Proceedings of Ninth World Conference on Earthquake Engineering
. August 2-9, 1988, Tokyo-Kyoto, JAPAN (Vol.V)

8-3-5
A SIMPLIFIED METHOD FOR ESTIMATING
MAXIMUM CREDIBLE EARTHQUAKE RESPONSE SPECTRUM

Genda CHEN , Gao LIN and Hangen NI

Department of Civil Engineering, Dalian University of Technology,
Dalian, China

SUMMARY

Based on the paper (Ref. 1), a simple procedure for estimating the maximum
credible earthquake response spectrum has been derived. The spectrum is of high
reliability, and it may make a contribution to predicting the safe shutdown
earthquake (SSE) in puclear power plant designs. Therefore, structures checked

with this spectrum are safer than those with the traditional average response
spectrum. Finally, the problem how to classify a site is studied for practical
purposes , and a corresponding method is proposed by means of the concept of

fuzzy set in fuzzy mathematics.

INTRODUCTION

Important structures, such as dams, offshore platforms and nuclear power
plants, built in active seismic areas, have to be designed to withstand strong
ground motions. From this point of view, it is imperative to check the
reliability of these structures with the maximm credible earthquake response
spectrum (MCERS) rather than with the conventional average earthquake response
spectrum (AERS). For practical purposes, a new method for evaluating MCERS is
suggested in this paper.

In order to protect nuclear power plants from being failure , the designs
of them should be allowed for unforeseen circumstances. Therefore, in many
countries, there are two steps during design. In the first step, they should be
designed with the OBE in the United States or the S1 METHOD in Japan, while in
the second step, checked with the SSE or S2 METHOD. The approach proposed here
may provide an effective path to get the SSE or S82.

STATEMENT OF PROBLEMS

It is well known that there are serious variances
among ground motion response spectra, even those o
obtained from the entirely same observational stations
may exhibit great differences, as shown in Fig. 1. o3
Therefore,it is apparent that the traditional aseismic o2

o
0.

design of structures based upon the AERS is not

reliable, and introducing MCERS to the aseismic design .
of important structures has become =a subject of o 10 ToS0c.
growing importance. Fig.1l
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By analyzing the data presented in Ref. 2, the following conclusions can be
drawn, as clearly demonstrated in Fig.2(a) through Fig.2(d). The expectancy,
E[ﬁL(T,)], of earthquake respomse spectra taken from different samples will vary
in a wide range, and the variation between a spectrum @4(T,) and its expectancy
is small. For instance, in case of the site of type II, based on ground motion
records from China, E[pq(0.1)], E[Bs4(0.3)], E[B4(1.0)] are equal to 2.44,
1.23, 0.28 respectively while , based on ground motion records in the United
States and in Japan, these values correspond to 1.55, 2.43, 1.04 respectively.
That is, when Tyl.0 sec., E[B¢4(1.0)] of the later case is 3.71 times as large as
that of the former case, but the ratio of variance to the mean of ERS is small.
It appears that the maximum of E[ f4(T,)], i.e. MCERS, may be more appropriate to
use than AERS.
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BASIC THEORY

Affected by site conditions, wave propagation paths and source parameters,
ground motions can be represented by three essential factors, i.e. maximum
acceleration, the duration of earthquake and power spectrum. In the past
decades, the maximum acceleration is considered as the most important factor and
has been studied a lot . The duration is of less importance to elastic
structures. Thus, the power spectrum can be uniquely applied to express ground
motions when only the amplified ratios of acceleration responses are taken into
consideration.

Different earthquakes can produce entirely different power spectra , and
variations of them are very sophisticated. But, some simple analytical models
still can be applied to represent them , and complicated variations of power
spectra can be transferred into changes of model parameters.

Let {xy(t)} be the random process of ground motion and {y(t)} be the
absolute acceleration response process of single degree of freedom system (SDOF),
it is then reasonable to regard their maximum values X, , Ym and the amplified
ratio B(=1Yml/|X.) as random variables. According to Ref. 1, E[fi] can be deduced
simply.

E[ Pa)=E[ IYal / 1Xml J2E[ |Ym] ]/E[ IXml 1= O/ Ox (1

o:=J;.SXg ;%) Hay ooy %p)d® 0';=j:lH(ﬂ), “’c)lz Sxg @33 3%z, «.. ,Xq)d@

V-1076



where 0% and 07 are variances of {xg(t)} and {y(t)}; =%, , %3,..., X, are model
spectral parameters determined by 2, § and g ; and |H@®; W,)[? represents the
frequency response function of SDOF system. The various value of E[B4] can be
obtained by inputting different S& ®; %, X3,..., Xp). For a given model there
must be a group of %,, X;,..., X, which makes E[g4] be maximum, i.e., MCERS.

POWER SPECTRUM MODELS

Four power spectrum models are selected for analysis, i.e.,truncated white
noise, KANAI ,modified KANAI and modified white noise spectra. The effects of
ground motion nonstationarity on power spectra can be neglected (Ref. 3).

Spectral Parameters of Ground Motion Records As the preliminary estimations of

MCERS, spectral parameters are considered to be a function of only site
conditions.

The Fourier transforms have been made for 14 selected accelerograms whose
power spectra are then denoted by \XSGD)F,and their spectral parameters are
listed in Table.l. The spectral parameters £, § and £ are defined as

Q=IG/% i S =TT ;5 €= lT-ROGAY) (2)
= [0, @FF dw

Selection of Proper Parameters for Spectral Models The spectral parameters of
four selected models are calculated by using Eq.(2), and the numerical results
are given in table 2 in which the spectral parameters corresponding to the
code response spectrum (Ref. 4) are also listed. By choosing the parameters
properly and comparing the parameters of known ground motion records with those
supperted by four models, the desired power spectrum models can be determined.

Table 1 Table 2

\E“‘M parameters o 5 BPECTY W PATERE YeF 5 l4 justable

- earthquake o rad/sec. models rad/sec.

HELENA , MONATANA CARROLL rercated o . oo loes 0
COLLEGE NOOE 1935 4B.42 | 0.58 | 0.84 runcated white noise 58wWs | 0.50 | 0.6 3

PACCIMA DAM, CAL. Kapai spectrum

, lse e 32.20 | 0.65 | 6.0 PR =2.1w, [0.67 [0.96 | Wy. &y
PACOIMA DiM, CAL. ST4N 1971 | 32.75 | 0.61 [ 0.88 modified Kanay 3.28w, [0.61 [0.92
! i spectun Kel43 X wy LBy
GOLDEN GATE PARK g = §=0. = R Wi ¥ .
WioE 1951 3293 | 0.4¢ | 0.65 - & K=2.00 2126 loes ol o
GOLDEN GATE FARK iy K=6.00 2.24 0.67 |0.
SB0E 1957 . 38,58 0.26 | 0.47 Wy 71 9%
modified whitel
EL CENTRC N-S 1940 31.35 | 073 | om noise spectrum =005 2885w, 10.69 |0.91
- w,, ¢, K
EL CENTRC E-W 1940 25.51 0.64 | 0.96 Ko o/ eyt Q.10 14.72 W), |0.68 0.91
o |oumens wow 3601 | 0.65 | 0.93 =0.355 4.9 W, [0-61 Jo.88
OLYMPIA NBOE 30.85 0.62 | 0.94 oode spectrum | type I 66.80 0.58 |0.84
TAPT  N6OH 27.711 | 0.66 | 0.96 4 type I 58.65  |d.64 [0.87
TAFT  B21W 27.46 | 0.6¢ | 0.96 type I 45.38  10.72 jo.92

SOUTHERN PACIFIC BLAG.
ACH e 22.04 | 0.63 | 0.89

IXI | SOUTHERN PACIFIC BLAG.
HASH, 1957

20.35 | 0.60 | 0.85

SOUTHERN PACIFIC BLAG.
vERT 1957 36.76 | 0.55 | 0.80

From table 2 ,it can be seen that for the selected models except truncated
white noise spectrum, the parameters (2,5) can be adjusted to those of ground
motion records, and the modified white noise model is the most flexible one.
Therefore , it reveals that modified white noise, KANAI and modified KANAI
Spectra can be respectively employed to describe ground motions in sites of type
I, 11, III.

ESTIMATION OF MCERS
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The Upper Bound of Response Spectra Drenick has formulated an expression for
the upper bound of response spectra (Ref .5).

(SA/I)upperT- 1.25/J8T, (3)

Where Sa,1 are respectively the acceleration spectrum and the intensity of ground
motion. It can be easily calculated that (SA/I)uﬂ,,.. =3.2275 when damping § =0.05
and period T,=3.0 sec.

To test Drenick’s formula, the upper bound of AERS has been estimated (Ref.
1) where E[84] is found to be 9.56 for § (=0.05). Comparing this with Bg=
10.05) corresponding to harmonic motion shows that the estimation in Eq(3) is
much greater than that of the actual ground motion.

Proposed MCERS Different MCERS can be estimated according to Eq.(1l) by
inputting the KANAI, modified KANAI and modified white noise spectra. After
comparing estimated results with measured values, the suggestions about the
parameter selections in models can be summarized as following:

site types MCERS models values of parameters
I modified white noise spectrum & =0.355, K=1,w6.537,7.409)
11 KANAI spectrum £,=0.6, a)ge[12.562,15.843]
I1I modified KANAI spectrum €,=0.8, =0.6, we[l1.114,2.228]

wge[6.684,13.369]

Based on the above proposals, the calculated MCERS are shown in Fig.3,
compared with (E{ Bal+ Oy ) (Ref. 2), code values By (Ref. 4) in table 3.

Kanai spectrum

Lgp | eoaified white roise LGJ

AE;I-SS from Records in China

AERS from Records in U.S and Jepan
AERS from All Records

MCERS

- ERS from Records

%9 g 1, 2 -03 o. Log T,
Fig.3a Response Spectrum Fig.3b Response Spectrum
in Site of Type I in Site of Type II
modified Xenai spectrum Table 3

To
.u-;""“ 234 0.1]0-2/0.3 [0.4] 0.5]0.6 | 0.7]0.8 | 1.0]2.0 | 2.5

(EBY) ey |1-96(2-692.782.75| 2. 6612, 56/2. 46 2. 3¢ 2-010: 36|
Igsq, 295 12-642.1201.75(1.47)1.11)0.89| 0.840-740- 34
0,49

A 2-2512.291.501.130.9900.75/0.64|0.549+ 43 0.45|
(BB gy |88 2.483.033.12|3.0802.85}2. 57/ 2. 31" - 941+ 1§1.04

| Bty R-83(2.80 R.38(2. 26| 1.350.66/0. 26|

B, Pp-252.25.251.69(1.35]1.13b, 96|0-P40.6R0.4%0.a5]

. ~02R. . 2.9%2.8601.7¥1.42
(ECB) g 132 |2.022.6413.02 (3.02/2.99p.96 _._‘..1. 44
.89 [2.66p.66 .45 (2.99 2.601:331.41
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The Reliability of Proposed MCERS The response spectrum ( B; ) approximat
satisfies the logarithmic normal distribution, the probability P{ B4 8,} can be

written as
P21-0.5exp{~0.022078u(u+3) (u+12)}

u=0.5/In[1+Go/BF] +1n(B./8) [/ In[ 1+ Go/BaF]

where B, and (j, are the mean value and variance
of the sample respectively (Ref. 2).

ely

(4)

The calculated probabilities P{Bi<(E[ Ba] )mgrlsite

Table 4
5T

=.geo

are listed in table 4. These results show that:

Modified white
nojse

0.1 | 0.3_| 0.5] 1.00 z.q_][),p

0412 }0.653 | 0.99911.000 | 1.000{0.88)_

the reliability of the proposed MCERS is greater

Kanai spectrun

than 0.9 for all cases with the period T equal tg:ix

mod{fisd Kanat
spectrum

0:508 |0.612 | 0.972{0.977 | 0.995
|.2-986

0.495 [0.879 | 0.879 0.96

or greater than 0.5 sec.

STANDARD FOR CLASSIFYING A SITE

i
0.996

9:989 |

The above discussions are all based on the qualitative method of classifying

a local site (Ref. 2). The following method gives

a quanti

tative descript

of a site in which the predominant frequency is used to realize the local s

geology.

ion
ite

The predominent frequency can be obtained either from the expression ¥/ (2H)
(where H,% are respectively the thickness of the soil layer and the shear wave
velocity) or from the spectrum analysis of in-site microtremors.

The frequency distribution curves with period are presented in Fi
(Ref.6). It can be observed that the predominant period of a 1local s

approximately satisfies the normal distribution.

It would be more suitable to use the so—-called

g.4
ite

"membership" value of @y to
the sites to identify the type of a local site because the type of site itself is

a fuzzy concept. Denoting the type (I,1I,III) of a site by fuzzy sets whose
domain of definition is in the range of a site predominant period, i.e., Ty (=
21wy, the "membership" can be defined in reference to Fig.4 as follows:
2
LG = Ta)

N e (5)
where T.; , 0} are the average period and the variance of period distribution in
type I.

The type of a site can be defined as J providing that J makes the ,LQ(TS) be
maximum. The related parameters in formula (5) are chosen as follows
T,=0.2 , 0, =0.15 sec.
Te.=0.3 , 0;=0.30 sec.
Ta=0.7 , 0,=0.60 sec.
By setting _,at(T_.,)=/tlj(T,) , Ty can be found out. This is considered to

be the juncture value of predominant period between I and J adjacent site types.

T; 0y + Tc2Cj
0 + 0

&3
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It should be noted that the geological condition of a site is generally
irregular and sophisticated, and using the single parameter «y to determine the
type of a site may cause some errors. Therefore, other factors should be
considered together with ﬁ} . Reasonable criteria for classifying the type of a
site corresponding to the code (Ref. 4) are suggested in table 5.

Table 5
prodominent | thickness in covered la; L
frequancy in or Bo(m) Jalitative discripd
111 MII IV rwprewent the kinde of rowsd weed in U h <7 T<h <50 h >S50 | tien
site (_\\’ < <. c

Beilding Code of Japan rad/sec. type in site

27< o I - _ [reek, shallow l1avar

14.5¢ w27 j$4 11 III  |thin for alluvium

wy<14.5 I Iy 1T 1hic\_l£’l_'9_r alluvium

05 1.0 15

Fig.4 Period Distribution
of Microtremors

CONCLUDING REMARKS

Several conclusions can be drawn from the above work as below:

1. By properly choosing spectrum parameters (£2,8 ,€), MCERS can be
determined by the power spectrum of ground motion. The equivalent frequency
decreases with the soil softened, such as &g =32.50 rad/sec. for type I site,
Wy =29.83 rad/sec for type II site and g =21.20 rad/sec. for type III site.

2. Checking important structures with the MCERS is more reliable than with
the AERS.

3. The theoretical models of white noise , KANAI and modified KANAI spectra
can be respectively selected to simulate the ground motions of type I, type 1II
and type III sites, which produce satisfactory results of MCERS. The
reliability of the proposed spectra in Fig.3 is more than 0.9 for all cases with
T, equal to or greater than 0.5 second.

4. Employing ws(or Tg) as the main parameter, it is easy to decide the type
of a site with the fuzzy distinguished method. Being lack of actual in-site
information, however, the standards of classifying a site listed in table 5 need
further studying.

5. It may appear more reasonable to consider the parameters (n,§,€) to be a
function of the Magnitude M and epicenter D in the further study, and the error
analysis caused by approximate equation E{ B4]=0,/0x will be proved desirable.
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