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Abstract

A synthesis me thod is developed for estimating deterministically strong motions during the

mainshock, using the records o[small events such as foreshocks and aftershocks which occurred

within the area of the mainshock fault. This synthesis formulation is based on the kinematic

source model o[ Haskell type and the similarity law of earthquakes. The parame ters for this

synthesis are determined to be consistent with the scaling relations between the moments and

the fault parameters such as fault length, width and dislocation rise time. If the ratio of the

mainshock moment Mo to the small event one Mo, is assumed to be lf 3, then the mainshock

fault can be divided into Nx N elements, each dimension of which is consistent with that of

the small event and N events at each element may be sr-rperposed with a specific time delay

to correct the difference in the rise time between the mainshock and the small event and to

keep a constant slip velocity between them. By means of this method, the mainshock
velocity motions are synthesized using the small event records obtained by velocity-type-

strong-motion-seismographs for l9B0 fzu-Hanto-Toho-Oki Earthquake (lvl:6.7). The
resultant synthesized motions show a good agreement with the observed ones in the frequency

range lower than I Hz. Further, the synthesis formr-riation is improved to be applicable to

the higher frequency motions, especially acceleration motions. This revised synthesis for the

higher frequency motions is effective when we use the records lrom the small event having the

laul t  length L, :Vr-r(27:  rupture veloci ty  and r :  r ise t ime of  mainshock) .  The synthesized

accelerograms by this revised method are in good agreement with the observed ones in the

t'requency range up to 5 Hz.

l .  fnt roduct ion

The invest igat ion of  the synthesis of  st rong ground mot ions in the near f ie ld

has s igni f icant lv  lagged, compared wi th that  of  long per iod mot ions in the far  f ie ld.

This is  caused by the di f f icul t ies of  theoret ical  t reatment for  h igh f requency mot ions

included in the strong mot ions.  The invest igators for  earthquake engineer ing have

been concerned wi th the strong mot ions l rom the need of  engineer ing.  Therefore,

the input  mot ions usual ly  used for  the evaluat ion of  earthquake resistant  design

cr i ter ia have been synthesized for  some t ime. independent ly of  the physical  con-

s iderat ions of  the earthquake source.  Recent ly,  seismologists have begun to take an

act ive interest  in st rong mot ions to study the detai ls  of  faul t ing,  as strong mot ion data

have been accumulat ing in the near f ie ld.  On the other hand, many invest igators

concentrate their  at tent ion of  engineer ing interest  on re l iable est imates of  the strong
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mot ions for  ear thquake res is tant  des ign of  c r i t ica l  s t ructures.  The s tudv of  s t rons
motions currentlv is one of the most remarkabie subiects for seismology ancl
ear thquake engineer ing.

In this study, we have the pr.rrpose for engineering seismology ro develop a rel ia-
b le  and pract ica l  synthes is  method of  s t rong mot ions.  based on carefu l  cons ic lerar ions
of  the phys ica l  proper t ies  o f  the earrhquake fau l t .

The f i rs t  successfu l  a t tempt  for  theoret ica l  ca lcu la t ion o f  s t rong mor ions was
made  by  Ak i  ( 1968 ) l ) and  Haske l l  ( 1969 ) " ,  us i ng  k i nema t i c  sou rce  mode l ,  g i ven
by a propagating dislocation over a fault  plane in an inf inite homogeneous medium.
Their source models are parameterized by f ive factors, fault  length, fault  wiclth,

rupture velocity, f inal offset of dislocation and r ise t ime, which are essential for a cteter-
minist ic fauit  model. Kawasaki ec al.  (1972)3) gave exacr expressions of seismic
mot ions due to  a  double  couple  po in t  source in  a  semi- in f in i te  medium.  Sato (  l978)* ,
proposed an approach to derive exact expressions of a series of ' rays' 

for layered
media by apply ing the Cagniard-deHoop methoc l ,  and Sato and Hi ra ta  ( lgB0)s)
gave a new approach using integral evaluation'to compute the seismic motions for
layered media including the contr ibutions lrom dispersive surlace ,vvaves. Heaton
and Helmberger (1979)6) succeeded also in synthesizing strong motions on the basis
of a general ized ray theory with the Cagniard-deHoop method for layered models.
Bouchon (1979)7)  developed a method to  compute s t rong mot ions for  a  propagat ing
fault in layered media, based on a discrete wave number method. These synthesis
methods calculat ing the strong rnotions based on a determinist ic fault  model have
been successful in lorv frequency ranges (<l Hz). At high frequencies these
methods underestimate the strong motions. when a coherent rupture propagation is
assumed. Indeterminable lactors in the source and the propagating medium may
strongly inf luence the high frequency ground motions. Hartzel and Helmberger
(1982)8)  a t tempted to  determine a loca l ized area of  la rger  d is locat ion,  based on the
analys is  o f  some exce l lent  set  o f  records obta ined in  the 1979 Imper ia l  Va l ley ,
Cali fornia earthquake and the highly accurate calculat ion of the discrete wave

number i f in i te  e lement  method (A lekseev and Mikka i lenko,  1979;s , .  They proposec l
a more complex model r,vi th two local ized sources better to explain the data.

;\  dif ferent approach to estimate strong motions is based on inhomoseneous
lault models such as (barr ier model) (.- \ki ,  l979) rr),  and (asperity model)
(Macgarr ,  l98 l ) t r ' .  Barr iers  cause i r regu lar  d is t r ibut ion o f  s l ip  c lur ing fau l t ing
and a consequence of this is an irregular distr ibution of stress drop. The numerical
experirnents performed by Das and Aki (1977;t) and lvl ikumo and Miyatake
(1978)r i '  demonst ra ted c lear ly  that  bar r iers  cont ro l  the complex i ty  o f  rupture and

thev are responsible for the generation of high frequency radiat ion. Papageorgiou
and Ak i  ( l98 l  ) r ' "  const ructed an ear thquake source model  which prov ide a complete
descript ion of accelerat ion power spectra of direct body waves. They cal l  i t  a specif ic
barrier model. The fault  surf,ace is visual ized as composecl of an ag.sregate of
circtt lar cracks, and the strong motions are assumed to be generatecl by the stat ionary
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occurrence of these local ized ruptures as the rupture front propagates. Boatwright
(1982)rs)  const ructed the same model  for  the far - f ie ld  acce lerat ion by combin ing the
Nladariaga (1977)16) theory for the high-frequency radiat ion from crack models
of lault ing with a simple stat ist ical source model. Based on these stochastic f ,ault
models. however, we cannot est imate determinist ical ly the waveforms of the strons
mo t i ons .

Another  approach was proposed bv Har tze l l  (1978) i? '  to  synthes ize s t rong
motions, ut i l iz ing observed seismograms from small  events as Green functions.

It  is a most advantageous method because the Green functions include complex
effects of the dynamical rupture process on the fault  as well  as heterogeneous

structures around the source and an observation site, which are extremely cumber-
some to evaluate. However, Hartzel l 's method has some problems which need to
be improved. For example, in his method, the discrepancy between the dislocation
rise t ime of a large event and that of a small  event is not taken into account and the
physical meaning of the scale factor Q is uncertain. Kanamori (1979)t i l  and

Hadley and Helmberger  (1980)rs)a t tempted to  pred ic t  the s t rong mot ions f rom
large earthquakes applying Hartzei l 's method. In Japan, Ir ikura and Muramatu
(1982;zo ' ,  Imaeawa and Mikumo (1982)2t , ,  and I ida and Hakuno (1982;zz,

attempted to synthesize the mainshock motions using small  shock motions such as

foreshocks and aftershocks. Ir ikura and Muramatu, and Imagawa and Mikumo

improved Hartzel l 's method by introducing the phase delayed summation with

a specif ic t ime function to correct for the dif ference in the source t ime function

between the mainshock and the small  events. From the comparison with the
observed seismograms of the mainshock, Ir ikura and Muramatu succeeded in the
synthesis of strong motions lower than I Hz for l9B0 Izu-Hanto-Toho-Oki Earth-
quake (M:6.7) .  On the other  hand,  Imagawa and Mikumo ind icated that  synthe-
sized waveforms provide a satisfactory agreement to long-period components longer
than 5 sec for the 1969 central Gifu Earthquake (M:6.6) and a stochastic fault
model has to be introduced for shorter-period motions (T:l-2 sec), lor example
such as the variat ion of the rupture velocitv on the fault  plane.

In this study, a semi-empir ical svnthesis method for est imating the mainshock

motions from records of small  events has been formulated. based on the kinematic
source model of Haskel l  type and the similari ty law o{'earthquakes. The parameters
for the synthesis are determined to be consistent with the scal ing relat ions between
moments and fault  parameters such as fault  length, width and dislocation r ise t ime.
The extent of val idi ty and applicabi l i ty of this sirnthesis method is discussed in two
ways, ( l)  the numerical check of val idi tv of the synthesis formulation, (2) the
comparison betlveen the synthesized mainshock motions and the observed ones.

As far as numerical ly calculated, we have found that smaller events are more
preferable for ut i l izat ion of the synthesis, because their source sizes approach a point
as events are smaller and their records are suitable as Green functions for mainshock
motions. However, accurate records {rom smaller events may be restr icted to
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a narrower and higher frequency range, because ampli tudes at low frequencies
become smaller than those of ground noises. In addit ion another problem has been
reported. The scal ing law of seismic spectra for smaller events sho'ws some departure
from the similari ty assumption, which was studied to explain fair ly weli  observations
of earthquakes with magnitude greater than 6 (Aki,  196723), L972zt>, Kanamori
and Anderson, 19752s'�) .  Thus, in order to synthesize large earthquake motions,
we need to use records from small  earthquakes larger than appropriate sizes. Then,
we have to check the val icl i ty of the similari ty relat ion between large and small
earthquakes.

By means of the synthesis method in this study mainshock velocity motions are
synthesized using the records from small earthquakes such as foreshocks and
aftershocks obtained by the velocity-type-strong-motion-seismographs for the case
of l9B0 Izu-Hanto-Toho-Oki earthquake (the mainshock with fuI:6.7). The
synthesized motions show a good agre,,ement witlr the observed ones in the period
range longer than L... , , , , !h?rt. is,_the r ise t ime of the,lnpinshock. The ampli tudes
of the synthesized motion! ,.;a";;'d..o,ii.l;;jri;. than those of the observed ones.

Further, the synthesis formulation has been improved to be applicable for shorter
period motions, especial ly for strong accelerat ion motions, not stat ist ical ly but
determinist ical ly. This revised method is based on an idea that the sl ips on the f,ault
plane during the mainshock are able to be^approximately replaced to the sparial
distribution of the slips during small events. When we use the records from the small
events having the fault  length L,:V,.r ( .V,, rupture velocity; r ,  r ise t ime of
mainshock), we can synthesize effect ively the mainshock motions without de-
creasing the ampli tudes at the period range shorter than I sec. The synthesized
accelerograms by means of this revised method sholv a good agreement with the
observed accelerograms in the frequency range up to 5 Hz. This synthesis method
implies the possibility of the prediction of strong ground motions for future large
earthquakes using observed seismograms from small events which have occurrecl
within or near the presumed fault  area.

2. Relations between the Ground Motions frorn Large Events and Those
frorn Srnall Events

2.1. Sirni lar i ty of Earthquakes

The present est imation of strong motions from'large earthquakes using the
records lrom small  events is based on the similari ty assumption for earthquakes.
We sutnmarize here the similari tv condit ions between large and small  events to
prepare formulations for the synthesis of strong morions.

The similari ty assumption was f irst introduced by Tsuboi2o) in the idea
'ear thquake vo lume' .  He der ived that  the to ta l  energy o f  an ear thquake,  E,

is  g iven by E:  
)  u@4'V,  where p is  an ef fec t ive e last ic  constant ,  le  is  an

average s t ra in  drop and V is 'ear thquake vo lume' .  Assumine L:3VV (L:  lau l t
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length and I,V: fault  width) together with the above relat ion, i t  results in a constant

strain drop. Thus, earthquakes of dif ferent sizes are related by a one-parameter

model .  Ak i  (1967;z t t  in t roduced a sca l ing law in  which se ismic  spect rum grows

with earthquake magnitude. He showed that the seismic spectra are scaled ac-

cording to the fault  length. assuming that the seismic moment is proport ional to

Lt  (L : lau l t  length) .

Fur thermore,  Kanamor i  and Anderson (1975120 '  and Gel ler  (1976;z t '  der ived

the fol lowing extended condit ions of similari ty:

Lf W:const.
Df W:const.
LlQ,, ' r ) . :const.

where L and W are the length and the width of an earthquake fault ,  respectively,

D, the f inal offset of the dislocation, r,  the r ise t ime and u,, the rupture velocity.

These constants vary with the dif ferent nature of source type and dif ferent source

region. These similari ty condit ions are derived as "averages" over a data set of

4l shal low earthquakes col lected from al l  over the world, nevertheless, they f i t  ob-

served data quite well .  I t  may be very useful to relate the source parameters

between thc large and small  events, i f  the ensemble of the events are classif ied accord-

ing to the source regions and the source types. When two events with dif ferent

size have occurbd within the same region, the fol lowing similari ty relat ions are

dec luced f rom ( l )  to  (3) .

L l L , :W lW, :D lD , : r f  r , : (Mo f  Mo , ) t i s  ( 4 )

where the parameters without subscript are for a large event and those with subscript

e, for a small  one.

The important parameters neccessary for synthesis as well  as the source geomerrv

are rupture velocity i t ,  and r ise t ime r. Rupture velocit ies have been obtained

and noted to have roughlv a constant for earthquakes of dif ferent sizes. Geller

(1976;z t '  obta ined the re la t ion u , :0 .720 as an average for  repor ted rupture

velocit ies.

The r ise t ime r is very dif f icult  to determine since i t  involves assumptions

on the fau l t  model  and is  dependent  on the rupture ve loc i ty .  Gel ler  obta ined

r :  l 651  ' 21 (7 r3 , ' 2  B ) , ( 5 )

based on various theoretical assumptions and observational values of l . t  earthquakes.
Abe (1975;za' reached a similar conclusion from a data set of f ive Japanese earth-
quakes. In the next section, using these similar condit ions we wil l  approach the
synthesis of strong ground motions lrom small  equarthquake motions.

2-2. Relat ion between the source-t irne-function of a large event and that of
a srnall event

We consider a large event and a small  event which occur within the same resion

( l )

(2 )
(3 )
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and have the same mechanism.

We cal l  here the large event a mainshock and the small  one an elementary earth-
quake. From the similari ty condit ions mentioned above, a relat ion is deduced
between the source t ime functions of the mainshock and the elementary earthquake.
A simple dislocation model of the Haskell  type with a smoorh coherenr ruprure
propagat ion and a constant  s l ip  mot ion over  a  rectangutar  lau l t  (Haskel l .  1964;zsr
is useful to express this relat ion.

A schematic model is i l lustrated in Fig. l .  The far-f ield displacement (J, (x, t)  at
any point Q in an inf inite homogeneous e last ic medium due to dislocatio n / Lr (t ,  ,1,
I  )  over the fault  plane J can be writ ten as

AD ( ( , 11 ,  t - t , ) d (d r l(J,(x, l )  :  (R. (0,  p)  f  4rpu,

t":r la,+J{{t-i lr,,

,rz is the r igidity, r .r ,  is the wave velocity, r  is the distance between the fault  plane J
and the point Q, R, is the radiat ion coeff icient, rp is the str ike, 0 is the dip angle,
and subscript c indicates an appropriate wave type, P or SV or SH. The source
time functionS(x, l)  associated only with source parameters is defined by u simple
inteeral of the form,

-  
t  

- .  

t - -

3r)'p' f I
J O  J O

(6 )

where

S ( r , t ) : , u / , t  
/ , " A j ' , ( t , \ , t - t , ) d ( h : .  ( 7 )

Dividing the fault plane of the large event into tVr x Nw, we take the dimension ol-

a
/

s
{/

t
I

I

J

Fig.  l .  Coordinate and faul t  p lane geomerry.  FiS.
The Haskell rrrodel of a rectangular
faul t  is  used,

( 7  t  , l ^ )  
'

2. Vlainshock fault  plane divided into rVl

X  rVs  e lements .  An e lement  cor res-

ponds to  the  la t r l t  d imens ion  o la  smal l

even t .
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each element corresponding to that of the small  event as shol,vn bv Fig. 2. The

element  has L,  in  length and We in  wid th .  Equat ion (3)  is  rewr i t ten in  the fo l low-

i ng  summat i on ,

69

-! | '\ it '

s(r ,  r ) :  
, {  ^ \ , ,u  / , ' , ' ' "  J ' , ' : ' - * '  a  L ( { t ,  r^ ,  t - t , , . )d{&1. (B)

The  d i s l oca t i on  f unc t i on  / L ' ( t , q , t \  a t  a  po in t  ( t , n )  on  t he  f au l t  p l ane  J  o f  t he
larse event is taken to be a ranlp function with a r ise t ime r and a f inai offset D.
That  is ,

A L l ( t , T , / ) : 0  t < 0 ,
:  D t l r  0<  t  < r
- D  t { r

S imi lar ly ,  the d is locat ion funct ion ,4L| ,  ( { ,  11,  t 'S  a t  the po in t  ( t , l )  on the fau l t
plane 2, of the small  event is also taken to be a ramp function with a r ise t ime r,
and a f inal offset D,. Now, the similari ty condit ion in Eq. (+) shows that sl ip velocity

may be assumed as a constant for most earthquakes of dif ferent sizes occurring in the
same area.  That  is ,  we can wr i te ,  sL ip  ue lo ic t l t :Vo:Dl r :D, l r , ,  or  Df  D, : r l r ,
:ConSt + /VD.

When the above rat io is approximated by an inteeer, rVr, the fol lowing relat ion

between the dislocation function of the large event and that of the small  event is

approx imate ly  made up as shown in  F ig .  3 .

v ,
l U  ( t ,  r ,  t ) :  A / u , l t ,  T ,  t - ( k -  l ) " , 1 ,  ( 9 )

M ^

a n d  / U  ( t ,  n ,  t ) :  A / U , l t ,  n ,  t - ( k -  l ) ' , 1 .

PLrt t ing (9)  in to  (B)  and changing the order  o f  the in tegra l  and the sLrmmat ion.  we ger ,

S ( x ,  t )  : t - ( k - l ) " , 1 . (  l 0 )
' \ ' L  v t t ,  v D  

f  i t - 1 ,  f n - - t v  "

I  I 2 , " 1 . ' " 1  
" / U , l € , r ,

I = l  m = I  h = t  J ; l  J n m

I
To l .

a u ( t ) - . - -  n  n
f g = 5 = Y ' -" 1 { , L J  l l l l l z = T e = ' o

O T e  T
_-> t

Fig .  3 .  The re la t ions  be tween the  d is loca t ion  func t ion  o f  a  la rge  evenr  and tha t  o l -  a  s rna l l
event  and be tween the i r  der iva t ives .  D lDr :a1r r= iVo and iVp is  approx i rna ted  ro
be an  in teger .

a U ( t )

aU"( t )
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The term expressed bv the double integral is made of the source t ime function
of  the smal l  event  5 , ,^ (x ,  t )  hav ing the s tar t ing po in t  a t  a  po in t  ( { t , r1- ) .  when
the s tar t ing po in t  o f  the large evenr  is  located at  (0 ,0) ,  we can wr i te

N L  N r y  N D

s(x,  t ) :  
, I -  .4,  , ! ,  

S, i .  (x,  t - taea^),

where tap1,n is  g iven as

ta  p  t  ̂ :  r  r  ̂  f  u ,  *  r '  €  t2  +  r l  ̂ t  l  r ,  *  ( k  -  l ) r ,  1  ̂.

( l l )

In the far-f ield, i f  each small  event taking place on each element is assumed to have
the same source mechanism, the source t ime function of each event may be regarded
as approx imate ly  the same.  Then we can rewr i te  ( l  l ) ,

V r  , Y u t  . V ^

, l ( x ,  t ) -  I  I  I  S ,  ( r ,  t - t a e 1 ^ ) ,
! = l  m = L  h = L

td h!  ̂: r  t^  I  a,  + J F - ,  r f i  l  r ,  *  (k -  l ) r , .

Equation (12) shows that the source t ime function,S(x, /)  for a large event may be
approximated by the phase delaved summation of the source t ime function ,S,(x, l)
for asmall  event.

Then the parameters y'y'r, Ir{w, J{o, u" and re can be estimated by employing
the similarity conditions described in the above section. That is, ^r\y'1, Nw, No are
determined from the cubic root of the moment rat io between the two earthquakes,

V \W[/6'.  For the sake of the simpli f icat ion for the computation, i t  is desirable
for the cubic root value to be close to an integer.

2.3. Synthesis Method of strong Ground Motions using
Observed Seisrnograrns of Srnall Events

We wil l  continue to use the Haskell  modei with a rectangular fault .  The
synthesis method of strong motions from a mainshock is developed as follows, using
observed seismograms of small events such as foreshocks and aftershocks that occurred
within the fault  area of the mainshock. In order to simpli fy the expression, we
assume that al l  small  events used for the synthesis have the same moment. I t  is easv
to modify the formulation obtained here f ior the case of using some events of dif ferent
s izes.

Primari ly, the rat io of the mainshock moment to the small-evenr moment,
:.YIof Mo,, is determined. When the ratio NIof Mo, is N3, the mainshock f,ault plane
2 ( :Lx l /V )  i sd i v i ded in to . l / x i y ' e l emen ts .  Then ,  t he  a rea  o f  an  e lemen t ,  lE , i s
taken as the fau l t  s ize o f  the smal l  event ,  t , ( :L ,xW,) .  We ca l l  the e lement  a
subfault.  The displacement (J, in the far-f ield caused by a subfault Az in an
inf inite homogeneous elast ic medium is writ ten in the form of

U,(x,  t )  : lR,(0,  <p) f4rpu, ' r l . r  / , t '  / , * '  
AU, ( t ,  r ,  t - t , )d(dr1,  (14)
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where t , : r lu , - jF+ i ' / r ,  and other  notat ions are the same as in  the prev ious

section.

We consider the surface ground motions ampli f ied by the effect of surface laver-

ing beneath an observation site. This transmission function due to the propagarion

medium is given by T(x, t) .  Then, i f  the contr ibution to the motions from the sub-

lault  is virtual ly equivalent to that from a point source, the surface motions G,(x, t)

are  obta ined by convolv ing LI , (x , l )  w i th  T(x ,  t ' ) .  That  is ,

G,(x , , )  :  
/ :T  

( t ,  t  -  t ' )  -u , (x ,  t ' )  d t ' ( 1 5 )

Accordingly, the ground motions G,1^ which result from the dislocation /Li, ,^ of a

smal l  event  on an arb i t rary  e lement  AI r^  located at  ( ( t , t7 . ) ,  as  shorvn in  F ig .4 ,

are writ ten bv

G , , ^ ( x ,  t ) : T ' . ( x , r l ,  t - t ,1^)d(dr1,  (16)

where t ,  1  ̂:r  r- f  t) ,  + J (t1;12'-1( t  -r l" f  l  u,,  and
c y a : ( l  l 4 n p u , 3 ) R r , - ( 0 t ^ ,  g r n )  f  r t n .

7 l

On the other hand, the contr ibution to the mainshock motions, Gt^, due
dislocation A(Jt^ on an element AEt^ during the mainshock are writ ten by

G , ^ ( x ,  t ) : T ' ^ ( x , T ,  t - t , , ^ )  .

t )  xc t .1t ,  [  - "  
" '  

[ '  
^-* '  

a u, ,  ̂ ( t ,'  
J i t  J n m

t)*r,*F f .', '"" /,::n*'aLIt^((,

to the

( l  7 )

The relat ion between the dislocation function of the

the small  event, /(J,1^, has been given by (9) from
ge t  f r om (9 ) ,  ( 16 )  and  (17 ) ,

mainshock, /Ut^, and that of

the similari tv condit ion. We

G t * ( x ,  t ) : G,,^ lx ,  t - (k - l ) r ,1 - ) .

Thus, the surflace motions G(x, t) from the mainshock
lagged summation of G;. over the fault  plane, that is,

N t  N w

G ( x ,  t ) :  I  2  G , ^ ( r ,  t -  t , t . ) :
I = L  m = I

where tapl^ is given as

ta  p  1  ̂: r  1 ^  |  u ,  I  J  #  +  n^ ,  l  r ,  +  ( k  -  l ) t ,  1  ̂.

N D

I ( l B )

are given by the time-

G r 1 * ( x ,  t - t a n r ^ ) ( t  e )

(20)

N L  N W  N D

I I T
I = t  m = t  h = l

Then, the ground motions G(x. t)  from the mainshock can be calculated from (i9),
i f  al l  the records at a given site from every event corresponding to every element
were obtained.

Now, a synthesis method is developed using seismograms from a few small
events which occurred within the fault  area of the mainshock. We consider a case
of obtaining only one seismogram from a small event corresponding to a subf,ault
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t  L2,no oLI ^

F ig .  4 .  Geomet r ica l  re la t ion  be tween the  fau l t  e lement  /X to^o  o f  an  observed smal l  event
and the  observed po in t  Q.

/270^o as shown in  F ig .4 .  The ground mot ions G,1.  f rom an arb i t rary  e lement
may be estimated lrom the observed motions G,1o^o in the fol lowing equation, i f  the
propagation effect T,^ is approximately equal to T1o^o:

G,  1  ̂(x  ,  t )  :  lR,  (0  t  ̂  ,  g  t  ̂ )  f  R"  (0  t  "^  o ,  g  ,o^  o) l  ( r  1  "^  o  f  r  1  ̂)  G ,  ,  "^  o(*  ,  t  -  t ,  r  ̂ )  ,
t , ! ^ : ( r , - - r , o ^ o )  f  u ,  ( 2 1 )

Put t ing(21)  in to  (20) ,  the sur face mot ions G(x, t )  f rom the mainshock are g iven by

r V , V N

G ( x .  t ) : , 1  L  :  [ R , ( 0 / . ,  9 t ^ ) f  R , , ( 0 t o ^ 0 ,  p t o ^ o ) 1 . ( r  1 " ^ " f r 1 ^ \
l = L  m = t  l = l  

-

.  G ,  1  o ^ o ( x ,  t  -  t ,  1  ̂-  t  a  n t  ̂ ) .

We can easily improve this synthesis method for the case of using seismograms
from several events. When the synthesis is made from the severai events with
dif ferent moments, some care must be taken of scal ing the observed data for the
moment in regard to the element size and the number of summation.

The start ing point in this formulation is taken to be the origin of the coordinate

G,d on the mainshock fault .  When the start ing point is located ar an arbitrarv
point (€,,  r"),  i t  is necessary to change the tapl^ as fol lows:

ta t  1  ̂: r  1^ f  , ,  * ,1 @' -  { )Fh;4f  l  r ,  *  (k -  l ) r ,  1, (23)

Now we consider the extent of the val idity of this synthesis formulation. The
ground mot ions f rom an arb i t rarv  e lement  shown by (16)  and (17)  can be usual lv
represented when the observed wavelength is much longer than the source-space
cl imension-i .e. when the point source approximation is val id. In the case of con-
sidering the ground motions by separating P and S wave parts, even i f  the source size
is greater than a wavelength, as long as the distance between the source and the re-
ceiver is much greater than the source dimension, the effect of the f ini te source size
can a lso be separated as d iscussed in  chapter  14 of  Ak i  and Richarc l  (1986; t0 , .
That  is ,  the approx imat ion by (16)  and (17)  is  jus t i f ied for

t

{ c - - --\\- - ------\v
\ \
\ .

( ) r \

L,2 KAr12, (24)
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where Z, is the length of the element source. i .e. the fault  length of the small  event,

A, the wave length and r,, the distance between source and receiver. This relation

determines the extent of the val idity of the distance and the wavelength in the

synthesis formulation obtained here. I f  the records from the smaller events with

the smaller fault lengths are used, this synthesis method is effective up to the shorter

wavelength and up to the shorter distance from the fault .  I t  must be cautioned that

i f  the motions of various wave types coexist,  this wi l l  lower the accuracy of the

approximation of this formulation. We consider this synthesis is valid for the S

wave motions which consti tute the main parts of the strong ground motions. The

extension to the case of surface waves is easily made after slight modification.

2.4. Nurnerical Check of Synthesis Method

The source t irne functions of earthquakes are calculated here as a superposit ion

of contr ibution from AU at inf i ,ni tesimal surface elements dz , i .e. (7).

Our formulation for the synthesis of strong ground motions is based on an idea

that the source time function of a large event can be expressed by a superposition of

the source time functions of small events having certain fauit dimensions, without

direct est imation of l lJ for the large event, i .e. (12). We need to examine the

frequency range, of seismic waves radiated lrom the fault ,  in which equation (12)

can be valid as an approximation, relating to the number of small events used and

the element sizes corresponding to the fault dimensions of small events. For this

purpose, the source t ime function given by direct numerical- integral of lU on the

mainshock fault plane, i.e. (7), is compared with the source time function synthesized

by ( l2) and ( l3) using that of small  events. The source t ime function of each small

events is calculated by the integral of (7), given ALI, for the small event. We call
the former, theoretical seismogram and the latter, synthesized seismogram for

convenience.

Now, we will examine the range of applicability of our formulation for the follow-
ing 3 cases shown in Fig. 5.

l .  Model  H l - l :  rupture s tar ts  a t  r :0  s imul taneous ly  over  the whole wid th  W of

MODEL Hr-r
Q(x .y , z )
a - - r

, ' l

I

MODEL

L = ' l 5 K m  W =  7 . 5 K m
Q = (  4 K m ,  2 0 K m . l 8 K m )

Fig. 5. Three fault models used for numerical check of synthesis method.

MODEL

z

H1-

O ^ ,

Hz-z
Q r -

z
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the fault and extends unilaterally at a constant rupture velocity.
IVIodel Hl-2: rupture extends bi lateral ly. The others are the same as Hl-1.
Vtodel H2-2: rupture extends circularly from a point.
The rectangular f ,ault ,  L:2w (L: length and w: width), and a(/(x,7, /)  with

a linear ramP function uniformly over the fault plane are assumed as being the same
in all three cases. The fault dimension, the rise time and the relative location of the
fault plane and the observational point are taken to coincide with the case of the
observed seismograms at the JIZ station during the l9B0 Izu-Hanto-Toho-Oki
earthquake, which wil l  be analyzed in the next section. That is, L:15 km,
w:7 .5 km, r:  I  sec, the coordinate of the observed point :  (4 km, 20 km, I B km)

ELEMENIARY S€ISMOGRAM

SYNTHESIZED SE ISMOGRAM
MODEL H1_1

Fig.6.  Compar ison betwecn' theoret ical 'seismogram and'synthesized. '  one for  model  Hl- l
drawn in the right figure. The 'theoretical'seismogram 

is calculated as a superposition
o[ contribution from AI] at an infinitesimal elementdl over the whole fault plane
and an elementary seismogram is calculated in the same manner over the hatched
plane- The 'synthesized'seismogram 

is calculated by the delay and summation of
the elementary seismogram, following (ll).

2 .
3 .

ELEMENTARY SEISMOGRAM

E 1
n
I

F ig.  7 '  Compar ison between' theoret ical 'seismogram and'synthesized'one for  model  Hl-2
drawn in the right figure. Two events, E I and E2 are used as elementary earthquakes
for synthesis' The calculated method is similar to the method described in Fig. 6.

o
l - - - -

SYNTHESIS MODEL Ht- r  i
e 2 . 5  - r  z P '

fE?P
|  * l J - '

SYNIHESIZED SEISMOGRAM
M O D E L  H t - Z
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when the start ing point is the origin. The moment rat io between the mainshock

and the small  events is 63. Since the similari ty condit ion (4) is assumed to be val id,

the mainshock fault  plane is divided into 6 x 6 elements and the element size of the

sma l l  even t  i s  t aken  as  L " :2 .5  km and  LV , : I . 25  km,  and  t he  r i se  t ime ,  r , : 116

: 0 . 1 6 6  s e c .

The theoretical seismogram and the synthesized seismogram are compared in

Figs. 6, 7 and 8. In each f igure, the left  upper (one seismogram in Fig. 6 and two

seismograms in Figs. 7 and 8) shows the small event seismograms generated from

subfaults depicted by hatched areas, and the left  bottom shows the mainshock seismo-

gram synthesized using the small event ones. The number of the small events for

this synthesis is one for Hl- l  and two for Hl-2 and H2-2. The theoretical seismo-

gram for each model is drawn by a dotted curve together with the synthesized one.

In all figures, the seismograms calculated by two different methods almost agree

and the discrepancy of the maximum amplitude between the two waveforms is

within l0%. The Fourier spectra of the theoretical and synthesized ones are

compared in Fig.9. The spectra calculated by the two methods are in good agree-

ment in the frequency range lower than I Hz and rough asreement in the frequencv

range higher than I Hz, although the two spectra have some discrepancies in detail.

The higher l imit of the frequency in which this synthesis method is appl icable may be

nea r  6  Hz ,  i . e .  11 " , .

These results show that the synthesis method given by (12) is appl icable lor

estimating the source time function of the mainshock in the wide frequency range

even at the short distance comparable to the fault length if the Haskell-type model

is valid for actual earthquakes. We consider the Model H2-2 to be more realistic

for actual earthquakes than the Models Hl- l  and Hl-2, because dif f icult ies in

ELEMENTARY SEISMOGRAM

tr'l A
/ t
I a

/ } - - - -

Fig. B. Comparison between 'theoretical' seismogram and
drawn in the r ight  f igt r re.  Two events El ,  and E2,
for synthesis. The calculated method is similar to

El

t3
EZ'

t

E2'

'synthesized' one for model H2-2

are used as elementary earthquakes

the method discribed in Fig. 6.

SYNTHESIZED SEISMOGRAM
MODEL HZ-Z



76 K. IRIKUR.I

MODEL HI-'I MODEL H2-2

0 .  I 0 .  I  l .
n L

- Fig' 9' Comparison between Fourier spectra of 'theoretical' seismograms and those of'synthesized' 
sesmograms for the three models shown in Fig. 5. ,SyN.'and,THEO.,

in figures indicate 'theoretical' and 'synthesized', 
respectively.

unlimited rupture velocity toward the z-direcrion can be avoided in this model.
However, the accuracy of the approximation of the synthesis in the Model .gE12-z

shown in Fig- 8 drops to some extent compared with that of Hl- i  and Hl-2, shown
in Fig' 6 and 7. We have to take care in the case of the synthesis for higher fre-
quency motions. If a larger number of smaller events appropriately distributed
over the fault  are used for the synthesis, the approximation is improvable. However,
another problem is indicated by Chouet et al.  (1978)3r) that the similari ty assump-
tions of earthquakes show some departures for smaller earthquakes. Thus, for our
synthesis we should use small  earthquakes with appropriate size which can be
related to the mainshock in accordance with the similari ty condit ion.

We have not been checking here the synthesis formulation (19) or (22). This
examination needs the calcuiat ion of the theoretical seismograms. taking into
account on the propagation effects due to the geological structure of the medium,
for example, those given by Refs. (5)-(7) and (9). This calculat ion is too com-
pl icated and immense, while our synthesis method needs only a simple and
small  quanti ty of computation. In case of regarding the propagation effects of
seismic waves from each element to the station as being approximately invariant to
one another, the synthesis formulation (19) become equivalent to (12), when S, is
considered to be a small  event seismogram. From the simple numerical check
mentioned above, we can estimate a rough extent of the applicabi l i ty for our
synthesis method.

trJ

Q . ^  ,
F ' -

=

u . t ' "
=
F-

-J

t ! , ^  I

G  I U
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3. Synthesis of the Velocity Motions frorn the Mainshock (. IW:6.7) of the

1980 fzu-Hanto-Toho-Oki earthquake

3.1.  Observed Data

A shal low ear thquake wi th  a  magni tude of  6 .7  ( the l9B0 Izu-Hanto-Toho-Oki

earrhquake)  occurred onJune 29,  1980,  o f f the east  coast  o f  the Izu Peninsu la .  We

obtained the velocity seismograms from the mainshock as well  as small  events

such as foreshocks and aftershocks at three sites located at short distances lrom about

20 km to 100 km, which were recorded by velocity-type strong-motion-seismographs

designed by Muramatu (Muramatu, 1977)32). The maximum velocity of B kine

was recorded at theJlZ stat ion on hard rock, about 20km away from the epicenter.33)

The locations of the observed stat ions, JIZ, SMC and OMM are shown by (*)

mark in Fig. 10. The observation system was designed to record exactly ground

velocity motions with the dynamic range from 100 to 0.01 kines over the period range

from 0.05 to 50 second. These seismograms obtained by the velocity-type strong-

motion-seismograph are useful for predicting the ground motions from large earth-

quakes, since they have a wide dynamic range over a wide period range.

An active earthquake swarm occurred in a small area north of the mainshock

SZM
+

t\"a
{  M A I N

\ a ,

f-.,
l l
\_l

N
A
1

T
I

,t43

L

(

50 km

Fig.  10.  The locat ion of  the observat ion
small events used for synthesis.
earthquake wi th M:6.7.

0

sites and the epicenters of the mainshock and the

The mainshock  is  the  l9B0 Izu-Hanto-Toho-Ok i
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hvpocenter for about 40 days before and after the mainshock. The focal mecha-

n isms of  the ear thquake swarm were s tud ied bv Imoto e t  a l .  (1980)3{ ) .  They

plotted the hypocentral distr ibution of the earthqtrakes, as shown in Fig. 11, classify-
ing the events into three periods, ( l) ,  before the largest shock of the mainshock, (2),
within 5 days after the largest shock, and (3), after that. The aftershocks immediate-
ly after the largest shock, or in the second period, are distr ibuted within the range of
about  l5  km in  length a long the d i rect ion Nl5 'w and l2-19 km in  depth.

We presumed thefau l t  p lane,  L : I5  km and lV:7 .5  km,  f rom the hypocent ra l
distr ibution of aftershocks in the second period. In Fig. 10, the inferred fault  is
indicated by a dotted l ine, and the epicenters of the mainshock, the foreshocks and
aftershocks employed for the present synthesis are shown by ( x ) marks. The fault
plane solut ions of the earthquakes rvith the magnitude larger than 4 determined by
Imoto et al.  are shorvn in Fig. 12, projected on the lower hemisphere of the equal arc
project ion. Most of the earthquakes as well  as the mainshock show str ike-sl ip type
mechanisms.

3-2- Estirnates of the Fault Pararneters for the synthesis

The synthesis of the mainshock motions is made, using (22), from the observecl
seismograms of foreshocks and aftershocks. It is necessary to determine the following
parameters for the synthesis.

(u) The fault  dimension of the mainshock synthesized, (the length L and the width
W) and the fault geometry

(b) The moment rat ios,, MolMo,, between the mainshock and the small  events.
(c) The r ise t ime, r(or r,) ,  of either the mainshock or the small  events.
(d) The rupture velocity, t)r.

The parameters in this study were determined from the hypocentral distr ibution
of aftershocks, the Fourier Spectra of observed seismograms and the similari ty
condit ions of lault  parameteru. For.the purpose of predict ing strong ground motions
lor a future large earthquake, these parameters have to be supplied from maps of
geology and seismicity and the similari ty condit ions for a given seismic region.

We summarize the fault  dimension and the geometry in Table l ,  according to
descript ions in the foregoing section.

The fault  dimension and geometry of (a) are estimated lrorn the aftershocks'
distr ibution as described in the above section.

The moment rat ios of (b) are estimated from the spectral rat ios between the
mainshock and small  events. The observecl seismograms and the Fourier spectra

Table I  The faul t  parameters of  the l9B0 lzu-Hanto-Toho-oki  earthquake

str ike

d ip

N I 5"\\'�

90"

far.r l t  length

l a u l t  w i d t h

r ise  t ime

rupture  vc loc i ty

1 5  k m

7.5  km

1.0  sec

3.2 km/sec



K. IRIKURA

of the mainshock and the aftershocks (Al and A3) at JIZ are shown in Fig. 13 and
Fig- 14. The spectral ratios between the mainshock and the two aftershocks are
shown in Fig. 15. The observed seismosrams, the Fourier spectra of the main-
shock, foreshock P4 and aftershock Al at SMC are shown in Fig. 16 and Fig. 17
and the spectral ratios are shown in Fig. 18. The seismic moment is estimated from
the low frequency level of the spectra, based on the dislocation theory. Accordingly,
the moment ratio Mof Mo" is given from the flat level, in the low frequency range,
of the spectral ratio shown in Fig. 15 and Fig. 18. The spectral ratio of the main-,
shock to aftershock Al is est imated to be about 200 (=63) at theJIZ site and at the
SMC site as well. Similarly, the moment ratio of the mainshock to aftershock A3
is given to be about 350 ( = 73) and that of the mainshock to foreshock P4. about
200 (=6 ' ) .

Then, the scaling parameter ly' (=NM;[MA) corresponding to the ratio of
fault lengths between the two earthquakes (see eq. (a) ) is estimated to be 6 for the
mainshock versus Al, 7 for the mainshock versus A,3 and 6 for the mainshock versus
P+.

The rise time of (c) is estimated as follows. The spectra of the Haskell-type fault
model, based on the dislocation with a ramp function are characterized by a signifi-

Fig. 14. The Fourier spectra o[ the mainshock
and two aftershocks, Al and A3, at
the JIZ starion.
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13. The obse rved seismograms of the
mainshock and two aftershocks Al
and  A3 ,  a t  t he  J IZ  s ta t i on .
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The spectral ratios between the
mainshock and aftershock Al and
between the rnainshock and aftershock
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Fig. 16. The observed seismograms of the
mainshock, aftershock Al and fore-

.  shock P4 at  the SMC star ion.

Fig. 17. The Fourier spectra of the mainshock
and aftershock Al and foreshock P4
at the SIvIC station.

o . t  t ,  1 0 0 . 1  t .  t 0 0 . t  t .  l o  t o o

Fig. lB. The spectral ratios between the main-

shock and aftershock Al and between
the mainshock and foreshock P4 at
the SIvtC stat ion.

cant trough around l lr  (r:  r ise t ime) as well  as by the corner frequency related
to the fault  dimension, as clearly shown in Fig. 9. However, the r ise t ime determined
bv picking the trough frequency has larger uncertainties and may often be non-
unique, because the spectra of f,ar-field observation data are srrongly modifiecl by
scattering and absorption in the propagation medium and further by local ground
effects. Therefore, some care has been taken to estimate the r ise t ime.

The JIZ stat ion is in a dri f t  lormed of a hard rock and at a short-distance of
about 20 km away from the epicenter. We consider the seismograms obtained at
JIZ to be less inf luenced by the propagation effect. In Fig. 14, the spectra of the
mainshock at JIZ have a common significant trough around I Hz for the NS, EW
and V components. On the other hand, the spectra of aftershocks Al ancl A3 have
no significant troush around I Hz. Thus, the trough around I Hz for the mainshock

t 1' l
l

8 t ,

l r

I

s l . lC ,  (  MA IN ,  M .6 .7 , / (A t .  M .4 .9 )

s M C ,  (  M A | N ,  M . 6 . t  ) r (  P a , M r a . 9 )
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may be independent of the local ground effects. The troughs of the spectra for
aftershocks Al and A3 appear to be at about 6Hz and 7 Hzas indicated by arrows
although they are not so signif icant, as compared with the case of the mainshock.
After the above considerations, we determine the rise time of the mainshock to be I
sec. Since the trough frequencies of the aftershock are non-unique, we determine
t h e r i s e  t i m e s t o b e c o n s i s t e n t w i t h t h e s i r n i l a r i t y c o n d i t i o n , i . e .  l / 6 s e c f o r A l  a n d  l / 7
sec for A3. These values also correspond to the trough frequencies shown by arron,
marks in Fig. 14.

In  the sect ion 2 .1 ,  we notec l  that  the r ise t ime is  g iven f ronr  the s imi lar i ry  re la t ion
(5). The r ise t ime is obtained to be about 1.2 sec when the inlerred fault  plane area
o[the mainshock and S wave velocity of the medium are put into (5). This value
is very close to the rise time estimated here lrom the spectral shapes of the observecl
seismosrams in the short distance. Thus, in the synthesis we may use the value of
the t ime given by the relat ion (5) as a f irst approximation.

We do not have any evidence for a, est imates, but ' tentat ively assume to be
3.0 km/sec, based on the empir ical data. The val idity of this.assumption is later
examined by a comparison between the synthesized seismograms and the observed
spectra.

3.3. Synthesis Results

The hypocenter of the mainshock is located at the center bottom of the 1ault
plane inferred from the aftershocks' distr ibution shown in Fig. 11. We consider
that this hypocenter is consistent with the start ing point of a rupture and that the
rupture spreads circularly from the start ing point, Pot over the fault  plane. That is,
this type of rupture propagation corresponds to that for ivlodel H2-2 shown in
Fig. 5. The locations of the hypocenters of the mainshock and the small  evenrs
employed for the synthesis are summarized in Table 2.

First,  we describe the synthesis of the mainshock motions at SMC. We use
the seismograms from two small  earthquakes; one is event P4 with fuI:4.9 in an area
north of P" and the other is event Al with the same magnitude in an area south of
P,. The locations of the epicenters of Al and P4, and the mainshock lault  plane
are shown in Fig. 10. The fault  plane solut ions of Al and P4 are similar to those o[ '
the mainshock as shown in Fig. 12. The moment rat ios of the mainshock of fuI:6"7
to events P4 and Al are estirnated from the spectral rat ios to be MolMo":N3 =200.

Table 2 The origin times and hypocenter of the earthquakes trsed lbr the synthesis.
(a f te r  Imo to  e t  a l . .  l 98 l31 ) )

M D H M I_,AT. LONG. DEPTH MAc.
(deg.) (d.s.) (k-) (JlvrA) .

P4 6 28 t2 5 34.934
IvtAIN 6 29 l{ i  20 34.904
A I

A3

+.9
(i .7

4.9

+.6

6 30 2 23 34.8+7
tB 6 34.942

139.234

139.230

139.245

r39.220
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rvhich vields the scal ing parameterrV=6.

Then the fault  plane of the mainshock is

d iv ided in to  6  x  6  e lements  as shown in

Fig. 19. The r ise t ime of the mainshock

is est imated to be I sec as mentioned in

section 3.2. The r ise t ime of each small

event, r , .  iS estimated to be z/N, from

the similari tv condit ion. The correction

lactors for the radiat ion ampli tucles

R,( ,0r^ ,  gy^) iR, r ( .0 ,0^0,  g to^o)  are taken to
be unity as a first approximation for
simpli f icat ion of the computation.

lVe make determinist ical ly a synthesis
fbr the mainshock motions in the fol lo-
rving two stages. In the f irst stage, the

S

Fig.  19.  f 'he schemat ic model  of  the laul t
plane for synthesis. Rtrpture spreads
cocircularly from Po.
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Fig' 20' Comparison ol thc synthesized velocity seismogram with the observed one for the
mainshock at the SMC station. The left upper two traces are the observed
seismograms of aftershock Al and foreshock P4 used as elementary earthquakes,
the left third trace, the synthesized seismogram for the mainshock, and the le{t
bottom trace, the observed seismogram of the mainshock. The right Llpper figure
is the Fourier spectrum of the synthesized seismogram and the right lower figure is
that o[ the observed mainshock seismogram.

5 1 1 C . E  O F F  I Z U  P E N . , J U N . 3 O ' E O ,  2 H 2 3 N
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mainshock fault plane is divided into two areas, one is S, for the northern half area,
the other, ^92 for the southern half area, each of which has 3 x 6 elements, respectively.
The synthesized seismogram/ is obtained, using P4 for Sr and 1f2, using Al for Sz,
respectively. In the second stage, after summing up .fi and fz, we obtain the
synthesized mainshock motions.

The synthesized velocity seismogram of the NS component for the SMC station
is shown in Fig. 20, together with the observed seismogram of the mainshock. The
upper two are the P4 and Al seismograms used as elementary earthquakes, the third
is the synthesized and the fourth is the observed seismograms. These are outputs
from a 4 Hz low-pass-fi.iter, by which an apparent predominant frequency of I lr,
(:6 Hz) involved in the synthesized seismogram has been removed. This periodic
motion is discussed in later section. It is found that the synthesized seismogram is
in good agreement with the observed seismogram, except for a few portions with

periods around I sec.

Similarly, the synthesis of the mainshock velocity motions is made for OMM

using P4 and Al and for JIZ using A3 and Al (because event P4 faiied to be observed

x  I  NE  15EFsx  c
1 6 ' - - 1 l L l l - I Z U  P E N .  ,  J U N .  2 9 ' 8 0 ,

: * * '

t,\
IIUI
l l l
I

t,,'h,.,,,
0 . 0 1  o .  t  

, ,  t .  l o

Fig.2l. Comparison of the synthesized velocity seismogram with the observed one for the
mainshock at the OMM station. The arrangement of the figures is the same as
that of Fig. 20. The observed seismogram at the OlvtM station from the mainshock
is recorded in a saturated form over I kine becarlse of poor conditions of the auto-
gain-contro l  system.
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figures is the same as that
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Fig. 22. Comparison of the synthesized velocity seismogram with
mainshock at  the.JIZ stat ion.  The arrangement of  the
of Fig. 20.

at theJIZ stat ion). These results are shown in Fig. 2l and22. The moment rat io o[
the mainshock to 43 is almost 350 and then the scal ing factor is est imated to be 7.
For this reason, the northern half area s, is divided into 4 x7 (+ l{12xi/  for N:7).
The svnthesized seismogram at OMM is also in good agreement with the observed
one, similar to the case of SMC. The synthesized seismogram at JIZ agrees well
lvi th the observed one, inclusive of port ions with periods around I sec, although the
spectral ampli tudes of the synthesized one higher than I Hz are underestimated as
compared with those of the observed one.

To examine the val idity of the assumed parameters, we calculate the synthesized
seismograms for a function of each parameter, and compare them with the observed
one in the t ime domain' Three kinds of measure to evaluate coincidence between
the synthesized seismogram -f ( t)  and the observed one g(t) are used: correlat ion
function d, ampli tude rat io a, and residual function r,  where these parameters are
defined 3S,

o:lf , 'rrt ') g(t-,t ')0,' /(f , ' f,(,)0, f , 's,(t)dt)"' l
o:l/,'f,dt f f ,'s,dt]"'
': f ,'t-f-s)'dt / (1,'-r,0, f,'s,at)"'

J I Z ,  E
- ,  A  H

O F F  I  Z U P E N .  ,  J U L .  2 1 ' 8 0 .  t  8 H 0 6 N
N S - C 0 1 1 P .

0 .  00  2 .00  { . 00

e  J t L ,  E  o F F  t  Z U
i  f i = 0 .  7 .  H = l 0 K f 1 ,
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We determine an optimum model by changing three parameters in the fbl lowing
order: ( l)  the relat ive posit ion of the start ing point on the mainshock fault  plane,
(2) the rupture velocity and (3) the r ise t ime. The fault  geomerry, and the number
of the elements assigned are fixed in all cases.

Examinations with regard to the location of the start ing point po ara- shown in
Fig. 23 for the cases of the SIWC and JIZ stat ion. Let the coordinate of p, be (x,1),
located at a grid point on the lault  plane as shown in the r ight upper f igure. 6, o
and r are computed for the t ime length of 40sec for SN4C and 12 sec for JIZ after
low-pass-filtering with a cut-off-frequency of 4 Hz. Fig. 23 shows that, whe \ po
is located at (3,0), the correlat ion is clearly highest, the ampli tude rat io is closest to
unity and the residual is least, although those values are different for SMC and JIZ.
The difference of $, a and r for the two stations is mainly due to the difference in
the data length used. This optimum location of the start ing point is consistent with
the relat ive posit ion of the mainshock hypocenter within the distr ibution area of
aftershocks in Fig. l l .

Similar examinations with resard
24, when the starting point is located at

SEt
-+

( 3 . 0 )

porometers

= N15"W

= 90o

=  1 5  k m

= 7.5 km

: l  s e c

= 3.0 km/sec

( 6 . 0 )

fb the rupture velocity V, are shown in Fig.
(3, 0). The influence on the waveform due

0.6

r.0

v.o

0 2

e
6

L

w
T

V.

1.0

(1.0) (30) (s.0)

START POINT
Fig' 23. Tire examination of the variation of the synthesized seismograms due to the location

of the starting point within the far-rlt plane. {, a and r are correlation function,
amplitude ratio and residual function between the synthesized seismogram flor the
star t ing point  vary ing f rom (0,  0)  to(6,  0)  at  the laul t  p lane,  as shown in the r ig5t
upper figr.rre, and the observed seismogram.

START POINT

( 1,0) (3.0) (s,o)
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The examination of the variation of
the synthesized seismograms due to
the rupture velocity.
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to the change in the rupture velocity, ranging between 2.8 and 3.3 km/sec is found
to be very l i t t le. We may not have the resolut ion enough to determine the rupture
velocity from this analysis. We have chosen V,:3.2 km/sec as the optimum
ivhich gives the minimum residual value.

In order to examine the val idity of the r ise-t ime value of the mainshock, the
inf luence on the synthesizecl waveform due to the change in the r ise t ime ranging 0.6
to 2'0 km/sec is shown in Fig. 25. The r ise t ime of elementary earthquakes is
estimated from the similarty condit ion r,  :r l l { .  For the case of the JIZ stat ion, the
oPtimum value from the correlat ion and the residual function is given to be 1.0 sec,
rvhich is consistent with the estimated value from the spectral shape at JIZ, as men-
t ioned in section 3.1. On the other hand, the r ise t ime for the case of SMC is given
to have best f i t  for about 1.5 sec, which is somewhat larger than that for JIZ. For
the case of SMC, the synthesized seismogram having z:1.5 sec is compared with
the observed one in Fig. 26. I t  seems that the waveform and spectra of the
svbthes ized wi th  r :1 .5  sec are in  bet ter  asreement  wi th  those of  the observed,  in-
clusive of the period range from I to 1.5 sec, while i ts range is in disagreement between
the svnthesized and the observed in Fig. 20. For the case of OIvIIvI we obtain better
f i t  lo r r :1 .5  sec ra ther  than r :1 .0  f rom the compar ison between the synthes ized
and the observed (we can not accuratelv compute the correlat ion and residual

_  s M c  n q  -  J l z

[ ' ""f n'','
la- f '  \
ll .,t__

0 6  l 0  l t ,  I  I  s e c

T

Fig. 25. The examination of the variation of
the synthesized seismograms due to
the rise time o[ the mainshock. In
the synthesis,  the re lat ion,  . re:r lN,

is kept be tween the rise time of
elementary earthquakes and that of
the mainshock, .
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f

Fig. 26. Comparison of the synthesized velocity seismogram'r"ur* l:lt i.. *,,it.n"
observed one for the mainshock at SMC.

function between the two seismogram because of the saturated form of the observed
seismogram).

The results, showing a discrepancy between the optimum values of the rise time
for the three stations, correspond to difficulties of unique determination for the
rise time lrom seismic observations as mentioned above. For far-field observations,
especially, the information on the rise time which control the short period
motions seems to become more ambiguous with distance for attenuation and scatter-
ing in propagation medium. We can not discuss further which value is more
probable only from this information. The rise time of I sec here is adopted as the
optimum, determined from the data for JTZ at relatively short distance, since we have
one purpose of predicting strong earthquake motions in near field.

In the synthesis done so far, we have given constraints on the mainshock rise-
time and the elementary earthquake rise-time from the similarity condition (4). It
is reported in some papers that the stress drops during aftershocks are not always con-
sistent with the stress drop during the mainshock and then the similarity condition
based on a constant slip velocity is not always valid, as indicated by e.g. Imagawa and
Mikumo (1982). The fol lowing examination is made, to check the val idity of the
similari ty condit ion (a) for the l9B0 Izu-Hanto-Toho-Oki earthquakes. We synthe-
size the mainshock motions, assuming that the similari ty condit ions Lf L,:rVlW,:
DlD, are val id but the sl ip velocity is nor constant, i .e.,  Df D,*rfr, .  Then the
mainshock dislocation function is related to an elementary earthquake one as follows:

P E N ,  ,  J U N .  2 9 ' B O ,
OBSERVED

r <  t  N i r S t i r n  r
r u  = -=

-
I

" a

r

A / n
A L t ( { ,  r ? ,  t ) : ;  

_ I = ,  
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where i/ is scaling parameter. re is

e q u a l  t o  r  f o r  n : \ ,  r 1 2  f o r  n : 2 , . . . ,  a n d

rf l,{ for n: N. The apparent oscillatory

motions in this synthesis as described in

the next section are reduced by the

smoothing operation and filtering for the

period range lower than 4 Hz. When

r a  v ? r i e S  r  t o  r l I { ,  i . e .  n : \ , 2 , 3 , 4 ,  a n d

l/ for a fixed value of r: I sec, the

coincidence between the synthesized and

the observed is examined in Fig. 27.

The best f i t  is obtained for r, :r l I ,{ .

This relation is consistent with the simi-

lari ty condit ion, DlD,:r lr , .  We com-

Pare the two synthesized seismograms,

one is based on za:7 and the other, based

oo re :r lN, with the observed seismo-

grams in Fig.28. The synthesized seis-

mogram for z":z has larger amplitudes
at high frequencies than that for z,:
,lN. The overall waveforms clearly show
bet ter  f i t  fo r  , , : r l ] { .

As the result mentioned above, we
show the synthesized seismograms of NS,

0 .7

0 6

t . o

0 . 7

u . o

t . o

t . tt 2

0 8

N : 5 f o r P 4 , A l  ;  N = 7 f o r A 3

Fig. 27. The examination of the variation of
the synthesized seismogram due to
the relations between the rise time of
the elementary earthquake and that

of the mainshock, aa:rt rl2, tl3, tl4,
r/l/ (i/:6, for Al and P4,.lf:7, for
A3) .

seismograms synthesized for rr:r drd for t,
(a) The case for the SMC station. (b) The

EW and V components for the optimum parameters at the SMC and JIZ station in
Fig. 29 and 30. It is to be emphasized here that the synthesized seismograms are
in very good agreement with the observed records for all the three componenrs ar
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Fig. 28. Comparisons between the velocity
:r/6 and the observed seismogram.
case for the JIZ station.
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Fig. 29. Comparison of the three-components
velocity seismograms(NS, EW and V)
synthesized using the optimum para-
meters with the observed seismogram
at the SIvIC starion. (a) The case
of NS-component. (b) The case of
ElV-component. (c) The case of V-
component

the both stat ions.
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Fig. 30. Comparison o[ the three-componenrs
velocity seismograms(N.S, EW ancl V)
synthesized using the optimum para-
meters witlr the observed seismogram
at the JIZ stat ion.  (a)  The case of
NS-component. (b) The case of
ElV-component.  (c)  The case of  V-
comDonent,

4. Synthesis of Strong Accelerat ion Motion

4.1. rrnprovernent (1): Rernoval of Ghostly osci l latory Motion
We have so far described the svnthesis of velocity seismograms ancl our attention

was focused on frequency components lower than I Hz. However, ground motions
with frequencies higher than I Hz play an important role in accelerat ion seismo-
grams. We need to estimate the hieh frequency contents of strong motions, especial ly
for engineerins interest. The synthesized accelerogram for the mainshock can be
obtained, i f  the accelerogrami for the elementary earthquakes are put into G,(x, t)
in (22). However, we have some problems in applving (22) direct ly to the svnthesis

: i !f l tI igi:F15]llJl ieiSi.*, 5:r. 0 i p=e0 L=, s (3/6 3 !?BEb. ! i ,31EI5 i5 lJ ih lB i . - , r .  D,  p=ge
:  |  5YNtHESIZm NS-COMp
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I ; ig .  31 .  Compar ison o l ' th r :  acce lc ra t ion  se ismogram svnt l - res ized by  (22)  l v i th  the  observed

se ismogram a t  the  J IZ  s ta t ion .  The le l i  upper  two t races  are  the  observed

acce le rograms o l 'a l te rshock  A l  and A3 used as  e lementary  shocks .  and the  le l i

third trace, the synthesized accelerogram for the mainshock, and t l-re lel i  botrom

t race,  the  observed acce le rogram o f  the  mainshock .  The r igh t  L rpper :  the  schemat ic

mainshock  lau l t  and the  e lementary  ear thqurake s r " rb lau l ts  r . rsed  {b r  syn thcs is .  The

r igh t  midd le  and bo t tom:  the  Four ie r  sperc t rum c ' l ' the  syn thes izcd  acce le rograrns

and tha t  o f  the  observed accc le rosram fo r  the  mainshock .

ol- the accelerogram.

One is  a  prob lem generat ing an apparent  predominant - f requency in  the
svnthesis fol lowing (22). The waveform and spectrum of the svnthesized accelero-
gram for the JIZ stat ion are compared with those of the observed one in Fig. 31.
The waveform of the synthesized one is similar in i ts envelope with that of the
observed one, but the two spectra are signif icantly dif ferent lrorn each other in
the high frequency contents. In part icular, the synthesized accelerogram involves
predominant frequencies around 6-7 Hz, while the observed one does not. These
ghostly osci l latorv motions appearine in the synthesized one are owing to the

t

f'4
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following reasons.
The synthesized seismogram expressed by (22) is rewritten bv the convolution

of an elementary seismogram with a discrete time series-f (t),

- f ( t ) :  A F,  p, (*) t t r -  t r tm-( , r - r )z , l (24)

where E is the Dirac delta function. The above parameters ca, c,^ and lr1^ vte
employed here to simplify the expression. That is, the mainshock motion G (t ) is
given as

G ( t ) : f  Q) *G, ( t ) .

The discrete function-f(l) has an apparent periodicity ra, ?s is obvious lrom an
inspection. This periodicity is owing to (9), in which the dislocation time function
of the mainshock, AU (t), is given by the phase delayed summation, with a constant
t ime shif t  r , ,  of thar of an elementary earthquake. a(J,(t).  I f  both /u(l)  and
AU'(t) are exact ramp functions and z is equal to . ly ' .z,, . the relat ion (9) is exact
and then the periodicity of zr would not appear in the synthesized motions" This
is illustrated in Figs. 32a and 32b. However, the above-mentioned conditions are

(a) Smoll Event
au"( t  )

-__,/. -
q

Lorge Event
au( t )=9 aU"( t  - ( i  - t ) r . )

,f_-, / '
/,/ ..

. :U(t  )  = la U"[ t  - ( i  - l )1. ]

--J ri .,'
" "  f l i . -  

-

t , l i l f l i l
t:-.:i:-::-
l l : ; l : : l : r ; l

_l-L_

^u.( t)

rl
- r  [ _ - _ _

.  W h Z n  f . ! c >  { c - : , m c  
j

;
- ; - t . L  . -

! i . r ! : - . r ' i ' c  
. , . :  r r

a U " ( t )

_ f-l_ ___

/'.-:---1
f t L

a  , r r - - , . r - . , , . ,  L

--f L

Fig. 32. (a) The dislocation time function ol'
the small event and that of the
large event, assumed to be a
ramp funct ion and re:r lN.

(b) The time derivative of the dislo-
cation function o[ the small event
and that of the large event.

(c) lVhen an assumed ra is different
from a true rr, the synthe;ized.
dislocation of the large event
results to have an apparent
per iodic i ty  at  r , .

(d)  When the operat ion by (22,)  is
made, the synthesized dislocation
function is smoothed as il lustra-
ted.

W h C n  l k r j c >  { 0 . : u m r : t
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unreal ist ic for actual svnthetic problems. Even i f  the relat ion (9) is exact, i t  is very

dif f icult  to est imate the true value of r, .  When the estimated value of r" is dif ferent

from the true value, the synthesized dislocation function has an apparent predomi-

nant frequency as shown in Fig. 32c. When the relat ion (9) is not exact but holds

approximately, similar osci l lat ions are generated in the synthesis. This is the
reason why the synthesizcd accelerogram in Fig. 3l has ghostlv predominant

fre quencies. Since r,  of A I and that of A3 has been taken to be I /6 sec and

l/7 sec, respectively, the synthesized one has apparent predominant lrequencies

around 6-7 H.z.

we can avoid this difficulty by changing (22) to the lollowing form:

r V  t r '  N x n

G(r ) :  I  ) t  t\ / 
t7t .7t lTr ff i* ,, lt-t.m-&-\!,,) ( 19 ' \

J

o

t.

The meaning of this operation is a kind of smoothing as i l lustrated in Fig. 32d.

2 H 2 3 N
N 5
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n A

vh
l o  

t

5 , 1 0  
o

r o  
o

f , r l u

5 , 1 0  
I

- l

l 0
0 .  0 l

N L

G A L x S _ E C r r z  t r  n q t r  t -

-

J I Z , E  O F F  i Z U
= 6 .  7 ,  H =  l 0 K l 1 ,  N S

6 . 0 0  6 . 0 0  1 0 . 0 0  1 2 , 0 0  I t . 0 0

P E N .  ,  J U N .  2 9  ' 8 0 ,  t  6 H 2 0 f 1
Nr q

) r t u

r o t

5 . 1 0  
o

l o  
o

- l

5 x l 0

OBSERVEO

Comparison o[ the synthesized accelerat ion

the observed seismogram at the JIZ stat ion.

t 0
0 .  0 l

H Z

seismogram smoothed by (22' )  wi th

l 0l .

;
c

i

,
I
f,..

J I Z , E  O F F  I Z U
= 4 . 6 ,  H = l 7 K N  A 3

00

I l O D E L  2 , 2  E V E N T S  I A 3 ,  A  I )
C  I  R C U L A R ,  V R  = 3 .  2 .  B A N P ,  T R = 0 .  I  6 6 x 6 ,  L  =  t  5

SYNTHESIZED SMOOTHING (N '=  5  )

0 0

:  OBSERVE

TtAilil , ,'l il$lilrI  l l r

I  l l l t l |  |  l l t l

I
I
I

Fig.  33.



K. IRIKURA

Applying (22') to the synthesis, the apparent periodicity is shif tecl to the shorter
period, r, f  n' '  Then we can obtain the synthesized motions up to the frecuencv
range of engineering interest.

Applying the revised formulation (22) with / / , :5, u,e make a svnrhesis for the
mainshock accelerogram atJlZ. The waveform and the specrrum of the svnthesized
seismogram are shown in Fig. 33, after low-pass-f i l ter ing with a l0 Hz cut-off
lrequency. The ghostly osci l latory motions owing to r,  cl isappear in the synthesiz-
ed seismosram. However, the synthesized one has signif icantly small  ampli tudes
for the frequency range higher than I Hz, comparecl with the observed one" This
is discussed in the next section.

4.2. Irnprovernent (,2); Revised Synthesis Method for High-Frequency
Motion.

Our synthesis formulation (19) is based on the representation of the source t ime
function in the far-f ield due to a constant dislocation over a fault  plane in an inf inite
homogeneous elast ic medium, i .e. (6). When a coherenr rupture propagation and a
constant dislocation represented by a l inear ramp t ime function are assumed over
a rectanguiar fault plane, the source time function expressed by (6) has flat spectra
at low frequencies and <o-3 high-frequency asymptotes. For the case of lvlodel
Hl- I  in section 2.4, the spectral ampli tude of the source t ime function can be
obta ined in  the s imple express ion (Mikumo,  lg7 l3s)  and Gel ler ,  tn t6zz>) :

(2s)

where x t : lL ( l  lun-cos p lu , )  l2 l ,  x r : t , lv  cos g  s in  9 l (2u, ) l  and x , : r12.  I t  is  c lear
from (25) that the source t ime function of Nlodels Hl-1 and Hl-2 have cu-3 decav
at the high frequencies. Similarly, for the case of lvlodel H2-2 the source t ime
function has a f lat spectrum at low frequencies and u)-3 decay usually at the
frequencies higher than I fr ,  as shown in Fig. 9, although the Fourier spectrum
can not be obtained in an analyt ical expression.

Thus, in our synthesis formult ion, the spectrum of G(x, t)  expressed by a tr iple
integral such as (19) yields c.r.r-3 decay at frequencies higher than l fr ,  i f  G,,_ (x, t)
has a f lat spectrum. The synthesized seismogram shown in Fig. 3l has smaller
ampli tudes than the observed one at frequencies higher than about I  Hz (consistent
with I  /r) .  This means that there is large discrepancy between the characterist ic
leatures involved in the observed seismogram ancl the assumption in our synthesis
in the frequency range higher than l lr .  This problem is related to the basic
assumption in our formulation, that is, a smooth rupture propagation over a rectan-
gular fault  plane. To recover the fal l-off  of the spectral ampli tudes ar frequencies
higher than I Hz to the observed level. i t  would be necessary to introduce inhomo-
geneous f ,au l t  models  such as those inc lud ins 'bar r iers '  (e .g .  Das and Ak i ,  lg77tz , ) .
However, from another point of view we can apply the present synthesis methocl t6

r^s(-)r:ri"*3] ,t*f.L.1 'r!j i: l l

I
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Fig.  34. Thc d is t r ibu t ion  o f  s t rb lau l ts  dur ing  a  la rge  event .  Each sub{ar , r l t  cor responds

to  a  smal l  event .

The relat ion between the dislocation t ime l irnct ion of the small  event and that

of the large event in the space and t ime domain when is considered the

distr ibution of srrbfar.r l ts as shown in (a).

estimate the high lrequency motions by modifying our formulation without direct ly
presuming 'barr iers' ,  i f  we use elementary earthquakes having a characterist ic scale
involved in the mainshock phenomena.

Now, we return this discussion to the relat ion (9),

l a l

( b )

l v n

A {l  ( t ,  \ ,  t)  :  Z /  t i , l ( ,  r ,  t-  (k- l)r , l
h = L

ArJ ( i ) :  :  t r , r , l t -  $-D i : )

again (9)

and s tar t  to  rev ise the formulat ion.  In  sect ion 2 .2 ,we in t roduced (9) ,  on lv  in  the
time domain, to satisfy the similari ty condit ion,

DlD,: t l r , -  No (26)

The relat ion (9) is here reconsidered to have a physical meaning in the space and
time domain during the mainshock. Suppose that i /o subfaults are al igned in
a certain space interval lx contacting one plane after another as shown in Fig. 34a.
The length of a subflault  corresponds to that of an elementary earthquake, L,.
Accordingly, a uniform dislocation on a subfault is taken to be consistenr with the
same d is t r ibut ion as the d is locat ion dur ing an e lementary  earrhquake.  Then
the dislocation during the mainshock is expressed by the delavecl surnmation of the
dislocation during the elementary earthquake along the x-axis,

. V n

/  U (.r):  I  ALr, l .u- (fr- I  )Arl .
h =  I

When the rupture of the subfaults propagates along the posit ive direct ion of the
x-ax is  wi th  the ve loc i ty  u , ,  (27)  can be rewr i t ten in  t ime domain,

(27)

:
t
I

!,

(28)
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If  Ax is  rep laced by ur ' re ;  equat ion (28)  becomes equiva lent  to  (9) .  Thus,  we can
rewrite the relat ion (9) by presuming the space and t ime distr ibution of the sub-
f,aults as shown in Fig. 34b as fol lows:

and

t " D

/  U ( t , , t ,  t )  :  1 , .  AU, l {  - ( f  -  I  )n , r , , ,1 ,  t ) ,
h = L

N D

/ tt ((, r, t) : Z. A U,l(, \ - (k- l)u,r,, tl.
A = l

(2ea)

(2eb)

(30)

( 3 1 )

(32)

fior the

(30 ) '

(31 ) ' �

Since f and rl are taken along the strike and the dip direcrions, respectively, (2ga)
is an intuit ively clear relat ion to express the case of str ike-sl ip type fault ,  whi le (2gb)
is suitable for the case of the dip-slip type fault.

We have adopted (29a) in this study, since the l9B0 Izu-Hanto-Toho-Oki
earthquake we have analvzed here has the strike-slip type mechanism. Conseque-
ntlv, equations (19) and (20) are rewrit ten as fol lows:

G ( x ,  t ) : G r 1 ^ ( x ,  t - t ' a p 1 - )

,:!: ) qS+-w--Md:tft
u c  A ,

Axr :p  ra "

If  we use elementary earthquakes with the fault  length L,:Ir{oax"
svnthesis, (30) and (31) are further rewrit ten.

N D  N L  N l y

I I X
h = L  l = l  m = l

N p * N 2  N r y

G ( x , t , \ : , 1 ,  p r G , t ^ ( . x , t - t ' a 1 ' ^ )

t ' , . ,  - r ! : v -  J t ,2 l ' l ^ [
L  d l ' m  

U c  

- l -  

A ,

where

q ^ :  ( r n -  l )  r l / , ,  m : 1 ,  2 ,  . . . ,  I { r ,
(  t ,  :  ( l '  -  l )  L ,  I  N  D ,  I '  : 1 , 2 , . . , , N  t X  I \ [ o ,

and G,1^ is  a  se ismogram f rom an e lement  / I r^ ( / : l - i / r  and m: l -y ' / , r ) "
The accelerogram synthesized by (30') has a-2 decay when each G,1- has a1

flat spectr lrm so that i t  has more r ich high-frequency motions than that synthesized
by (19) This tends to reduce the above-described discrepancy between the
synthesized and the observed accelerograms. The synthesis by (30') neecl not
apparently eive both the rise time r for the mainshock and r, for elementary
earthquakes. Actually, we have to use elementary earthquakes with a definite f,ault
length,  L , : l r {o /x" :p , . [ {p7e: t ) r . r .  S ince r= l  sec and u,=3 kmisec for  l9B0 Izu-
Hanto-Toho-Oki, we need to use foreshocks or aftershocks with the length of about
3 km.
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Bouchon (1978;'u'  showed that the mult iple cracks with barr iers are roughl,v
equivalent to dislocation model with a uniform sl ip of the Haskell-rype source.
Based on this evidence, Aki et al.  (1977])tt> showed that one.canmake a roug6 esti-
mate of a barr ier interval from the r ise t ime in such a way that

(barr ier interval) - (rupture velocitv) .  (r ise t ime) (33)

On the other hand, Aki et al. summarized probable barrier intervals inferred from the
observed fault slip for several earthquakes studied by Matsuda ( lg723i:, and others).
They irrferred an average barrier interval of 3 km for the lg74 lzu-Hanto-Oki
earthquake based on Matsuda and Yamashina (1974)3e). I t  is of interest that
'barr ier interval '  from (33) is about 3 km lor the l9B0 Izu-Hanto-Toho-Oki earth-
quake and almost the same as that for the 1974 Izu-Hanto-Oki Earthquake which
occurred in the near region southwest of the l9B0 Izu-Hanto-Toho-Oki earthquake.

It is concluded from the revised formulation (30') that for the synthesis of high
lrequency motions it would be better to use elementary earthquakes with the char-
acteristic scale of the f,ault length,

(fault length of elementary earthquake)-(rise time of the mainshock) . (rupture
velocity).

Under this condicion, the synthesized motions do not miss the high frequency con-
stituents including the source characteristics of the elementary earthquakes. Accord-
ing to the 'barrier model', this means that the optimum elementary earthquakes for
the synthesis should have a fault length consistent with a 'barrier interval' of the
mainshock.

4.3- Synthesized Results of Strong Accelerograrns Using the Revised
Method

The lault lengths of foreshock P4 and aftershock Al with LI:4.9 are estimared
to be both about 2.5 km lrom the similari ty condit ion L, lL:NM;[M;,: iy ' ,  where
-l/ is estimated to be about 6 from the spectral ratios between the mainshock and the
small  events as discussed in section 3.2. and Z is est imated to be 15 km from the
epicentral distribution of the aftershocks. Similarly, the f,ault length of aftershock
43 with M:4.6 is est imated as about 2.1 km. In order to make a synthesis by the
revised formulation (30'), it is necessary to use the records from elementary earth-
quakes having the f,ault  length of about 3 km from the condit ion Z,:ur.r.  The
three events P4, Al and A3 are regarded as having the fault length of the same
order. Therefore, using the observed seismograms from these events, we make a
synthesis of the mainshock motions by means of (30'). An operation of smoothing
has been made on the basis of (22'\, to reduce the ghostly oscillatory motions clue to
the apparent periodicity of lxfu, corresponding to 7, mentioned in section 4.1.

The waveform and the spectrum of NS-component of the synthesized seismo-
gram for the.|IZ stat ion are compared with those o[ the observed one in Fig. 35.
The upper two traces are the observed seismograms from events Al and A3 used as



98 K. IRIKURA

P E N .  ,  J U N .  3 0 ' 8 0 ,  2 H 2 3 1

. . n 0 0 E L  2 t .  2  E V E N T S  ( ^ 3 .  A t )" " f j " a ' * E v  t s E D ,  v R = 3 . 2 ,  v s = 3 .  s ,  L '-P E N .  ,  J U L .  2 7  ' 8 0 .  l 8 H 0 6 f 1
N S

l  o - '
0 .  0 l

t 0 . 0 0

G A L ' S , E C  t 7 . F  n F F  r 7 u  p E N . .  J U N . 2 s' n  1 -

r o  t

0BSER'i'-u

/\
n  n  l l l Ailil ,
VI'I'llTv

i l l

l o  
o

l 0

Fig. 35. comparison of the synthesized acceleration ,.tr*o*.u,] 

tJ, 

*rt...riio.,l.,, b, ,ht
revised fiormulation (30') with the observed seismogram at the JIZ station. The
leli upper two traces are the observed accelerograms of aftershock Al and A3 used
as elementary earthquakes, the left third trace, the synthesized accelerogram and
the left bottom trace, the observed accelerogram of the mainshock. The right
upper figure is the Fourier spectrum of the synthesized accelerogram and the lower
figure, that of the observed mainshock one.

the elementary earthquakes. The parameters, except for r, ,  are given to be the
same values as the case of the synthesized velocity motions in section 3.3. I t  is not
neccessary to give r,  but to give Ax:L, lN. The third and the fourth trace in
Fig. 35 show the synthesized and the observed accelerogram. The envelope of the
synthesized waveform agree well with that of the observed one, although the two
waveforms do not always correspond to each other in individual phases. The spect-
ral amplitudes of the synthesized accelerogram (the right upper figure in Fig. 35)
agree well with those of the observed one (the right lower figure) at the frequencies
up to 5 Hz.

The waveform and the spectrum of NS-component of the synthesized accelero-
,sram f lor the SN4C stat ion are compared with those of the observed one in Fig. 36.
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Fig. 36. Comparison of the synthesized acceleration seismogram of NS-component
revised formulation (30') with the observed seismogram at the SMC station.
arrangement of the figures is the same as Fig. 33.

The two events P4 and A I are used as the elementarv earthquakes for the present
synthesis. Similar to the case of the JIZ stat ion, the paramerers are given to be the
same as the case of the svnthesized velocity motions. The envelope of the synthesized
waveform also agrees well with that of the observed one. As compared in the
right fi.gures, the spectral amplitudes of the synthesized one agree well with those of
the observed one at the frequencies up to 5 Hz, similar to the case of the JIZ stat ion.

Fig. 37 shows the V-component seismograms of the synthesized accelerat ion
motions and the observed ones for JIZ stat ion and SMC sration. We can see the
vertical component synthesized-accelerograms are also in a good agreement in its
envelope with the observed ones for the both stations.

These results show that the revised method (30') is extremely useful for the
synthesis of high frequency motions up to 5 Hz. We consider that it is difficult to
synthesize deterministically higher frequency motions beyond 5 Hz, because these
high-frequency motions may be represented as having stat ist ical natures in source
effect and path effect as discussed by Andrews ( lgBl)a0) and others.

The frequency range effect ive for the synthesis by the revised method (30')

S I l C ,
= 4 . 9

s E c
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Fig. 37. Comparison of the synthesized accele-
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by the revised formulation (30') with
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is not restricted to high frequencies. By means of this revised method the synthesized

velocity motions for theJIZ, SMC and OMM station are compared with the observ-

ed ones in Fig. 38. We can see an extremely good agreement between the synthesiz-

ed and the observed seismograms for the three stations.

This revised formulation is also based on a smooth rupture propagation over a

fault plane. However, seismic effects due to the complex nature of the rupture process

inside the blocks with the length I,, corresponding to the source sizes of small events,

are kept in the synthesized results rvithout being filtered in time domain through the

synthesis procedure. This formulation is based on an idea that the similarity con-

dition between the dislocation of the mainshock and that of small events is satisfied

in each block with the length u,'r. If the length of each block is regarded as a

kind of barrier interval, this synthesis method is interpreted to be close to computa-

t ional models of mult iple cracks with barr iers shown by Bouchon (1978)36) and

Madar i aga  (1974 )a " .
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5. Conclusion

l.  The synthesis method described in this paper is based on the representation,
including the source effects, relating to the dislocation at every point on the fault
plane and to the rupture propagation over the fault plane, and the path effects,
relating to the wave propagation from the source to the site, although some approx-
imations are made. If there is a certain similaritv relation between large earthquakes
and small ones within the same source area, the equation for the synthesis is an accu-
rate approximation for the wave field from the source to the site.
2. The synthesis method is checked by synthesizing the velocity motions of the
mainshock for 3 stations at the short distances (/:20-100 km) from the epicenter
in the case of the l9B0 Izu-Hanto-Toho-Oki earthquake, using the records of two
small events, whose hypocenters are located at the northern half area and the
southern half area of the mainshock fault plane, respectively. The synthesized
seismograms show a good agreement with the observed seismograms in the frequency
range less than I Hz.

3. The validity of the assumed source parameters, such as the starting point of rup-
ture, the rupture velocity, and the rise time is examined by means of three kinds of
measure, a correlation function, an amplitude ratio and a residual function between
the synthesized seismograms and the observed seismograms of the mainshock. We
find that the best agreement between the two seismograms is obtained for the model
expected from the epicentral and depth distribution of the aftershocks and the similar-
ity condition between the mainshock and the small events. These results show that
the present synthesis is physically meaningful.
+- A synthesis method for higher frequency motions is further revised by changing
the relation in the time domain between the dislocation function of the mainshock
and that of small  events to the relat ion in t ime-space domain between them. When
we use the records from the small events having the f,ault length L":u,.r (u,:
the rupture velocity, z: the rise time of the mainshock), this revised synthesis is
effective for higher frequency motions. The synthesized accelerograms by this
revised method show a good agreement with the observed accelerograms of the main-
shock in the frequency range up to 5 IHz.
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