRI/TPC large-scale seismic experiment at Lo~
tung, Taiwan,” Proceedings: EPRI/NRC/TPC
Workshop on Sessmisc Sosl-Structure Interaction
Analysis, Vol. 1, 3-1.



