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Ground motion prediction in Hanshin area - Seismic response of shallow
sediments
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Abstract: Seismic response of shallow sediments is evaluated in the ground motion prediction for a
scenario earthquake on the Uemachi fault. Ground motion on the engineering basement is computed by
the 3D finite difference method in the 3D Osaka sedimentary basin structure model (Horikawa et al.,
2003). Response of the shallow sediments above the engineering basement (in this study, top of a layer
with 550 m/s of S-wave velocity) is evaluated by 1D equivalent linear analysis (Yoshida and Suetomi,
1996). The structure model of the shallow sedimentary layers is modeled based on Yamamoto (2003,
personal comm.) which compiled shallow boring data in the Osaka plain. The models of strain-
dependent characteristics of shear modulous and damping rate for alluvium clay, diluvium clay and
alluvium and diluvium sand by Public Works Research Institute (1982) are assumed. As the input ground
motion at the engineering basement is already large (100 - 150 cm/s), nonlinear response appears largely
in the alluvium site. Strains exceed the limit of application of the linear equivalent analysis in a large
area. Under the condition of peak strain lower than the application limit of the linear equivalent analysis,
the shallow sedimentary layers amplify the peak ground velocity by up to about 2.5 times. I also evaluate
the error generated by approximating the response of the shallow sediments by 1D response analysis
using 2D finite difference method. A simplified 2D cross section model of the Osaka plain is assumed.
When the response of the shallow sediments with S-wave velocity less than 550 m/s is evaluated by 1D
method, as I do in the ground motion prediction calculations, direct wave portion is sufficiently well
approximated. Therefore, the evaluation of peak ground velocity values is expected not to be affected by
the approximation error, because in most cases, the peak ground velocity occurs at the arrival of the
direct wave. But the later surface waves are deformed; the dominant frequency and amplitudes are
misestimated. When ground motion in heterogeneous medium is modeled up to the depth of 350 m/s
S-wave velocity (about a few tens of meters), the surface wave part is also sufficiently well modeled in
the period range between 1 to 6 s.
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Table 1. Layer classification, range of thickness, N-value, density and S-wave velocity in the
shallow sediments layer model by Yamamoto (2003, personal comm.).

Layer name Thickness N Density(min/max) Vs (min/max)
(geology) (min/max) [m] (min/max) [g/em?] [m/s]
A (alluvium) 0.4/20.8 1.5/28.9 1.6/2.1 105.7/231.4
D (diluvium) 2/5 20/20 2.1/2.1 250./250.
Rock
(Vs=350 m/s base) - - 22/22 350. /350.
R (reclaimed land or fill) 0.3/19.8 1/35.5 1.6/1.8 106.4/253.1
AST 0.1/16.9 0/34.1 1.8/1.8 98.6 /283
(alluvium sand)
Mal3 0.1/20 0/9.5 1.5/1.5 116.6 /224.2
(alluvium clay)
AsB
. 23711 2.5/31.5 1.6/2.1 162./285.
(alluvium sand)
Asg 44/245 20.6/43.5 2.1/22 244/299.5
(alluvium sand)

52 3. B IR ICEAME Lz, KBCEEF 2 IRockim o

HEIEE T L.

Table 2. Simplified 2D basement structure model for the Osaka
plain for the use in the numerical tests.

Layer name Vs [m/s] Density [g/cm’]
I 200 1.5
I 350 1.7
111 550 1.8
v 1000 2.1
basement 3200 2.7
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Fig. 1. (Right) Total slip and rupture time distributions of an earthquake scenario on the Uemachi fault
system (Kase et al., 2003). (Left) Peak ground velocity distribution calculated for the earthquake
scenario in the frequency range ~ 1Hz using 3D finite difference method assuming engineering
basement (Vs = 550 m/s) on the surface (Sekiguchi ef al., 2003) (the peak of 3 components' vector
summation of the ground velocity is shown in the original paper.). The black frame in the map
indicates the area where shallow sediments response is evaluated.
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Fig. 2. Strain-dependent characteristics of shear modulous and damping
rate for (a) alluvium clay, (b) diluvium clay and (c) alluvium and
diluvium sand (Public Works Research Institute, 1982).
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width Vs dens.
(m) (m/s) (g/cm3)

Fill | 2.4 134 1.6

Sand|| 2.8 171 1.8
M 50

Ma13| | 11.8 158 1.5

Sand[] 2.0 238 2.0
34 30 0

135 30'
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Fig. 3. Thickness distribution of alluvium layers modeled by Yamamoto (2003,
personal comm.). A structure profile at a point is shown as an example.
The gray area is where the shallow sediment structure is not modeled.
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THRE L CREHRINE 2 0 L 72356 O MRENE KPRy O RIEDO o s34, (1K
DAEIZ T 2 2K OIED H)

Fig. 4. (Left) Peak ground velocity distribution when response of the shallow sediment layers is evaluated
assuming nonlinear response. Green contours show the distribution of maximum strain of 1 %. Bold blue
line extending eastwest across the Osaka Plain is the line along which the synthetics are shown in Fig. 6.
(Right) Ratio of the peak ground velocity with nonlinear response of shallow sediment layers to that
without the shallow layer response. (Ratio of values of the left hand side figure to those in the Fig. 1.)
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Fig. 5. (Left) Peak ground velocity distribution when response of the shallow sediment layers is
evaluated assuming linear response. (Right) Ratio of the peak ground velocity with linear
response of shallow sediment layers to that without the shallow layer response. (Ratio of values
of the left hand side figure to those in the Fig. 1.)
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Fig. 6. The synthetics along the line shown in Fig. 4. The synthetics in the left column are calculated by the
3D finite difference method assuming the engineering basement on the surface. The synthetics in the
middle column are those with linear response of shallow sediment layers. The synthetics in the right
column are those with nonlinear response of the shallow sediment layers. All the synthetics are of the
orientation in which the peak velocity occurred at the engineering basement. The predominant azimuth
is indicated at the right end of each row.

185



B &1

1 LLLL kel Ll 1 LLLL kel Ll 1 LLLL kel Ll 1 LLLL kel Ll
,&:10 Ix=56km | F '© Jx=62km | E '© Ix=68km | [ '° Ix=7akm | [
g',]OOE : 100E g/\vkv/\ : 100E f/J\ A : 1005 A 2
(U ] : ] : ] : ] :
= :/\ R :/ R :/ \N\ R ] R
s At PN AN P |
*310'15 ¥ ?10'15 5—10'154 v : 10'1E 3
o ] C ] C ] C ] C
) i R i R i R i R
> 10 2-tm——h - 10 2 10 2 40 2

10 " 10° 10 " 10° 10 " 10° 10 " 10°

1 LLLL kel Ll 1 LLLL kel Ll 1 LLLL kel Ll 1 LLLL kel Ll
,EJO x=58km | F '© Ix=64km | E '© Ix=70km | E '° Ix=76km | [
£ 103 F 103 F 103 FJ\“ F 10° :
4 E 5 j N, F o :
T (7 AT AT
5104 = 10 71 = 10 71 1 10'1;\1 =
2 . o VA T T
> 40 2l 1 -2 - 10 2t 10 "2

10 " 10° 10 " 10° 10 " 10°

1 LLLL kel Ll 1 LLLL kel Ll 1 LLLL kel Ll 1 LLLL kel Ll
,EJO Ix260km | E 19 3x=66km | F '© Ix=72km [ 10 Ix=78km | [
8_1005/ / = 10 %4 A = 10 %4 FM\\JA = 103 g
(4v] ] : ] : ] : ] :
€ :/”\ [ /J/\/\ [ j"h\\/\ R [
5104 = 10 7'/ Wt 10 v/ L 10719V -
8 ] - ] - ] U - ] -
U) ] - ] - ] - ] -
> 10 2ttt 10 2~ 10 2 10 2t =

10 " 10 ° 10 " 10 ° 10 " 10 ° 10 " 10 ©°
f (Hz) f (Hz) f (Hz) f (Hz)

. ORI L ORI A X7 hb. B3RO ESNIEIC X0 ROV E DA 5 E
EL, LFEMEAHELLETI3HEICLD2 b0, T, 3RCEMEDOWIGICHRIBIGE 2 6UE L
TEREHBRIEE 2N L2 b O, L, 3RICESEORIFICIERIY & FMBIEE TEE L T
BEHRICE 2 M L72 b0

Fig. 7. Velocity spectral amplitudes of the synthetics shown in Fig. 6. Black lines show the spectra of synthetics
assuming the engineering basement on the surface. Blue lines are the spectra of synthetics with linear
response of shallow sediment layers. Red lines are the spectra of the synthetics with nonlinear response of
the shallow sediment layers.
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Evaluation of error due to the approximation of shallow sediment layer responses by 1D response

analysis. A 1 s wide cosine-shape pulse is input vertically. Black lines are the synthetics calculated
by 2D finite difference method for the full 4-sediment layer model (Table 2). Red lines in the
upper are calculated first by 2D finite difference method for the 2-sedmient layer model (a model
eliminating the upper two layers from the full 4-sediment layer model) and later convolved with
the 1D response of the shallow two layers. Red lines in the lower are calculated first by 2D finite
difference method for the 3-sedmient layer model (a model eliminating the upper one layer from
the full 4-sediment layer model) and later convolved with the 1D response of the shallowest layer.
Above each group of synthetics, the peak amplitudes and the time of the peak amplitudes are
shown. At the bottom, the basement model is illustrated.
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Fig. 8b. Evaluation of error due to the approximation of shallow sediment layer responses
by 1D response analysis. A 2 s wide cosine-shape pulse is input vertically.
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Fig. 8c. Evaluation of error due to the approximation of shallow sediment layer responses
by 1D response analysis. A 4 s wide cosine-shape pulse is input vertically.
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Fig. 8d. Evaluation of error due to the approximation of shallow sediment layer responses by
1D response analysis. A 6 s wide cosine-shape pulse is input vertically.
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Evaluation of error due to the approximation of shallow sediment layer responses by 1D response analysis.
The spectra of synthetics at x = 10., 17.5, 30.5 km shown in Fig. 8a-d are illustrated. Black lines for the
synthetics calculated by 2D finite difference method for the full 4-sediment layer model (Table 2). Red lines
are spectra for the synthetics calculated first by 2D finite difference method for the 2-sedmient layer model
(a model eliminating the upper two layers from the full 4-sediment layer model) and later added the 1D
response of the shallow two layers. Blue lines are spectraa for the synthetics calculated first by 2D finite
difference method for the 3-sedmient layer model (a model eliminating the upper one layer from the full 4-
sediment layer model) and later added the 1D response of the shallowest layer.
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