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SUMMARY:

In this paper, to examine the validity of the ground motion model presented on the basis of wave propagation
theory and source kinematics, some ground motions have been made in the case of the 2011 off the Pacific coast
of Tohoku Earthquake, M9. Their time histories of wave form and response spectra have been compared with the
ones of the observed earthquake ground motions at two sites. Then the key parameters influencing characteristics
of ground motion and structural response have been extracted by this simulation test. They are site geological
structure, focal distance, geometric relation between site and source, asperity size and distribution on the fault
plane.
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1. INTRODUCTION

In a previous paper, the prediction model of ground motion has been presented on the basis of wave
propagation theory and source kinematics. In this modelling of ground motion, the rupture process for
a unit event on the fault plane has been idealized as an impulse response of elastic membrane. This
dynamic response has been applied for modelling source rupture process as a unit slips function with
o® spectral characteristics. The soil ground model for source-site path has been presented as a
multi-layered half-space which consists of some soil layers overlying a semi-infinite random medium.
The prediction model of ground motion has been presented by Green’s function of soil ground model
and the source rupture process model. The excellent prediction potential of this ground motion model
has been verified through a simultaneous simulation test against the observed ground motions at some
sites during the 1995 Hyogo-ken Nanbu Earthquake of magnitude 7.2.

In this paper, to examine the validity of this ground motion model, some ground motions have been
made in the case of the 2011 off the Pacific coast of Tohoku Earthquake, M9. Their time histories of
wave form and response spectra have been compared with the ones of the observed earthquake ground
motions at two sites. Then the key parameters influencing characteristics of ground motion and
structural response have been extracted through this simulation test.

2. EARTHQUAKE DATA AND SEISMIC RECORDING SITES

The seismograms of ground motion at Sendai and Shinjuku sites during the 2011 off the Pacific coast
of Tohoku Earthquake have been used for the simultaneous simulation test. Fig. 2. shows the causative
fault and the location of the two observation sites, Sendai (N38.267°, E140.878°) and Shinjuku
(N35.682°, E139.688°). The fault location is N39.885° E144.374°. Kamae and Kawabe described the
fault model as shown in Fig. 2. There are 5 asperity areas on the fault plane. In this paper, they have
been used for fault parameters, fundamentally. Besides, the modified fault model has been presented
for the prediction of ground motions, which has back ground area except the 5 asperities areas. The



fault parameters are listed in Table 2. The magnitude of the earthquake was estimated to be M=9. The
total seismic moment was M=1.235x10% N m.
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Figure 2. Location of observation sites and fault plane
(Kamae & Kawabe)

Table 2. Fault parameters

Aspi | A | asmm | mspt | Asgs | Back ground
Strike NEEE
Dip angle 13"
Area 400 ke 50NE0km” 2002 0km” 30xE0km” 30x30km?| 101 200km?
Seismic mament] 49831 0% Mm| 1101 0% Mm| 8.80x1 0" Mm| 1.19x1 0% Nm| 2,581 0% Nm | 1.029x1 0% hm
Rake angle 80"
RBupture welocity 2 Tkm/s

3. GEOLOGICAL SEDIMENT STRUCTURE AND PROPERTY OF OBSERVATION SITE

The geological structures of shallow surface soil sediment layers (GL — GL-50m) at Sendai and
Shinjuku sites were investigated in detail on the basis of PS logging and boring data. The profiles of
shear wave velocities in the deeper geological structure including the basement bedrock refer to the
investigation by Kobayashi et al., Seo et al., and Koketsu et al. The lithosphere region from source to
basement bedrock has been modelled as a random medium [Kawano et al.]. The geological
structures from source to site of Sendai and Shinjuku sites are summarized in Table 3.1. and 3.2.
Those data are used to calculate the three-dimensional Green's functions from the sub-faults to sites.
Fig. 3.1. and Fig. 3.2. show the one-dimensional amplification factors of surface soil sediment layers
(dotted lines) and the entire soil sediment layers from bedrock to surface (solid line) at the sites,
respectively.



The large components are recognized in the short period range less than 0.4 sec in common with the
two sites. They reflect the amplification factors of their shallow surface soil sediment layers. Some
large components are also clearly recognized in the long period about 2 sec at Sendai site, and about 7
sec, 3 sec and 2 sec at Shinjuku site, respectively. They correspond with the predominant periods of
deeper soil sediment layers.

Table 3.1. Geological data of Sendai site Table 3.2. Geological data of Sinjuku site
Depthim?  [Wplm/sec) [Valm/sec) |Density Darnping Depthim} Wpim/sec) [Wslm/sec) |Density Damping
{gfemd) factor (g/cmd) factor (%
0.0%+1.40 320 210 160 1.00 0.0-7.0 500 180 160 100
1.40~2.00 320 210 2.00 1.00| ~L00~1100 800 260 160 100
2.008.70 870 360 2,00 1op| -H09-260 L 19001 2601 ___ 180l 190
6701485 1860 500 1.80 100 -280-1100 1200 420 200 100
14.85-~16.60 1860 500 165 100] —L2—di0 1960 720 200 100
4101330 2300 550 202 050
16.6020.00) 1860 500 178 1.00
13302530 2810 1370 215 050
20.0026.00 1860 670 178 1.00
9530 16500 5450 310 271 050
26.00~285(] 1860 760 178 1.00 PP, e . 5 0o
28803010 1860 760 1.80 1.00
30103450 1860 760 178 1.00
34,5039 40 1860 640 1.80 1.00
30,4044 60 1860 640 178 1.00 . . .
446043 15 1860 640 180 Too| - - Border line of surface soil layers and
4815 ~8500 1860 640 178 1.00 deeper soil layers
B5.00140.0 2040 790 1.90 1.00 Vp : P-wave velocity
1400230 2020 540 2.00 050 ) .
28005600 2510 1520 210 050 Vs : S-wave velocity
560.0~500.0 3880 1640 220 050
5000 5670 3210 230 025
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Figure 3.1. Site amplification factor of Sendai site Figure 3.2. Site amplification factor of Sinjuku site

4. PREDICTION MODEL OF GROUND MOTION

The entire soil sediment layers including the lithosphere from source to bedrock have been modelled
by a three-dimensional multi-layered half-space overlying a random medium as shown in Fig. 4. The
Green's functions from all the sub-faults on each fault plane to the interest sites have been calculated
using wave propagation theory. The ground motion at each site is expressed by the convolution of the
Green’s functions and the source model.
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Figure 4. Geometric relation between causative fault and sites
4.1. Source Model

The rupture process for a unit event on the sub-fault is idealized by an impulse response of the
dynamic behaviour of a continuous membrane (Kawano et al.). This dynamic response is used in
source modelling as a slip function with the ™ spectral characteristics. The high frequency waves are
assumed to be emitted from the spatially and temporally random small-scale fault heterogeneity as the
rupture propagates over the fault plane. The seismic moment distribution to describe source model has
been estimated by the slip vectors on the fault elements, which are obtained by dividing the entire fault
plane in to 119 (17 x 7) small elements as shown in Fig. 2. The elementary source including the
starting and stopping effects of the rupture front has been described by the slip function and slip
vectors with spatial and temporal random fluctuation due to heterogeneous asperity on the fault
element (Kawano et al.). Then the source rupture growth process of a large event may be modelled
by a sum of the elementary sources occurring with the random lagged times tr (§(m)) to rupture-events

on the entire fault plane as

Mooft) - o [T ) 8- ) dg )

) = T(m) 0

MO(m) = uAU' mLEeW @ (4.2)

(©-% 1 T g,

m - 1 AT (C=Ti;T) (4.3)
1 ;0<C<AT

BE; am = ( 0 <o or ATig(,

N1 N1
T.=0, Tu= Tj+ATj, 2AT=Tw, > f,=1

i j=L
e 1 AT
9 (1) =2 9.{= (1+tanh[J—ATk )} @4

N2 N2
71=0, %= 7K+ ATk, ZAfk: T(m) , Z g =1
k=1 k=1



where fm and gm are the spatial slip function with boxcar function and the temporal slip function with
smoothed ramp function, Mo, AU’ and p are seismic moment, average slip displacement and shear
rigidity at the mth fault element, AT; and Aty are the fluctuating rupture time and rise time due to the

small-scale heterogeneous asperity on the fault plane, o is the angular frequency. N; and N are set to
be 5 (Kawano et al.).

4.2. Synthetic Ground Motion at Sites

The ground motions at the two sites are presented as a sum of all the seismic wave motions radiated
when the rupture front reaches the centers of the fault elements as

N
0
un(xaa)):mz_lM(m)pq(a))a_qunp(X; , f(m),O) (45)

M (mypa( @) = Rpa(m)M o(m)()

where Ry is radiation pattern. Gnp(X, ®; & (), 0) is the Fourier transform of Gp(X, t-1; & (m), 0) which
is the nth component of displacement at position x and time t-t caused by an instantaneous force of a
unit amplitude applied in the p direction at the reference point x (m) and time t=0 (Aki, K. et al.).

M(mypg(®) is the elementary seismic moment tensor of the pg component. M(m)(o) is the Fourier
transform of My(t).

5. VERIFICATION OF PREDICTED SITE RESPONSE

The verification for the synthetic ground motion in Section 4 has been performed for the seismograms
recorded at the Sendai and Shinjuku sites during the 2011 of the pacific coast of Tohoku Earthquake.
The Sendai site is located in nearer place from the fault plane and the distance from hypocenter to the
site is about 150 km. On the other hand, the Shinjuku site is located in about 350 km from hypocenter.

Fig. 5.1. and Fig. 5.2. show the comparisons of the observed and synthetic acceleration time histories
of three component ground motions at Sendai and Shinjuku sites. They are fundamentally similar to
the observed ones in the main dynamic part of the time histories at both sites. However, there are some
differences between observed and synthetic ones in the succeeding wave group. It may be considered
that reason is the effects of complex fault rupture process and structure of uneven ground.

Fig. 5.3. shows the comparisons of the observed and synthetic velocity response spectra with 5%
damping ratio of three component ground motions at Sendai and Shinjuku sites. The synthetic ground
motion amplitude is similar to observed one in wide period range 0.1 - 10s. The response spectra at
two sites are excited in the period range 1.0 — 3.0s, because the site amplification factors have large
component in this period range as shown in Fig. 3.1. and Fig. 3.2.

The above results have indicated that if the site geological structure from surface to deeper layer,
geometric relation between site and source, and asperity on a fault plane were definite, the
characteristics of ground motion could be mainly described.
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Figure 5.1. Comparison of observed and synthetic acceleration time histories for Sendai site
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Comparison of observed and synthetic acceleration time histories for Shinjuku site
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Figure 5.3. Comparison of observed and synthetic velocity response spectra for Sendai and Shinjuku site
(damping ratio h = 5%)



6. CONCLUSIONS

The ground motion model based on the wave propagation theory and source kinematics has been
applied to simulate some ground motions of the 2011 off the Pacific coast of Tohoku Earthquake. The
simultaneous simulation test has been applied to two sites by using the same source model. The
ground motion model could describe the main portion of ground motions occurred by a large
earthquake in ocean trench area.

Through the simultaneous simulation test, it is considered that the key parameters influencing
characteristics of ground motion and structural response are the site geological structure from surface
to deeper layer, focal distance, geometric relation between site and source, and asperity size and
distribution on a fault plane.
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