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SYNTHESIS OF STRONG MOTION ACCELEROGRAMS FROM
SMALL EARTHQUAKE RECORDS BY USE OF
A SCALING LAW OF SPECTRA

By Makoto KAMIYAMA*

A method for synthesizing strong-motion accelerogam from small earthquake records is
presented with aid of the faulting source model. It is derived by extending the spectra
relation satisfied in a point source model to ones in the faulting source model. The
important terms involved in the method, namely, the scaling law of source spectra and the
number of sub-faults are obtained statistically from the past strong-motion accelerograms.
The method is applied to several representative earthquakes occurred in Japan, and it is
shown that the synthesized accelerograms by the method agree relatively well with the
observed ones in the points of amplitude, duration and spectra characteristics,
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1. INTRODUCTION

Prediction of strong earthquake motions is quite significant in designing input motions to structures for
earthquake-resistant analyses. In general, earthquake ground motions are influenced by various factors
such as source characteristics, propagation path of waves and local soil layers, so it is needed to
synthesize the effects due to these factors for the prediction of them. Of these factors, source
characteristics have been often represented merely by earthquake magnitude in engineering field. As
important contributions have been made in the past decade to understanding earthquake mechanism,
however, faulting source models have been employed even in engineering to predict ground motions
precisely”. Although various faulting source models have been proposed so far, engineers have recently
focussed their attention on the so-called heterogeneous faulting models? | because such models are useful to
follow high frequency motions of acceleration which they are concerned mainly about.

When applying the heterogeneous models of fault to the prediction of ground acceleration motions, there
may be two main difficulties necessary to overcome. Namely, one is that high frequency motions are
affected severely by local soil conditions and therefore we need to take the fine structures of propagation
path of waves into consideration as well as the detailed faulting process. The other is that the
heterogeneous aspects of faulting, especially, the fault parameters controlling high frequency motions
have been little known. The first of the two is such a problem that even powerful computers of today have
difficulty in treating as long as purely analytical models are involved. In order to overcome this difficulty,
Hartzell  presented a skillful idea in which small earthquake records are used as an empirical Green’s
function for a large earthquake faulting. This technique would be very efficient since we can predict ground
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196 M. KaMIvAMA

motions by use of faulting models without estimating the complicated interference due to the propagation
media of waves. Although Hartzell’s technique was first proposed to estimate displacement motions
consisting of periods over some seconds, it has also been applied to the prediction of acceleration motions
because of its skillfulness?. Regretably, however, the technique has not succeeded satisfactorily in
predicting acceleration motions, The greatest reason is that the faulting parameters intimately associated
with acceleration motions have not been made clear and the method for synthesizing small earthquake
records has not become valid. In other words, the second problem mentioned above is the most serious
obstacle to apply Hartzell’s technique to acceleration motions.

In a previous paper”, the author has showed the general aspects of the heterogeneity over earthquake
fault and derived a simplified scaling law of acceleration source spectra with aid of statistical analyses for
strong-motion accelerograms obtained in Japan. Based on these results, the present paper deals with a
method of predicting strong-motion accelerograms from small earthquake records.

As for Hartzell’s technique, several workers have recently applied it to acceleration motions ® 7. Their
methods are mostly due to the synthesis of accelerograms in time domain, making use of scaling laws of
fault described by earthquake moment, In contrast with these studies, the present research, which is most
characterized by simplicity, employs the spectral synthesis determined statistically in terms of earthquake
magnitude,

2. AMETHOD FOR SYNTHESIZING ACCELEROGRAMS OF A LARGE EARTHQUAKE
FROM THE RELATED SMALL EARTHQUAKE ONES

(1) Relation between the spectra of a large earthquake and of the related small ones as a point

source

As described above, earthquake motions f(#) at a given site result principally from source
characteristics, propagation path of waves and local site conditions, Now let F (y) be the Fourier
transform for f (1), and then assuming that the above three factors are linear, F () is expressed as
follows

F(0)=T(@)* Gl@)* R(@)* S(@), -+++++++++sreesmmteeemtt ittt (1)
where [(w) means the frequency characteristics of instrument, G(w) frequency response function of local
soil conditions, R(w) frequency response function of propagation media of waves, $(w) source spectrum,
and ¢ circular frequency.

We here consider a large earthquake (mainshock) m and its related small earthquake (foreshock or
aftershock) e as shown in Fig, 1. Denoting m and e to the large earthquake motions and small ones,
respectively, the following expressions are derived from Eq. (1) :

Ful@)=I{@)* Gn(@)* Rl @)+ Sml), -+++++++erersreeemmeemmmmenittaiet ittt (2)

Ful@)=I()* Gol @) Re{) So@). +++r+rrrrmmmermemmmmees et (3)

As well known, mainshock and its related small shock are cons-

idered to occur in almost the same region and the earthquake

waves owing to the both shocks travel through almost the same I

media, in particular, near the observation site. Accordingly, if
we assume that the local soil layers have little material non-

Bed Rock
linearity, we can regard that G,(w) and G.w) are equal to each o e

other, and the following expression is obtained from Egs. (2) @
and (3) : /
Flw)=F ).M ...................................... (4) o/
M= EADTR () Sdw) .
(2) Source spectra due to faulting source model composed Fig.1 Schematic profile for earthquake
of several sub-faults ground motions.
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Eq. (4) is a spectra relation which is satisfied in the case of a point source. As described in the
preceding, however, earthquakes are due to fault slips, and hence it is necessary to extend the source
spectrum Sp(w) in Eq. (4) to fault source. It has been shown from recent studies on faulting mechanism
that large earthquakes have a character of multiple shocks and their faults consist of several sub-faults® .
We examine here how the point source spectrum S,(w) is related to the spectra resulting from successive
rupture of sub-faults which are referred to as “elementary earthquakes” in this paper.

Suppose now that a large earthquake fault has the shape of rectangle composed of NV sub-faults as
illustrated in Fig. 2 and its overall length is much smaller than the epicentral distance. When source
spectrum due to each sub-fault is expressed as S,(w), the resultant source spectrum Sn(w) becomes

Generally speaking, it would be expected that S,(w) (n=1~N) are different from each other. In
particular, the phase spectrum of $,(w) may change remarkably from element to element since faulting of
each element occurs successively propagating over the overall fault plane. The amplitude spectrum of
S.{w), on the other hand, would be less dependent on element compared with the phase spectrum even
though there is a little difference. So, we rewrite Eq. (5) as follows on the assumption that the variation
for the amplitude spectrum of S, () is little.

S"‘(w):é | So(w)f e—iemw)’ ........................................................................................... (6)

where S,(w) is the amplitude specti'um averaged for S,(w) (n=1~N), &(w) the phase spectrum for n
element, and ; imaginary unit,

&(w) in Eq. (6) is considered to be determined from various causes such as propagation manner from
element to element, faulting mechanism of each element and so on. But the inhomogeneous dynamic
faulting theory® indicates that it is determined incoherently and each of &{w) varies independently from
a statistical standpoint . Thus the expected value of amplitude for S,(w) may be given by considering the
root mean square of Eq. (6) as follows.

E[ism(w)]]=miso(w)|, ........................................................................................... (7)
where || means absolute value and E[ ] expected value.

(3) Synthesis of a large earthquake spectrum from small earthquake ones with aid of faulting

model

In this section, Eq. (4) which was derived as a point source is extended to faulting model by using the
relation of Eq. (7). As shown in Fig. 3, we now consider that the mainshock has a rectangular fault and is
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Fig.2 Rectangle fault model. PR,
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Fig.3 Earthquake ground motions due to fault model.
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composed of N elementary earthquakes. Then, writing the source spectrum and frequency response
function of wave path, which will be called “wave path spectrum” hereafter, due to the n-th element as
Snw) and R,(w), respectively, the term Rp(w)  Snm(w) in Eq. (4) is given by

Rulw)- Sm(w>:§ Rf@)* Saf@). +++reessmrmseeeamse et (8)

Here, we place the origin of the Cartesian co-ordinates at the initiating point of rupture which is T, AWay
from the observation site, as illustrated in Fig, 3. Furthermore, it is assumed that the rupture propagates
from the origin in all directions with uniform velocity ». Using the above conditions and assuming the
uniformity about the amplitude spectrum mentioned in the preceding section, the elementary source
spectrum S,(w) is expressed as ,

Sl @)= Solw)] » @ 1n@ @ INETETIREZNT/0 i (9)

where | So(w)| : source amplitude spectrum averaged for all elements, (x, Yn, Zn) - co-ordinates of the
center of n element, ¢,w): phase angle except the propagation effect of rupture.

The wave path spectrum R,(w), meanwhile, may be also treated in the same way as S,(w). That is, its
absolute value would show little change along with element, and if any, it mainly depends on the distance
between the observation site and the element concerned because the path media for the whole elements are
almost the same. So, R, (w) may be written as

Rol@)=|Rolw, Ta)| @ m@ o i 50 (10)
where | Ry(w, 7,)| : representative amplitude spectrum of wave path spectrum, @ © propagation velocity of
earthquake wave, 1, : distance between the center of 5 element and the observation site, ¢,(w) - phase
angle peculiar to R, (w).

Similarly, the small earthquake spectra R.(w) and S.(w) in Eq. (4) can be expressed as follows
separating their amplitude and phase :

Rw)=|Rew)| e @ «cccoveiriiiiis 1mn Solw)=]Selw)| e 5@ oo (12)
By substituting Egs. (8), (9), (10), (11) and (12) into Eq. (4) in consideration of the relation Eq.
(7), we get
N Rolw, )1 E [ Splw)l] . —:w(ﬂzg_fu oy rvneag

1 T e @TER@)
IN = TRdw) 18] ez, (13)

where @,(w)= ¢ w)+ ¢l 0)— 7l w)— Lol w).
As a rule, a mainshock and its related small shocks such as foreshocks and aftershocks may resemble

Fm(w)‘: Fe(w)

each other in their source spectra since they are due to similar focal mechanism® . Therefore, we here
assume that there is a scaling law for the source spectra of these shocks and moreover that the law is
chiefly determined by earthquake magnitude M and focal depth D. From these assumptions, we write as
E[ISu(w)l] 1 S(w, M, D)l
Sl =T S DL, DT, T T s (14)

where the subscripts m and e mean, respectively, mainshock and its related small shock.

On the other hand, both seismic weves due to the elementary earthquakes of the mainshock and due to its
related small shock are considered to travel through almost the same media, and so |R.w)| and
|Rolw, 74)| in Eq. (13) may be expressed as an identical function. That is,

[Ro(w, 7)1 1 Rlew, r0)l

Rl - lR(w, Te)l s (15)
where 7, is the distance between the hypocenter of the small shock and observation site. The substitution
of Eqgs. (14) and (15) into Eq. (13) gives

1 ¢ [Rlw, 72! -1 Sle, M, D)l ‘iw(ﬁ%mﬁﬁ*?ﬂ%), ~ o)
W n=1 IR(U), Te) [-] S(wy M., De) | € € ’

Fm(w):Fe(w)
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Eq. (16) is a semi-empirical expression, which was derived by incorporating the point source model with
the faulting source model, for synthesizing strong-motion spectra during a large earthquake from its
related small earthquake ones. In order to execute Eq. (16) effectively, it is necessary to make clear some
characteristics about the scaling law of source spectra and wave path spectra, the number N of elementary
earthquakes, and so on.

3. A SCALING LAW OF SPECTRA AND FAULTING PATTERN OF EARTHQUAKE BY
STATISTICAL ANALYSES OF STRONG-MOTION ACCELEROGRAMS

There may be several ways from theoretical to statistical for the purpose of obtaining spectral shapes in
accordance to earthquake size, For example, it would be possible to discuss earthquake spectra
theoretically by using a law to scale the faulting parameters such as fault length, maximum slip, rise time,
and the like which have been completed on assumption of the so-called uniform slip model'. Our goal in this
study, however, is to obtain a scaling law in terms of acceleration motions. As well known, the uniform
slip model is not necessarily suitable to acceleration motions, For this reason we employ an another way in
which strong-motion accelerograms observed in the past are analyzed statistically and a statistical scaling
law of acceleration spectra is derived.

Strong-motion accelerograms have been generally obtained at the ground surface. As described
previously, however, local soil conditions peculiar to the observation site exert a great influence on such
surface accelerograms, This means that we must remove the effect due to the local conditions from these
accelerograms to detect spectral characteristics belonging to earthquake sources. The author presented a
statistical technique by which amplification spectra owing to individual observation site, source spectra
and wave path spectra can be obtained separately from the surface spectra when many accelerograms are
available at several sites under various earthquake circumstances®- . On condition that I observation

sites are prepared in all, the statistical expression is

10g10 V(w)=alw)M*+ blw)M + c(w)D+ d(w)log, (7 +30)+ e(w)+L§ Afw)r Sy (17

where V(w) : earthquake spectrum, M : earthquake magnitude, D :focal depth, 7 ! source-to-
observation site distance, S, :dummy variable, a(w), b{w), -*+=- , Aj{w) . regression coefficients,
The background of Eq. (17) was explained in detail in Refs. 5) and 10). In a word, Eq. (17) is sucha
multiple regression model that earthquake spectra are analyzed statistically by the three factors-source
characteristics, wave path and individual local site condition which are represented simply by magnitude
and focal depth, source-to-station distance, and dummy variable, respectively. Although Eq. (17) is a
statistical model and Eq. (1) an analytical one, both have the following relations for each term :
|F(w)| = V(w), ................................ (18) iR(w)[ E(T+3O)d(w), .................................. (]9)
|G(w)l SV e (20) [S(w)] = | QUWIMHDWIM, ] (E@D, ()W) 2n
From the equivalent relations of Eqs. (19) and (21), we can get the scaling laws of source spectra and wave
path spectra necessary to Eq. (16) as follows :

W: 1Q@XMm>~ Me?)+ b(@)(Mm—Me), 100<w)<07n*ﬂe” .............................................................. (22)
I R(w, o)l [ p+30\a@
Rl _<r€+30> e (23)

where the subscripts m and e signify mainshock and its related small shock each.

As an example, Eqgs. (22) and (23) are estimated, respectively, as shown in Figs. 4 and 5 by using the
regression coefficients a(w), blw), c(w), and d(w) which were obtained statistically from 228
strong-motion accelerograms in Japan®. Fig. 4 shows the values of Eq. (22) when M, is varied from 6.5 to
8.0 on condition of M,=6.0, D,=30 km and D, =30 km. Also Fig. 5 is the values of Eq. (23) calculated by
varying 1, from 20 to 150 km while keeping 7,=50 km. As indicated in Figs. 4 and 5, we can get easily the
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Fig.4 Examples of source spectra ratio, Fig.5 Examples of wave path spectra ratio,

spectra ratios involved in Eq. (16) provided that such familiar earthquake factors as magnitude, focal
depth and source-to-station distance are available.

On the other hand, the total number N to be counted for elementary earthquakes in Eq. (16) would also
have an effect on the results of F,(w) to such an extent as the spectra ratios do. Probably it is associated
closely with the heterogeneity in earthquake fault plane and may be nearly equivalent to the total number of
the localized cracks characterized by the specific barrier model®. In order to clarify the general aspects of
the localized cracks over earthquake fault, the author investigated a scaling law peculiar to the cracks by
relating the statistical results mentioned in Eq. (17) with the specific barrier model of faulting®. It was
made clear from the investigation that both characteristic lengths of the whole fault and of the localized
crack for an earthquake are scaled in a rather similar way by earthquake magnitude and therefore that the
total number of cracks over the whole fault is relatively stable irrespective of earthquake magnitude M,
ranging from 10 to 20 between M =6 and M =8. The mean value of the total cracks number estimated
statistically from M =6 to M =8 is nearly equal to 16. It is of interest that we statistically obtained such a
simple result concerning localized cracks, despite of the complicated phenomena expected in heterogeneous
faulting. Anyway, we can apply effectively the above result to Eq. (16), that is, N would be set to be 16
regardless of earthquake magnitude M in the following.

&,{w) in Eq. (16), meanwhile, is due to the phase angle of spectrum special to individual elementary
earthquake on the fault as well as its related small shock, as described in Eq. (13). It may change at
random from element to element reflecting the complicated faulting mechanism, and so it would be relevant
that we regard it as a stochastic variable rather than deterministic one. In this paper, accordingly, &,(w)
(n=1~N) are varied as the uniform pseude-random numbers of (~2 » for each element and moreover are
dealt with to be constant irrespective of  because of the computation technique in the FFT,

Now that the principal terms in Eq. (16) were given as described above, we can synthesize the accelerogram
for a given mainshock by operating the inverse Fourier transform for F,(w) in the equation,

As mentioned above, the present method is not based on the scaling law of earthquake moment but on the
statistical scaling law of spectra in terms of earthquake magnitude. On the other hand, long period motions
of ground are considered to be dependent on earthquake moment, so the application of the present method
may be confined to acceleration motions which are supposed to be independent of earthquake moment.

4. PREDICTION EXAMPLE OF STRONG-MOTION ACCELEROGRAM FROM SMALL
EARTHQUAKE RECORD

In order to examine the validity of the above method for predicting strong-motion accelerograms, we
applied it to several earthquakes occurred in Japan and compared the predicted results with the observed
records. In this paper we show the results of two representative earthquakes on account of space
consideration. In the following, a mainshock is assumed from the above consideration to have a rectangular
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fault consisting of sub-faults of 16 in all. Also the sub-faults are assumed to be not only uniform but also
similar in shape to the overall fault. On the other hand, the rupture velocity v of faulting is assumed to be
2.5km/s and 3.0km/s, respectively, for the intra-plate earthquake and the interplate earthquake,
referring to Geller’s study’®. The earthquake wave velocity g is also set according to Geller’s expression
v/B8=0. 72 as well as the above value of p. In addition to these constants, the rupture front over fault is
assumed to propagate with the constant velocity in all directions. Although these constants and propagation
manner of rupture front vary in accordance with earthquakes, they are set to be uniform in this paper
because their variations due to the difference of earthquakes may be small compared with the ones of the
spectra ratio.
(1) The 1983 Nihonkai-chubu earthquake

Fig. 6 shows the origins of the mainshock and representative aftershocks of the 1983 Nihonkai-chubu
earthquake together with the principal sites which observed the accelerograms due to these shocks. The
fault which was deduced from the distribution'? of aftershocks is also shown in Fig.6. The earthquake
factors for the mainshock and aftershocks are listed on Table 1. The fault parameters fo the mainshock are
summarized in Table 2 so as to apply to the prediction method presented here. In Table 2, the dip angle
and dip direction were quoted from Sato et. al.™ and the other parameters were deduced by the author.
Fig.7 is the accelerogram obtained at Akita site during the aftershock e¢,. By emloying the Fourier
transform of the accelerogram as F.{w) in Eq. (16) and using the parameters in Tables 1 and 2, the
accelerogram during the mainshock was synthesized as shown in Fig, 8. In Fig, 8 the record obtained during
the mainshock is also drawn for comparison. We can see from Fig, 8 that the synthesized accelerogram is
consistent comparatively well with the observed one in the points of amplitude and duration. Fig.9
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Fig.6 The map showing the 1983 Nihonkai-chubu earthquake, Fig. 8 Com;_)arlson between the synthesized accelerogram and
observed one at Akita site during the mainshock.

Table1 The earthquake factors of the 1983 Nihonkai-chubu Table 2 The fault parameters of the 1983
earthquake. Nihonkai-chubu earthquake,
Date Magnitude | Depth Epicentral Distance Fault Length 125 km
(km) ____{km) Fault Width 35 km
(Akita) 107.0 Center of 40.61°N
(Aomori) 156.0 Fault 139.11°E
Mainshock | May 26,1983 7.7 14.0 (Hakodate) 211.0 De "(h'ﬂ-l K
m {Tsugaru) 137.0 Big Angls 20°p - o
(Shichiho) 177.0 T T =
{Kamitorizaki) 236.0 D!p' Dlrectlon N105°E
Aftershock Division of
el June 9,1983 6.1 23.0 | (Akita) 113.0 Fault 16 (4x4)
EAOmom ) 160.0 Velocitr\:' of 2.5
Hakodate 155.0 .
Af’(e;zshock Jume 21,1983 4 60 (Tsugaru) 129.0 Fault.Rupture (km/sec)
. . : (Shichiho) 123.0 Velocity of 3.5
(Kamitorizaki) 169.0 Earthquake wave (km/sec)
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Fig.9 Comparison of the spectra calculated from the

accelerograms of Akita site,

indicates the spectra calculated from the synthe-
sized and observed accelerograms. It is seen in
Fig. 9 that both of the synthesize and the observed
agree relatively well not only in amplitude and
duration but also in spectral characteristics,

Similar results to Fig. 8 are shown in Fig. 10 for
the other observation sites. It should be noted in
Fig. 10 that the accelerograms due to the after-
shock ¢, were used as the small earthquake
records. We can also find in Fig. 10 that there is a
good consistence between the synthesized accelero-
grams and observed ones. The 1983 Nihonkai-
chubu earthquake was pointed out from some
studies” to be a special multiple shock which is
composed of two main events located in the south-
ern and northern parts of the fault shown in Fig. 6.
But, the method presented here followed well the
accelerograms owing to such a characteristic
event, as shown above. It would be emphasized
therefore that this method is applicable to a
complicated earthquake even though some simplici-
ties are involved in it.

(2) The 1978 Miyagiken-oki earthquake

Fig. 11 shows the origins of the shocks related
with the 1978 Miyagiken-oki
Fig. 11, the fault'" which was estimated from the
distribution of the aftershocks is also indicated
with the representative observation sites where

earthquake., In

accelerograms were obtained during the main-
shock. Being different from the 1983 Nihonkai-
chubu earthquake, this earthquake provided the
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observation sites with no accelerogram due to the
aftershocks occurred in the fault area in Fig, 11.
As explained in the preceding, the present method
needs the accelerogram produced by a small event
equivalent to the elementary earthquake over main-
shock fault. Here, in order to investigate the
applicability of the method in the case of not
satisfying this condition, we atiempt to estimate
theoretically the accelerograms during the main-
shock by using the accelerograms due to a shock e
which is apart from the fault area as shown in
Fig. 11.

The earthquake factors for these shocks and the
fault parameters” are, respectively, summarized
on Tables 3 and 4 . The acceleration waves, which
were synthesized for the three observation sites by
using the parameters as well as the records due to
the shock e, are shown in Fig, 12 being compared
with the observed accelerograms. Also, Fig.13
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and observed ones during the mainshock.
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Fig.11 The map showing the 1978 Miyagiken-oki earthquake.

Table3 The earthquake factors of the 1978 Miyagiken-oki

¢
3 80 . TG B80.

earthquake.
Date Magnitude | Depth Epicentral Distance
{km) {km)
(Shiogama) 100.0
Mainshock | June 12,1978 7.4 30.0 (Ohfunato) 103.0
m (Miyako) 166.0
(Shiogama) 101.0
Shock e Feb. 20,1978 6.7 56.0 {Ohfunato) 39.5
{Miyako} 88.2
Table 4 The fault parameters of the 1978 Miyagiken-oki
earthquake.
Fault Length 80 km
Fault Width 30 km
Center of 38.33°N
Fault 142.00°E
Depth:38.5 km
Dip Angle 20°
Dip Direction N80O°W
Division of .
Fault 16 (4x4)
N
Velocity of 3.0
Fault Rupture {km/sec)
Velocity of 4.2
Earthquake Wave {(km/sec)
VELOCITY RESPONSE SPECTRA (h=0.05)
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Fig.13 Comparison of the spectra calculated from the

accelerogams of Shiogama site,
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shows, as an example, the respones spectra calculated from the accelerograms of Shiogama site. We can
see from Figs, 12 and 13 that the synthesized results agree relatively well with the observed ones even in
this earthquake. While the small earthquake used here has no strict condition necessary to estimate as
mentioned above, the synthesized results explain well the observed ones. It would be pointed out from this
indication that the present method needs relatively less strictness in selecting small earthquake records for
the synthesis,

5. CONCLUDING REMARKS

LUDING

In this study we have derived a simplified semi-empirical method for predicting strong-motion
accelerogram from small earthquake records. The important terms constitutinhg this method are the
scaling law of spectra and the number of sub-faults. They were obtained statitically in this paper from the
past strong-motion accelerograms in Japan, Although this method requires merely such simple source
parameters as earthquake magnitude, focal depth, source-to-station distance, and geometric shape of
fault, it was shown that the accelerograms predicted by the method are consistent relatively well with the
observed ones, Also the method was confirmed to have a versatility when selecting small earthquake
records. It would be thus concluded that the method presented here is an effective tool for predicting
strong-motion accelerograms,
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