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approach by fault model with the sinusoidal

| INTRODUCTION

in the earthquake resistant design of stru-
ctures, if unlimited data of recorded
earthquake ground motions (recorded EGMs)
yere available, representative stochastic
models could be established directly by
statistical analyses based upon those data.
Unfortunately recorded strong EGMs are
rather limited. Therefore one is forced to
hypothesize a form of model of EGM for
seismic design by generating synthetic
earthquake ground motions (synthetic EGMs)

on the basis of statistical characteristics

of recorded EGMs, such as averaged power
spectra, response spectra and so on.

In earlier studies the EGMs were synthe-
sized by the procedure through which the

white noise was first generated and filter-

“d » Or the EGM was directly synthesized
under the specific power spectrum, then the
In the

me ;_-“!___lisn of nuclear power plants, the
m:hﬁﬂlta synthesize EGM appropriate 10
_mﬂﬁ!im response spectrum (DRS) were

) m“ﬂ Those researches are first
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R PR recorded EGMs  are
§ b’ correlated with the envelope
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ABSTRACT : o ,,T:)Siz;écainu;:‘”ew? On the past research works and achievements on

gynthe-ﬂizms eal q‘t hag : motions were first introduced with comments, Based upon

the above reVle‘mrk I 'Sd een_foum:] that one of the practical procedures to generate

synthetic ear thquake ground motions is the one by superposition of sinusoidal waves with
e L of phase angles of real acce}erograms. The set of phases of real accelerograms

gives BYnthet}C FRYES the informations on nonstationarity corresponding to envelope

functions. This discovery led to the technology to apply the specific unique functions

on Pphases. Then was presented the synthetic ground motion combined seismological

superposition procedure.

as to fit DRSs simultaneously with two

Kinds of critical damping ratios.

2 SYNTHETIC STATIONARY WHITE NOISE

EGMs were first idealized into the stochas-

tic model with random pulses by Housner
(Ref.1). A series of impulses, Gaussian
shot noise or white noise were utilized to
synthesize EGMs by several researchers 1in
those earlier days.

Housner (Ref.1l) and Rosenblueth
(Refs.2,9) idealized EGMs by a series of
impulse randomly distributed in time space

as shown in Fig.l. The acceleration a(t) 18
represented as

a(t) = Vi & (t-ti) (1)
in which v. denotes the impulse magnitude
and §(t) is'the Dirac delta function. The

auto-correlation function R(7) in terms of
¥ and the power specC-

only time difference
tral density function Sla), 8f BL%) “8kE
a(t)
t

Fig.1l Impulse representaticn'ef“earthqugkg
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) ' : :
= 0 o Ratio frequency con'ents, LWO Methode 1
Q £o ; 0 * found. ©One is based gn B £,
@ 0.00 noise as expressed by Lin (pas .
£ 1 the other method EGMs are di;;;f[
: sized by the superposition .+ °
E waves. The power spectrunm 1gfmﬁ;?'
Y by Eq.(4), the synthesizing wa;[jrf'
i IhrouEh the filter of Eg.(5) by . o
Jennings (Ref.11). g
0 : SIS S 3 & 1§ 2
PERIOD (SEC) 2(i)+2h W 2(t)+W 2(t)= - K.n(,
Fig.2 Housner's averaged response spectra & & & e
and "white noise" spectra by Bycroft shere N(t) is the white Noise it

;;_ | power spectrum.
¢ | The direct method by the SUDernne: |
Bfmm Efght recorded strong EGMs. In the sinusoidal waves s geneyél?ziLJL_::.:.,':J_
Sggé(;l{&: : bgtudy, the velocity response by either Eq.(6) proposed B
% 2 subjected to white noise with dura- or Eq.(7) by Shinozuka and O
'on time of 25 seconds tend to be constant and Jan (Ref.2s)

in the longer periods. As the
_ ‘ regpir. ¢ : |
representation of EgMg by white noi}s]: a(t) = O’y-}; COSCw it + ¢;)

having finite durati '
ati :
{:as?nable at the firz? ;igl;esgte‘mihemsybe - fghiCh B 1 poce of B
€512ing, The : n= and has 1 ] 1 ‘ :,L.-lc--‘
Then Ruiz and Penzjen (Ref.18) e ] S(z)h)e/[grgba:;(lilstic.cgenslu}‘
Uni1o0rm densit)
a func- respectively. '

% i S 0f a pair of random variables
- 3 FREQUENCY C Ri1) = SA;°CO0SCwit + ;)
L oo ON : ; ; !
NOTION TENTS OF EARTHQUAKE GRoynp J
; I Al = VAS(w i) Aw
= 1 the recordeg
: ECMs | e
‘:E“SHY functions ape’ the power spectra] Where  is  the deterministic fregie’

'andom varijables for phases.

4 NONSTATIONARY EARTHQUAKE GROUND NOTIOV
g::trecorded EGMs are composed Ofthiiij
near? of énvelope in time space; bUHu;
i dY copstant with high intensity
nonstec§Y1ng (Ref.15). The simple modt

ationary synthetic EGM is expres®™
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"here b(t) is the stationary random process
w :2ed by the method as described in
:eclﬁ' and [I(t) is the envelope function.

2 2 2
gfa (t)l= 1 EIr BLD (%) ] (9)

E[bz(t)] i1s independent of time,

f::::Zfore the change of intensity of a(t)
‘ terms of time can be given BY anly [€1).,
Derin'd from these Pr{)pe?tu‘-:-s 1{t) 18 also
called the deterministic intensity func-
tion. Fi&.4 shows the envelope functions
proposed by some researchers

5,14,15,19,21) and the similar func-

(Reis.
+ions are proposed by the others
(H&f5-8115!“4)
— JENNINGS
. e e —— BOGDANOFF : GOTO
—— e BOLOTINE
;T\. — - —— IYENGAR
E‘ — ++ ——SHINOZUKA
2
=

0. ;
o TIME (SEC) 20.

Fig.-d Envelope function

The above description was limited to the
nonstationarity of intensity level in time
domain. The nonstationarity of recorded
EGMs has been found in frequency contents
with respect to time as well. As for the
synthetic EGM having the nonstationarity in
both intensity and frequency, Saragoni and
Hart (Ref.28) tried to synthesize EGMs by
partitioning EGMs into some parts with
different frequency characteristics in time
space. Hoshiya and Isoshima (Ref.32) and
Kameda and Sugito (Ref.33) proposed the
synthetic methods by the use of similar
€xpression of Eq.(7), in which the power
specta are dependent on time. In these

methods Hoshiya used the physical spectrum

concepts and Kameda the evolutionary power
spectrum.

5 SYNTHETIC EARTHQUAKE GROUND MOTIONS AP-

'PROPRIATE TO THE DESIGN RESPONSE SPECTRA

zgr _t.hg earthquake resistant design of
ﬁ;ﬁc@i‘es. the response spectra are the
s mﬂl factors on EGMs. From this point
--"“"‘“’1”_{“!1? investigations on the DRS
- Performed and some of them (Refs.38,39)

rom the recorded EGMs have been

given as the spectral characteristics of
synthetic EGM, it is necessary to generate
EGM appropriate to the DRS.

The earlier research in this direction
was presented by Watabe (Ref.23). 1In this
study the EGM was generated through an
iterative procedure focussing on the pre
established spectrum G. Using the spectrum
Gec calculated by synthetic EGM, the pre-set
amplitude A expressed in Eq.(7) was trans-
formed into newly set amplitude A’ at the
next iterative step as follows.

A}(w) = A((s})-G(m)/Gc(m) (10)

Most of the later researches had the simi-
lar procedure to fit the DRS.

Tesati «(Ref.28) and -Rizzo et al. {(Hef.231)
obtained the synthetic EGM appropriate to
the DRS Sd by modifying a recorded EGM. For
the iterative procedure, Tsai used the
suppressing technique passing through an
transfer function if the response specirum
subjected to synthetic EGM (RSS) Sc>5d, and
the raising technique by adding a sinusoil-
dal wave if Sc<Sd. Rizzo et al. carried out
the procedure by the same way of Eq.(10) if
Se>Sd and the similar way by Tsai if Scd5d.
In the method by Levy and Wilkinson
(Ref.30), the amplitudes were modified by
Eq.(10) and a sequence of 0 and T Wwas
selected for the phases expressed 1N
Egi i)

The method for directly setting amplitude
spectrum of the synthetic EGM modelled by
Eqs.(7) and (8) was proposed by Vanmarcke
and Gasparini (Ref.31) and lyengar and Rao
(Ref.34), by which synthetic EGM can be
generated so as to fit the DRS without
iteration. In the proposal by Vanmarcke et
al. the relationships between amplitude
spectra and response spectra based on the
random vibration theory were applied. 1L 1
herein noted that the synthetic EGM by
Vanmarcke is appropriate to the PRS. in--&
stochastic sense such as ensemble average.
I[yengar et al. set up the equations on the
response time histories subjected to a
synthetic EGM , and estimated the amplitude
spectrum composed of 25 frequency COmpo-
nents. Then their method was extended s0 as
to satisfy simul taneously the DRSs with two
different damping ratios. From their exam-
ples the fitness of spectra to DRS at the
1st iteration seems not to be improved.

6 SOME DISCUSSIONS ON THE ITERATIVE WAY TO
SYNTHESIZE  EARTHQUAKE GROUND  MOTIONS
RITTING THE DESIGN RESPONSE SPECTRA

The aspect of change of RSS due to the
modification of amplitudes A(W) of synthe-
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' shows C.. in three CODlelOﬂS
I:;gle ir=10 ; And phase changeé 1IN ol ¥
and Fig.6 shows Ci' inaszl.: Ine resuths
suggest that the lderease of Sv at 1e
frequency of resonance is roughly propor-
tional to an additional amplitude , there-
fore the iterative procedure by Eg.(10) was

(al,

=1), in which 5d is the DRS, apq:»
are the spectra at initiaj ﬂéﬁi,?i
shows one example by the aboye . . ° |
in this figure the triangles .
and the circles correspond t, pe

newly synthesized EGM using iho y

D
B

affirmed to be one of the methods to suc- the example results in that the f
cess the synthesizing of EGM appropriate not acceptable, because bh o mﬂ
to DRS. between the increase of amplityde. . -

i

As for that purpose, it might be expected are not linear as to be inpfereq

to utilize the matrix [C] composed of the difference of Cii in Fig.6 and thi ™

coefficients of influence. The method can ce time of peak response Change

S 1IN

ci L synthesizing.
o alytical Result ] :
§ ARER I mu . Incidentally the criterion o¢ fitness ;
“: IAi:Ai-}-lu(u;,lﬂj the f?llowing to judge the completio
% ::. 4 Ai=Ai+l (aj=1 ,with the other phase ensemble) lt.eratlon was proposed by the authors,
4 ety which the responses of structures
- ’*Ei: ; varlgte 1IN spite of the procedure to
- - '"55:?:131. thesize or the selection of phases :
1335505, Eq. (7).
. - *

e(Ti)>0.85 , |1-F 1<0.02, v<.i

res ' : ;
:fnse e 0 in which € (Ti)=Sc(Ti)/Sd(Ti) and Sc &
i are the RSS and DRS, respectively, and !
and Vv are the mean value and the (0

cient of variation of e(Ti).
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7 CHARACTERISTICS OF PHASES OF RECO"
' EARTHQUAKE GROUND MOTIONS AND T
b _ APPLICATIONS
. | | r 214 ¥
| NOSt of the researches on the P

trothetic EGM suggested the randomness
::’ uniform probability distributi®™
thooes in EGM. It is also the fact, M

at EGM with nonstationarity is ot
only of Fourier amplitudes ° .

Phase angles. |f only phases of & o

iy o I R I Ik el e Lol ERRTES




transformed to the random phas
having the uniform prmhabi}ity:dfhﬁ
d the time history is generated 12;
i me trace should become stationary rAndﬁa

prOCPSS .different from the recorded mng
Therefore FlSIHE a set of phases of a I‘"t‘.’ff‘.m_“;
jed EGM, independent of amplitude spectrum
pe the one of the procedures to find
the role of phases on nonstationarity

| pGM arc
! angles
; Sity an
|

may

Fig.8 shows the recorded EGM of Taft
1952, EW component, and synthetic one which
ani form amplitudes in each frequency
with the same set of phases of
¢t 1952. Let this Kind of synthetic
EGM be called as "phase wave". The phase
wave :s generated by the following way.

!
i
J 200 » TAFT 1952 EW COMPONENT

| | ol
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g L 10 | &0 l 30
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Fig.8 original wave of Taft-EW and 1ts
phase wave

A digitized EGM ar(t) can be expanded
into a Fourier series as follows.

ar(t) = SA;irCOS(w; it + ®i) (1)

; The phase wave a_(t) in Fig.8 is generated
! by using the relgtion

2,(1) = P»ZCOS(w;t + d i) (14)

where P is the scaling factor of intensity
| and the high frequency components 1n a 58

are excluded in a_(t). It is clearly shown
| in Fig.8 that Phe envelope function of
phase wave is quite similar to the original

- e o s i L PP - - .

| one.

}

’ It was pointed out by Ohsaki (Ref.36)
that the characteristics of nonstationarity

; of recorded EGMs can be expressed by the

! distribution of phase difference A ¢, that
18 given by

' Apj= div1 - P (15)

2n<Ad

l where A¢ is defined in the range .
| (0. Fig.9 shows the probability density
functions of phases and phase€ differences
of Taft 1952-EW component in the duration
B abeitivaly.  1t-is seen: TTOK

¥
W - < Y —
= o -
g : 5§
St N4t 1
E hhd g B rr } - M
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+ % + |
- |
| il
0.0 i I L1 L l
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10. -
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=001

0 Phase Difference (rad.) =27
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LN
|

o

Fig.9 Probability density of phase (upper)

and phase difference (lower) of Taft-EW

these figures that the probability density
of phase angles is nearly uniform, while
the probability density of phase differen-
ces has some characteristics similar to
that of Normal-like. In addition as pointed
out by Ohsaki, the distribution of phase
differences normalized by -2m has a quite
similar feature to the envelope function
of time history normalized by the duration

ti1me.

The results discussed above suggest that
it may be wise to utilize the properties of
phases of recorded EGMs to controle enve-

lope functions of synthetic EGMs. Fig.10 1s
-400- ' -To: kL
TIME (SEC)

c EGM using a gset of phases

Fig.1l0 Synthetl
lame Shandon-NS

of recorded Cho

50.

VELOCITY (CM/SBEC)

Fig.ll DRS and RSS due to
ghown 1in Fig.1l0
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Penzien ana Watabe (?eféizg" of multl
ik G "principa 4 on this concept,

. : Si Base N e_ »
dlmfns”’g‘?é”?fh’ hesizing 0f thre synthesize the 3-dimensional gy
KOE" By . o the DRS it is usefy]
dimensional bo and Penzié€n riate to H 5_useful t

| re presented by Kubo phases of recorded 3-dimensg

amples wel A2 1N i et
ff}{{ef?BS) and Watabe et al. (Ref.,d & st transformed to the principal aye-
theses studies the components v and 13 show the synthetic

similar .
axes were represented by the EGMs using the phases of

pal rela-
form of Egs.(7) and (8) through the Taft 1952 transfomed to the p; i
tion through an 1iterative procedy) 5

: this example, the parame:
- ¢ =X. Y, 2 (16) RSSs In oyl = Padramete
s s Sobilhl i ssary for synthesizing were baseg

K K __
Where bx(t), by(t) and bz(t) are stationary research by watabe et al. (Ref.40n

random motions stochastically uncorrelated
with each other, therefore the covariance

matrix of components becomes the diagonal
matrix as follows.

[lLxx Wxy MHxz (xx O 0 '
| In generating synthetic EGM with DRS

w(t) = pyx Myy Uyzl =10  pyy O (17) 1terative calculation is carried

-

9 PHASE CHARACTERISTICS FOR TWO Rpspy.«
SPECTRA WITH DIFFERENT DAMPING RTios

design response spectrum it}
Mzx Hzy M2z LO 0 Mz damplng(DRS(E))) BY this procedure. res
i) = E[ai(t)aj(t)] S€ spectrum with 5% damping subjected
From th - S Synthetic EGM(RSS(5)) nearly converges
Cmp”“est;eé?t;;g;hei}:‘t IE SEEAEenG that the DRS(B). However RSS(1) due to the a
D8l axes have' the majé? g?ﬁoilgng 'pltﬂinCi_ synthetic EGM does not always convers:
i diate = Na interme- D - - L B
o values of variances of the 3-compo- RSC1) if uniform random numbers for ph:
& along the PO sfC uUsed, and this RSS(1) is gener

- Watabe larger than DRS(1). As one example, DAS

¢ al. Fxrfisggrltfhd :
1IN Ref, -
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2l UL 19 vi
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‘ : e i | - B ey ahidt
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Eq.{18) -

a(t) = () SA;»C0SC(w it + &) (18)
The effect to RSS(1) by variation of

Envelope function I(t) in Eg.(18) is noX ~oefficient ™d" is shown in Fig.15, in
taken inte account in the following discus- which the RSS(1) with d=50 becomes smaller
sion. Amplitude A 1s determined so as 1o than DRS(1) while the RS5(1) W th  d=50(
£it RSS(5) to DRS(5). Then the remained larger
freedom to control the other characteris- The variation of coefficient ™" governes
tics of synthetic EGM is only phase¢. the inclination of rather flat part 1F

Therefore, extensive researches on (ine RSS(1) in Fig.16. AS shown in Fig.16, when
role of phase angle have been conducted by »x”is 0.5, the level of RSS(1) in shortel
the group of authors in order to realize period range is smaller than DRS(1), whil€
the generation of synthetic EGM which sati- if ?x” is 0.1 the level of RSS(1) in iongel
BB I8 shove requirement to fit the two peiord range is smaller than DRS(l .
DRS with different dampings. As the result Suitable values for of wd o Goa SRR fit
the following function for phase of synthe- DRS(1) are finally found out as 23 and
tic EGM is proposed. 170 respectively as shown 1N F1g.1

é(f) = af 4 de"""" -d t ue'ztri-j’{,?'[] (19) gi0® CM7SEC/SEC

F 1] g=170, x=0.26

Where [-m,n] is uniform random numbeEr _ H | 0.0, =0.0
between -7 and n Coefficients "a”,"d", ST S e S S © S D ; & '

b ] » .

s N, ng "z" are arbitrary constants.
The term of coefficient ”g” in Eq.19 COTIE"
Sponds to Fourier phase spectrum of an
impulse wave over the duration and contri-
butes to the shift of a wave form of SY0~ il
thetic EGM. ”g” does not influence the
maximum value of synthetic EGM, and still
:‘;;zm;he RSS(1). When coefficient wt p

to zero, randomness element = _ .nd RSS(1) due 1o
9.(19) diminished, phase ¢ reduces to only Eéﬁﬁéﬁgu??;l;ig.lﬁ

'.the'emnential function.
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Fig.22. In this figure the former

shown 1M
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v and surface wave, respectively. The
spectra subjected to the motion
in comparison with

in Fig.23
ration values equivalent to the
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ired by National Building Code in
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comparisons, 1t Wwas
out that the surface wave due to
arthquake may excite as large respo-

the synthetic EGM com-
oach by seismolo-

gical way with the sinusoidal superposition

]f]‘ﬂ ,t"n- A
ger period range of design EGMs, which

v s factor for earthquake resis-
.ant l'j{?F-lljp*n y £ by ¥ :
Period e of structures with longel
& % ] 1‘ =5 - - = ’ " : - i
Bty 5_ such as high-rise buildings and
SUSPpension bridges |
- Tl =

are critical

1) | g
Multi-components of design EGMs may be

indispensable i

fgiiaifww%ahlu in very near future. There-
!'rl -1 - e - 4 - |

: he extensive research on this field

should be urged.
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