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                           Abstract 

  The strong motion accelerograms of the Matsushiro earthquake were analyzed by var-
 ious methods. When the velocity and the displacement in the time domain and in the 

frequency domain are calculated from the accelerogram, various errors may be intro-
duced. Therefore, it is necessary to check and select the methods of data processing ac-
cording to the purpose of analyses. In this paper, it was shown that the comparison of 
observed values with theoretical in the form of velocity amplitude spectral density might 
be most preferable. The main factors affecting the ground vibration during disastrous 

 earthquakes are generally conceived to be: source, path and local geology. The relations 
 between the observed seismogram and the theoretical one were compared when a moving 
 dislocation model was assumed. It was found that the direction of particle motion and 

 the spectral density of observation could be reasonably understood from the theoretical 
point of view. 

  1. Introdution 

 To obtain the main physical parameters of strong earthquake motion, the accel-
erograms of the Matsushiro swarm earthquakes were analyzed as much information 
in regard to the geological conditions and focal mechanisms is well known. The accel-
erograms used for the analyses are those of the Matsushiro earthquake published by 
the Strong Motion Observation Center of the Tokyo Earthquake Research Institute 
and Public Works Research Institute, Ministry of Construction. These accelerograms of 
the strong earthquakes in Matsushiro were obtained at the epicentral distance 1-10 km 
whose magnitude was 4-5. 

 In this paper, the relevant physical characteristics of the strong earthquake motion 
are investigated by obtaining the true ground velocity and displacement through inte-

gration of the accelerograms and Fourier spectrum of the strong motion. It is neces-
sary to consider the type of source, relative positions between sites and sources, types 
of waves and their attenuation during transmission, and multiple wave reflection as 
factors of strong ground motions. It is generally known that some variations may be 
observed according to the techniques of data handling in the case of analysis of strong 
motion accelerograms. In the first part of this paper are discussed the data processing 
methods used for strong motion  accelerograms so as to get most accurately the ground 
velocity and displacement. The effects of errors in interpreting accelerograms which 
are used for calculating velocities, displacement and Fourier spectra, must be consid-
ered. Error may be caused by small random reading errors, centerline adjustment, 
setting of initial value, chart paper distortion etc.
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  In particular, when double integration of accelerograms to obtain ground displace-
ments is carried out, more care must be given to the methods used, since the displace-
ment results may  be significantly altered for some parts of the frequency spectrum. 
The errors associated with this procedure have been discussed in detail by Schiff and 
Bogdanoff (1967), Hudson, Nigam and Trifunac (1969) etc. Schiff and Bogdanoff (1967) 
concluded that at the present time, the use of an accelerogram to determine the net 
displacement is impractical. However, the optimum data processing method should  be 
determined according to the purpose of the analysis. The integration is carried out 
both in the time domain and the frequency domain, and these are mutually checked to 
minimize the effect of errors caused by zeroline and digitizing. 

  In the latter part, the theoretical seismic spectral density and seismograms are nu-
merically calculated and the results are compared with those of the observed data. 
The earthquake motions near the source depend chiefly on the source time  function  ; 
moreover the effect of amplification by the soft surface layers has to be considered. 

  2. The Data Processing of  Accelerograms 

  The observation points and the specifications of strong motion accelerograms for the 
Matsushiro earthquakes are noted in detail in references 3 and 4. The characteristics 
of the instruments are shown in Table 1. The locations of epicenters of the earth-

quakes analyzed in this paper and the observation points are shown in Fig. 1. The 
magnitude, focal depth, epicentral distances, intensity and maximum accelerations are 
shown in Table 2. The digitizations of the analog data were made by comparator 
manually. 
  The procedures of calculating velocity and displacement in the time domain are as fol-
lows. 1. The accelerograms were digitized at equal intervals of  0.025  cm (ca.  0.025sec), 
and  7~12  cm in recording length. The samplings of equal intervals on the record papers 

             Table 1. Characteristics of the strong motion seismograph. 

 SMAC-B2  I DC-3C 
   Natural period 0. 14 sec 0. 1 sec 

   Sensitivity  12.5  gals/mm 25 gals/mm 
  Damping critical critical 

   Recording range  10-...500 gals  101000 gals 

 Recording speed  10  mm  /sec  10  mm/sec 

                                   Table 2. 

                    No.  197 May  28,'66  No. 300  Aug. 20, '66  No. 301 Aug.  20, '66  
 M  4.  7  D  3.  2  km   M  4.  4  D  3.  5  km   M  4.  4  D  5.  1  km  

                    Dist.  I  I Max. Ac. Dist. I  I Max. Ac. Dist. I Max. Ac. 
   Matsushiro C  1.  6km V  0.  37  g  2.1 IV  0.17  2.5  IV  0.13 

  Kawanakajima  5.  5 V  0.  20  6.  2 IV  0.26  5.  5 IV  0.  30 

  Mashima  3.8  IV  O.  13  3.  1  0.  14  2.7  0.27 

  Ochiai Bridge  6.  5  0.  10 

  Susobana Dam  13.  0  0.  053
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                Fig. 1. Rough map of the vicinity of Matsushiro. 

result in unequal time digitization. 2. The  zeroline was corrected  assuming an appa-
rent straight line as the zeroline on the record. 3. Circular arc movements of the pen 
were corrected. 4. Using Lagrange's interpolation formula (4 points)  2" equal time 
data were made. A high cut filter, cut off frequency  5  cps and 30db down at 10 cps, 
was applied to suppress the disturbances in the high frequency components. 5. Zeroline 
correction was made so as to minimize the mean square value of the ground velocity. 
In this case the shape of the acceleration zeroline was taken as either a straight line or 
a parabola line. 6. True ground acceleration was obtained considering the character-
istics of the accelerograph. 7. Velocity and displacement were calculated by numerical 
integration. The initial conditions of velocity and displacement were to be duly deter-
mined. 

 Digitization Error 

 The resolving power of the comparator is  0.05 mm, but we find by repeated reading 
that the maximum error will be about  0.2mm. The maximum amplitudes on the 
record  used for the analysis were 10-20 mm and hence the digitization errors will be 
less than  2  %. Schiff estimated the standard deviation of calculated velocity and dis-
placement, assuming the digitization error to be a Gaussin noise whose mean value is 
zero and standard deviation  a. The standard deviation of velocity is given by (VW)  

•  a and that of displacement 0.645  (  T2IN2)•  a, where  a: standard deviation of reading
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error of accelerogram,  T  : record length, N: number of sampling. In this calculation, 
T is about 10 sec, N is 512 and then the standard deviation of velocity is about  0.5  •  a, 
and that of displacement about 3  •  a. Hence the digitization error effects on the veloc-
ity are rather small and those on the displacement are also not significantly large. 

  Zeroline Correction 
  The zero acceleration level is not indicated on the record. The difficulties in deter-

mining the zeroline position have been discussed. For instance, (1) The initial parts of 
the shock are not recorded and hence the initial values of velocity and displacement 
can not be known. (2) A distortion of the paper record may be caused by the accele-
rograph transport mechanism, and it can not be expressed as a time function. The 
center line is usually assumed to take the form  Co—  Cit—  C2/2 and to be given by the 
following equations respectively. 

 a(t)carr=a(t)—(C0—Cit—C2t2) 

 v(t)c.„=v(t)— (k  —  Cot—  Cl/  2t2  —  C2/3t3). 

In relation to the records used for the analysis, we could not find the optimum method 
for selecting each coefficient. Several Fourier spectra corresponding to the various 
methods of zeroline correction are shown in Fig. 2-4, and the calculated velocities and 
displacements in this case are shown in Fig. 5-7. Case 1. The correction is carried 
out by the apparent zeroline on the accelerogram (—line), taking  C2  =  0. Case 2. 
The curve is evaluated considering the initial value of the velocity, and to minimize 
the mean square computed ground velocity, taking  Cs  =  0  (-  -  -  line). Case 3. Assum-
ing the zeroline of the accelerogram as a parabola, the curve is obtained to minimize 
the velocity when the  initial value of the velocity is zero  (  --line). Case 4. The 
curve is evaluated including the initial value by the same process as case 3 ( line). 

  The optimum criteria in cases 1-4 should be determined according to the purpose of 
the analysis. The differences of the Fourier spectra in the low frequency range below 
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       Fig. 2. Effect of zero line adjustment on Fourier spectrum (Matsushiro C).
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      Fig. 5. Effect of zero line adjustment on calculated velocity and displacement 
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0.2 cps are comparatively large, but are negligible in other frequency ranges. The 
calculated velocity and displacement depend largely on the initial conditions. The error 
effect caused by center line correction is  5% of the velocity (about 1 kine) at its max-
imum. On the other hand, the maximum displacements differ from each other about 
2cm according to the different zero correction methods, which are independent of the 
amplitude of the record. So the calculated displacement in this method can not be 
reliable for records whose maximum values are below 2cm. 

  The solid lines in Figs. 5-7 show velocity and displacement calculated in the fre-

quency domain. Let  x(t) be the observed ground acceleration corrected by the speci-
fication of the  instruments  ; the Fourier transform is then given  by  : 

 f(w)=  2.5  (t)•  "  •  dt (1) 
and the velocity is given by 

 (t)—   1f1/4s)dt (2) 

                              U and the displacement by 

            X 1 'YFa))•e"• du)(3) 
                               g0 (.02 

The Fourier transform and inverse transform are carried out by the Cooley-Turkey 

algorithm. The standard deviation of the digitization error of the displacement is 

almost the same as that of the accelerogram from the calculation by Schiff's equation.
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As shown in Fig. 2-4, the differences of the Fourier spectra are remarkable in the low 
frequency range below 0.2sec. It is apparent that the effect of errors in the low fre-
quency range will be emphasized by integration, while the low frequency componenets 
of the observed accelerogram are small and the S/N ratio is very low. Therefore, it 
is essential to determine the frequency range in which the accuracy of calculation of 
the ground displacement may be at an acceptable level, in order to get the accuracy 
required. The calculations of velocity and displacement ((2) and (3)) were carried out 
by using the function in which the Fourier spectra  f(o)) of acceleration are multiplied 
by a weighting function which is flat above 0.33 cps and 30db down in the range of 
0.33-0.0  cps, taking the forms of a Gaussian function. These results are shown in 
Fig. 5-7 by a full line. The transient time variation of the displacement in this method 
may be the most reliable, although the permanent displacement is not estimated. The 
displacement shown by the full lines in Fig. 5-7 is not zero when  t  =0, this may be 
elongated by filtering. 

  3. Characteristics of Earthquake Ground Motions 

  Description of the Source Mechanism of the Matsushiro Earthquake and Buried 
  Faults 

  The source mechanism of the Matsushiro earthquake has been reported in detail from 
the seismological and geodetic point of view by many  investigators.(6) The main  com-

pressional force has been inferred to be in an EW direction from the push-pull distri-
bution of the initial motion of the P waves. And from the investigation of ground 
cracks a left lateral fault is inferred whose length is  7  km and whose direction is  N55° 
W, horizontally displaced 42-57 cm. It is reported that these facts coincide well with 
the results of geodimetric observation and trigonometric survey. In Fig. 1 the  distri-
bution  of ground cracks and the buried fault inferred by Tsuneishi and  Nakamura/0) 
are shown. 

  Ground Acceleration, Velocity and Displacement 

  The accelerogram used for the analysis was triggered  by the earthquake motion and 
hence the initial parts of the S waves were sometimes recorded from the beginning. 
The ground velocity and displacement were calculated for the selected accelerograms 
in which the initial parts of the S waves were recorded. Calculated maximum 
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displacements in Matsushiro, Kawanakajima and Mashima are 8.3 cm,  1.7  cm and  1.7  cm 

respectively. These values are rather small in comparison with the magnitude of 
their maximum accelerations. 

 To consider the relation between the source and the ground motion, the direction and 

amplitude of the initial S waves for earthquakes No. 147, 300 and 301 are shown in 
Fig. 8. Fig. 8-a shows the direction of particle acceleration, Fig. 8-b the particle veloc-

ity, and Fig. 8-c the  particl displacement, respectively. The directions shown in Fig. 
8 show a generally good agreement with that of the initial motion of the S waves 

when it is a double couple point source in EW main compressional force, excluding 
Matsushiro  C; the area very near the epicenter should be checked in  detail.(7) The 

calculations of displacement, velocity and acceleration wave forms in the near field of 
a propagating fault in a bounded medium are very difficult. Displacement, velocity 
and acceleration wave forms in the near field of a propagating fault have been com-

puted numerically by  Haskell.(8) It is interesting that the vector of the initial S waves 
and the maximum displacement vectors tend to coincide the ones which are deduced 

from his calculation, although the comparison is rather qualitative because his parame-
ters cannot be applied to the Matsushiro earthquake directly. 

 Thus we have tried to estimate the theoretical spectrum and the seismogram by 

taking more appropriate parameters in the later section. The comparison of the 
observed velocity displacement with the theoretical one will be more  preferable than 

that of the displacement, judging from the accuracy of the data processing results as 
shown in Fig. 5. 

 Fourier Spectra 

 The Fourier spectra of the accelerations shown in Fig. 2-4 are very complicated. 
The predominant frequency of micro-tremors reported by Kanai and et. al. is 2.5 cps 
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near Matsushiro C Station, 2-3 cps near Kawanakajima Station and 3 cps near 
Mashima Station. The relations between the spectral peaks and those of the micro-
tremors are not always clear in Fig. 2-4. 

  Now we consider a method of smoothing the effect on the source and the complexity 
of the geological structure included in the spectra. Let  E(too) be the energy of the 
earthquake in the frequency range between  wo—  kwo and  (00-1-  kwo, k being the frac-
tional constant. Then we get 

                                     1 coo+ kso           E( U)a)  U2• dto (4)                                       21
cw1).),,,0- hid 

The calculated E(w) of each station for earthquake No. 147 (k=—41, in this case) is shown 

in Fig. 9. The value of k should be determined in accordance with the purpose of the 
analysis. The energy spectra at any given stations are concentrated in the frequency 
range 0.3-2.0 cps. The peak of 2 cps in the Kawanakajima spectrum and the peak of 
3 cps in that at Mashima are considered due to the effect of the ground structure. 
The spectrum at Matsushiro C Station has no peak presumed from the ground char-
acteristics of the micro-tremor and makes a very simple shape. This means that the 
seismic spectra near the epicenter depend strongly on the source spectrum. 

  4. Numerical Calculation of the Seismic Spectrum and the Synthesized 
     Seismogram near a Dislocation Source 

  Theoretical treatment 

  The numerical calculations of the near field displacements around a propagating 
fault have been made in a somewhat different approach by Aki (1968) and Haskell 
(1969).  Haskell has computed the displacement wave forms directly in the time domain 
by numerical integration of the Green's function integrates given by  de-Hoop for the 
elastic field of a propagating fault in an infinite mdium. Aki has taken the Fourier 
transforms of the integrates of the field due to a infinitesimal dislocation derived by 
Maruyama (1963), carried out a numerical integration over the fault plane to obtain 
the displacement spectrum, and finally returned to the  tune domain by Fourier syn-
thesis. We have tried to compare the observational data with the theoretical data in 
both the frequency and the time domains and have made our numerical calculations 
by Maruyama's formula, similarily with Aki. The formula and the procedure used 
for calculation are summarized as follows. 

  The displacements  u  m(q, t) at any point Q in an infinite homogeneous elastic me-
dium due to the dislocation  Auk(t) over a plane are given by equations 33 and 34 of 

 Maruyama (1963), 

 um(Q, t) =  2g•e" • dai114u(40)•Tm•V•di 
       1

kkJI(5) 

 =5mm4ak(t)•  Cis`  •  dt (6) 
 in which  Tr,  Ow' is the rn-component of the displacement field due to equivalent dy-

 namic double forces acting along the k- and 1-axes and is given by  Maruyama's eq.
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(35). (1963) The source depth of the Matsushiro earthquake is very shallow and hence 
strike  slip dislocation is presumed as the source model. Therefore,  3,,,=0 in  Mani-
yama's eq. (35). The higher order terms regarding distance r are calculated because 
near field displacements have to be estimated. In the coordinate shown in Fig. 10, 
letting the fault be in the  x  y-plane, and considering the left-lateral, strike-slip disloca-
tion on a vertical fault plane, then the x- and y-components at the observation point 
at Q are obtained by  T.:, and  Tt, respectively. The effect of a propagating disloca-
tion along a fault is calculated by Ben-Menahem's approximation method. Let the 
transfer function be F, and we get 

 F=  (sin  Xp,^)/Xp,,  •  CirP“, (7) 

where  X„,,-=toL/2v„,,-(vs  Y'), and v,  v„ and v, is the rupture velocity, the P 
wave's and S wave's velocity. 

 Let the dislocation  tiu„ be located in the fault element  E,r which is at the distance 1 
from the initial dislocation point, then ur", (the displacement of the observational point 
in the  re-direction) is given by 

 u  75  =  ti,q(a))•  FiXto)•exp(  —  ica/v) (8) 

The superposed displacement of the observation point is given by 

 um(o))=  ttrj(w) (9) 

and the velocity displacement by 

 ien(w)=  um(w)/iw (10) 

The Fourier synthesis of (9) and (10) is made to get the displacement and velocity 
wave forms. This method can be applied only in the case of a homogeneous infinite 
medium, and hence may be used to compare the earthquake motions in the extreme 
neighborhood of the source in which the effect of complex short-period surface waves 
due to local shallow layered structure may be neglected. In the case of earthquake 
No. 147 observed at Matsushiro C the epicentral distance is  1.4  km, and its minimum 
distance to the buried fault found by Nakamura and Tsuneishi is less than  1  km. The 
observation stations at Kawanakajima and Mashima are located at the epicentral dis-
tances of 5-6km, hence the comparisons between the observational data and the theo-
retical values are debatable. Therefore, the comparison is restricted in the case of 
Matsushiro C. 

 Assumed fault model 
 As indicated in Fig. 10, we assumed a rectangular fault of length L in the Y direc-

tion and width  W in the Z direction. The time function of the dislocation was selected 
so as to coincide with the observational data considering both the cases of a step and 
of a ramp. Assuming a step as the time function of dislocation, its Fourier Transform 

 te(w) is given  by  : 

 u  (cr)=  Ditto  (11)
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and in the case of a ramp  by  : 

 (to)-r-  (1/(42  T)(e-iwr  —1) (12) 

where  D: amount of dislocation 
 T: duration time 

  The amounts of D and T taken in this model are mean values over all the area 
of the fault. The length and width of the fault element is chosen on the basis of  Aki's 
test of approximation method, and the fault is divided into  40  x  20 elements. The 
length of the buried fault is reported to be about 7km, however, it is very difficult to 
estimate which part of the fault is related to any individual earthquake. From obser-
vation of ultra-micro earthquakes it was reported that the aftershocks for two earth-
quakes of magnitude about 5 are spread over the area in an elliptical domain whose 
longer axis is about 7km. (Hagiwara, et. al. 1967) 

  First, we assumed the length of the fault as 7km and its width  3km  ; and the calcu-
lation was carried out, and then the variation of the seismic spectrum due to the size 
of the fault was checked. 

  The epicenter of earthquake No. 147 is reported to be located at the north-west end 
of the buried fault. We have no other information about the propagation of the dislo-
cation. Since the hypocenter may be located at the end of the buried fault, the pro-
pagation of the dislocation is assumed to be along the fault unilaterally from the north-
west to south-east. The relative positions of the fault and the observation point are 
shown in Fig. 10. The coordinate of the observation point is assumed to be 0.8km, 
1.0km and 0.0km in the x, y and z axes, respectively. The variations of the seismic 
spectrum in relation to the perpendicular distance are also checked in the range of 

 0.5  1.0  km. 
  According to the results of seismic prospecting carried out by the Explosion Group, 

 DISLOCATION  MODEL 

 N 

 /F. 
 OBIERVA X 

 POINT 

 X  S 

           Fig. 10. Coordinate of observation point and fault plane geometry. 

           T  
 IEL Step function 

   D Ramp function 

           Fig. 11. Source time functions of the assumed dislocation model.



                Strong Motion  Accelerograms near the Epicenter 279 

the P wave's velocity is about  6.0km at the bed rock covered by a surface soft layer 
                                         1 

whose thickness is about  1  km. Assuming the Poisson ratio as—4, the corresponding 

velocity of the S wave is  3.5  km/sec. The rupture velocity v in the y-direction is 
taken as  v=0.75  •  vs given by Manshinha's formula. The rupture velocity in the 
z-direction is assumed to be infinity. 

 The effect of this soft layer (1km in thickness) will be discussed later. As a first 
step the calculation of the seismic field in an infinite medium is made, taking the sur-
face effect as factor  2; amplification caused by image source, because the near-field 
due to strike slip dislocation is conceived to be most predominant in the  SIT wave. 

 Dependence of seismic spectrum on various source  parameters 

 The effect of source parameters on a seismic spectrum has been checked in detail by 
Aki who reported that the amount of dislocation affects the seismic spectrum mostly in 
the neighborhood of the hypocenter, while the total area of the fault surface, the fault 
depth and the rupture velocity do not affect it significantly. The earthquake analyzed 
was observed at a distance somewhat longer than  80m in the case of the Parkfield 
earthquake of June 28, 1966. 

 We have very little information on the source parameter of Earthquake No. 147. 
Regarding ambiguous source parameters, we have to check the effect of each para-
meter on the earthquake motion, to find which is most effective when these values are 
varied in a plausible range. Hence the effects of the distance between observation 

point and fault, and of source size and source time functions on the seismic spectrum 
are investigated. 

 The effect of source time function 

 The time function of a dislocation is generally conceived to take step, ramp, and ex-

ponential forms. In this case strict discussion of the difference between the ramp and 
exponential forms is difficult, hence a step and a ramp are taken as the source time 
function. A step may be regarded as a ramp when its duration time T=0. In Fig . 12 
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 0.1 0.1  05  110  05  I 5  10 
 f.  cps 

    Fig. 12. The difference of the seismic velocity spectrum due to two assumed mod-
         els of the source time function; assumed  L  =7km,  if7=3  km,  D=26  cm, 

 T  =0.26 sec and the coordinate of observation point (1.0, 1.0, 0.0). 
         Left; perpendicular component. Right; parallel component.
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the velocity spectral densities are shown when the dislocation is in the form of a step 
and of a ramp respectively. In the ordinate, the amount of density is shown as D 
which is the amount of dislocation, and in the abscissa the frequency is taken as a unit 
1/T which is the inverse of the duration time T. In the case of the ramp function 
the density takes a minimum value when 1/ T, while in the case of step no minimum 
value may be found and it is flat since it corresponds to  T=0. The spectral density 
in the ordinate depends on the amount of dislocation in the low frequency range, and 
the position of the minimum in the abscissa is determined by 1/ T. Accordingly, when 
we get an ideal seismogram, D and T may be obtained by a parallel shift in the co-
ordinate in which velocity spectrums are plotted in log-log scale. The displacement 
spectral density decays suddenly in the higher frequency range, and therefore the differ-
ences are not remarkable in the cases of both a ramp function and a step function. 

  The effect of source size and distance 

  In order to check the dependence of the source size on the seismic spectrum, four 
models are assumed. 

   L=7 kmW  =3  
x  D/T  kine.sec  —  L=35  W=3   

5    L=14  W-06  D/T  klie  sec _—  L.7  km  W=3  km 
                             L=0.7  W=03 

                      I5---L=35  W=3 
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     Fig. 13. The effect of source sizes on the seismic spectrum; assumed  D=26  cm, 
 T=0.26  sec, and the coordinates of the observation point (1.0, 1.0,  0.0). 

          Left; perpendicular component. Right; parallel component. 

  (1)  L=7  km,  TF=3  km 
  (2)  L  =  3.5  km,  IV=  3  km 
  (3)  L--1.4km,  W=0.6  km 

  (4)  L=  0.7  km,  ffr=  0.3  km 

Model (2) is 1/2 of model (1) in  length  ; and (3), (4) resemble each other in shape, and 
their ratio of length and width to (1) is 1/5 and 1/10 respectively. Their spectra are 
shown in Fig. 13. The density values hardly decrease in the case of (2), and decrease 
1/3 in (3) and 1/10 in (4) when compared with (1) in lower frequency range than 1 cps. 
The spectral density at a long distance is generally  D-L•TV, but even in the case 
model (4) it decreases only 1/10 when the fault size becomes 1/100. The densities of 
(3) and (4) are small in the low frequency range, take their maximums at 1.6 cps
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and decrease with the increase of the frequency. This may be regarded as an effect 
of the finiteness of the source area. The coincidence of peak frequency in (3) and (4) 
is supposed to be a superposition of the effects both of the finiteness of the source and 
the source time function. The observed spectrum is flat in the range from 0.5 cps 
to 2M cps and drops suddenly at higher frequencies and also decreases at lower fre-
quencies. This drop of density at lower frequencies might be caused by the technique 
of analysis and observation or it might actually  be the case. We have no clue to dis-
criminate these effects. Consequently (3) and (4) are not applicable in this case, and 
the preference between (1) and (2) can not be determined easily. 

 The dependences of the spectrum on the minimum distances between the observa-
tion point and the fault when they are 0.5, 0.8 and 1.0 km are calculated and shown in 
Fig. 14. The variations of spectral densities in each case differ only by 50%, therefore, 
the distance of the fault do not affect the seismic spectral density most significantly 
in the range of 0.5 to 1.0 km. 
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 Fig. 14. The effect of distance from the fault; assuming the coordinates of observation 
      poin, x=0.5 to 1.0km,  y  =1.0  km,  z  =0.0km, Assuming  L  =17km,  IV=  3  km,  D=26  cm 

      and  T=0.26  sec. Left; perpendicular component. Right; parallel component. 

 Comparison between observed and theoretical velocity spectral density 

 The location of the fault and source parameters are assumed as follows, to verify 

the velocity spectral density of earthquake No. 147 observed at Matsushiro  G as a 

reasonable model. 

 1. Assuming that the fault direction is  N55° W, the coordinate of the observation 

    point is x=0.8, y=1.0,  z=  0.0. 
  2. The fault length; L=7km, width  TV=  3km, rupture velocity  v=2.7km/sec. 

 3. The source time function is a ramp. 

 4. Factor 2 is multiplied by the spectrum obtained under a homogeneous infinite 
   medium as a surface effect. 

 The theoretical velocity spectrum is shown in Fig. 15 which is calculated on the 
above model. Comparing the shape of this theoretical velocity spectrum with that of 

observed one, it can be understood as follows.
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  1. The density decreases suddenly above the frequency of 2 cps. 
  2. The minimum value is found at 3.8 cps. 

  These two points resemble each other. The minimum is caused by the assumption 
of the duration time T=0.26. The choice of  T-=0.26 sec is taken because the time 
interval between the maximum positive and negative velocity peaks is equal to the 
above value, which is found in the observed trace of the velocity displacement (shown 
in Fig. 5). 

  The observed velocity spectral density also takes a minimum value near 3.8 cps. As 
a matter of fact, many other peaks are found in the spectrum, but the minimum at 3.8 
cps is most remarkable in the NS and EW  components. 

  The theoretical spectra of the NS and EW  components are different in shapes at 
frequencies lower than 2 cps. However, they resemble each other in shapes in the 
case of the observational data. Thus it may be expected that the actural direction 
will be near  N45  W. Assuming the direction of the fault to be  N45  W, the perpendi-
cular distance to the fault is 0.5 km. In the above model the distance is changed to 
0.5km leaving the other parameters unchanged. The calculated spectral density is 
shown in Fig. 15 (dotted line). As may be seen in the figure, their forms resemble 
each other in the NS and EW components. This is more consistent with the observed 
data. 
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 Fig. 15. Comparison between observed and theoretical velocity spectral densities. Case 
       1; assuming a fault direction of  N35°  W  and observation point coordinates (0.8, 1.0, 

       0.0), Case 2; assuming a fault direction of N  45° W and observation point coordinates 
       (0.5, 1.0, 0.0). Left; NS component. Right; EW component. 

  Let us now compare the values of the spectral densities with those observed. Before 
direct calculation of D, the following facts are taken into consideration. Since  D/  T 
have the dimension of velocity, it may be regarded as independent of earthquake size 

(Aki, 1970). Aki pointed out that the  D/  T values were about  100  cm/sec which he 
obtained on the occasion of the Niigata Earthquake  (M=7.8) and the Parkfield Earth-
quake (M=6.4), and they were independent of earthquake size. We have no other
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detailed information on the length D; assuming  D/  T=100 cm/sec tentatively, we 
have compared the theoretical value of the spectral density with that  observed. The 
observed value is  2~5 times larger than the theoretical one, when the above assump-
tion is adopted. 

 The resulting difference might be caused by either a low estimation of D, the amount 
of dislocation, or by negligence of the amplification effect of the surface soft layers. 
First we have to consider the surface layers' effect as it is not taken into consideration 
in the theoretical calculation. 

 The effect of the surface layer 

 The buried fault may be regarded to exist under soft layer, hence the model adopted 
is contradictory to fact. In the above  model, the spectrum corresponds to that of the 
base rock excluding the surface layer. In considering the effect of the surface layer, 
the drop of density caused by the sudden attenuation of the near-field terms resulting 
in the elongation of the distance corresponding to the thickness of the surface layer is 
conceived to be less than 50%, as shown in Fig. 14. This drop is smaller than the 
increase of density caused by multiple reflection in the surface layer. 

 The vibrational characteristics in layered media near the source are discussed in 
 detail by Shima (1970) when the source is of the horizontal point source type. His 

calculations correspond to the transfer function of an earthquake motion which is 
excited by a horizontal point source at its base. According to his results the amplifica-
tion by the surface layer is caused mainly by the multiple reflection of the SH wave, 
when the frequency is above ca. 0.5 cps. 

 The ground structure at Matsushiro C Station is obtained by seismic prospecting 
carried out by the Explosion Group and the P wave velocities of the several layers are 
given. The corresponding S wave velocities in the shallow layer are obtained  referr-
ing to the results of our S wave prospecting in the vicinity of the Matsushiro region. 
On the other hand S wave velocities in the deeper layers might be assumed to be pois-

son ratio o=1. From these results the S wave velocities at the observation point        4 

may be reasonably assumed and are shown in Table 3. Supposing the predominant 
waves radiated from the strike slip dislocation be SH waves, the  ampfification ratio 
caused by multiple reflection of these SH waves is computed and shown in Fig. 16. 

 The amplification characteristics at the surface calculated by the above assumption 
have several peaks, at  0.5  cps, at  1.0  cps, and etc, and these are  3~5 times larger 
than the amplification by the surface effect. This difference is of comparable order 
with that between the theoretical and observed values of the velocity spectral den-
sities. When examining the velocity spectrum in detail, we find peaks at 0.5 cps and 

                           Table 3. Geological structure. 

                  Thickness  P  waves'  S  waves' Density  velocity  velocity 

  The first layer 0.  3  km  2.  0  km/sec  O.  6  km  /sec  1.8 

  The second layer  0.  7  4.  0  2.  0 2. 0 

 The third layer  6.  0  3.  5  2.  6
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         Fig. 16. Amplification effect of the seismic spectral density due to the 

               surface and the soft surface layers. 

1.0 cps in both the NS and EW components. At higher frequency ranges the effect of 
more precise geological micro-structure in shallow layers, attenuation of seismic waves 
and etc have to be considered. Although we tryed very roughly to estimate the 
effect of surface soft layers, the peaks and the amplification of the spectral density 
are explained approximately.  D/  T=100 is an assumption and not a unique solu-
tion, and nevertheless the coincidence between the theoretical and the observed values 
can be presumed to be validity of the value as an order estimation. Considering 
the ambiguities of the distance to the fault,  D/  T might be presumed to  be  100---
200 cm/sec. 

 Synthesized seismograms 

 The perpendicular and parallel components of synthesized seismograms of velocity 
are shown in Fig. 17. Fourier synthesis was made through the rectangular window 

 (0.2-7.5cps). Because of the truncate effect the theoretical trace is not zero when  t=0. 
The NS and EW components are shown in Fig. 18 making the transformation of the 
coordinate. 
 The forms of the observed seismograms are complicated and cannot be compared 

simply with the theoretical traces. As far as the portions of maximum amplitude are 
concerned, their shapes resemble each other. As regards the NS component of the 
theoretical trace, the maximum amplitude in the south direction equals  0.125  xD/  T 
and is 12.5 kine when D/ T=100. 

 Since the amplification due to the surface layer is presumed as about 4 times, the 
observed maximum amplitude of 35 kine coincides with the theoretical one as an order 
estimation. 
 However, this comparison neglects the time phase. Every phase on the observed
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Fig. 17. Synthesized seismograms; perpendicular and parallel com-
     ponents to the fault. Assumed  L.-7km,  TV=2km,  26  cm, 

 T=0.26  sec and the observation point coordinates (0.5, 1.0, 0.0). 
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  Fig. 18. Synthesized seismograms; NS and EW components. As-

       sumed  7km,  1V=3  km,  D  =26cm,  T=  0.26sec  and a fault 

       direction of N  45° W.



286 K. IRIKURA, K. MATSUO and S.  YOSHIKAWA 

seismogram does not correspond to the theoretical one. This may  be caused by the 
oversimplification of the theoretical assumption used in this case. In this simplified 
model, the source is assumed to be unilateral, but this is adopted as a convenience. It 
will be necessary to consider the effect of ground structure in more detail. 

  In the observational system the recorder is driven by the starter and no initial motion 
is recorded, therefore more detailed discussion is difficult. 

  Source parameters 

  Various attempts have been made to find empirical linear relationships between the 
magnitude M and the logarithm of one or more of the source parameter (length L, 
width  rv, dislocation D). The following equations are given by Wyss and Brune, and 

 Chinerry11), when the magnitude is 3-6 as at Parkfield. 

              M=1.67 log  LW—  14.51 (8) 

              M=1.32 log  D  4-  4.27 (9) 

 M=0.79 log  LDW—  4.74 (10) 

The magnitude of earthquake No. 147 is 4.7, therefore, from eq. (8), we get, 

 L  W= 40.37 km2 

  from eq. (9) 

 D=2.1 cm 

 from eq. (10) 

                       LD  W=  100 km•cm 

 LDTV is not equal to the  LW multiplied by D, and this is because the empirical for-
mulae used are given independently. 

  Kasahara obtained the seismic moment of the same earthquake from a Love wave 
at long distance observation (Gifu). Let the moment be Mo,  Mo=  3.5  X  1022  dyne•cm; 
we then get  LD  W=  35  km2.crn, since  Mo=  ft-LDW (by Aki). 

 In the fault model adopted in this case  (L=7  km,  W=3  km), we get  D=17  cm from 
the value of  LDIV obtained by Kasahara. The size of the fault is the maximum value 
of the buried fault found by Nakamura and Tsuneishi, and hence we should consider 

 D>_  17 
 We assumed a ramp function of T=0.26 sec, and DI  T=100 cm/sec as source time 

functions, and found good agreement with the observational data. This might be con-
ceived to coincide well with Kasahara's results. The value is less than 1/10 which is 

given by eq. (9), and is conceived not to be consistent with this case. 

 5. Conclusion 

 In relation to the source parameters many quantities have not been clarified as yet, 
hence the model was simplified as a unilateral moving dislocation. And the rough 
estimation of the surface layer was considered as an amplification factor only. Then
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we found fairly good coincidence between the observed values and the theoretical ones 
as far as the velocity amplitude spectral density are concerned. 

 From the analyses of the accelerograms near the epicenter it was shown that an 
estimation of source time function would  be possible by the methods  described in this 

paper. A clue of the dependency of the source mechanism on the vibrational charac-
teristics of the ground during strong earthquakes might be found. 

 However, the synthesized seismograms and the observed ones in the time domain 
are not precisely consistent because the phase spectra are difficult to consider in both 
the theoretical and the observed data. That is, the above inconsistency might be 
caused by the fact that the source model was over-simplificated and strict estimation 
of the effect of the surface layer was very difficult. 

 It is shown that the source time function of a ramp (duration time T=0.26 sec, slip 
velocity  D/  T=  100-200  cm/sec) is most preferable when a moving dislocation is as-
sumed. The strong earthquake motion incident to the base will be affected strongly 
by the source time function. 
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