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Abstract—Seismic codes stipulate earthquake ground motions by
considering the seismicity and seismic amplification properties of
the ground at the target site. However, the effects of source, path,
and site amplification characteristics are not sufficiently
anticipated in seismic codes. Regarding the source and path
characteristics, earthquakes that have the strongest influence on
the target site should be considered specifically, and, concerning
seismic amplification, the effects of not only a shallow subsurface
but also a deep subsurface should be considered. This article
takes the design spectra of Japanese highway bridges as an object
and compares them with the spectra produced by a ground
motion prediction equation and the source- and site-specific
spectra evaluated using a state-of-the-art method. The results
show that the spectra differ greatly. In this way, the necessity of
the application of a state-of-the-art technique in the evaluation of
source, path, and site amplification characteristics is
demonstrated.
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1. INTRODUCTION

Earthquake Ground Motion (EGM) is affected by source,
path, and site characteristics. Codes of practice take those
characteristics into account in various ways when developing
principles of seismic design. Regarding the first two
characteristics, AASHTO design specifications for bridges [1]
and NEHRP-recommended seismic provisions for buildings [2]
apply site-specific hazard analyses to reflect the effects of
source and path characteristics on EGMs. Eurocode 8 [3]
classifies the seismicity of the site according to the surface
wave magnitude of the associated earthquake, and design
coefficients for EGMs are specified according to the seismicity
of the site of interest. The Japanese Specifications for Highway
Bridges (JSHB) [4] classify the focal mechanisms of
earthquakes into inter-plate earthquakes and shallow crustal
(inner-plate) earthquakes, as well as specify the EGMs for each
focal mechanism. The EGMs are then multiplied by a region
coefficient according to the seismicity of the site of interest.
The Japanese technical standard for buildings also specifies
EGMs and region coefficients [5]. One of the problems in the
application of hazard analysis when evaluating EGMs for
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seismic design is that the analysis only provides a probabilistic
EGM corresponding to the magnitude of reference earthquakes.
Therefore, specific source characteristics such as directivity
effects due to the rupture process in the fault plane [6] cannot
be considered. The EGM recommendations of the JSHB are
also not site-specific, because data of massive earthquakes
obtained from all over the country are used. Regarding the site
amplification characteristic, almost all the seismic codes and
Ground Motion Prediction Equations (GMPEs) consider the
amplification only in relation to a shallow subsurface.
AASHTO, NEHRP, and Eurocode 8 classify site conditions
according to surface soil types and Vs30, which is the average
shear-wave velocity of the top 30m of the site. The JSHB and
Japanese building codes classify ground conditions in
accordance with the natural period of the shallow subsurface,
from the ground surface down to the engineering bedrock.
Here, engineering bedrock is a stiff soil whose shear-wave
velocity exceeds 300m/s. It has been observed that the effect of
a deep subsurface should be considered [7-10] and an
evaluation of the amplification of shallow subsurfaces alone
greatly underestimates the amplification values at the relevant
sites [9, 10].

Recent achievements in the field of earthquake engineering
have enabled the introduction of strong-motion simulation
techniques such as a semi-empirical method using a
characterized source model [11, 12]. When conducting a
strong-motion simulation, evaluation of source, path, and site
amplification characteristics by using a state-of-the-art method
is very important for source- and site-specific EGMs. This
study aims to address the necessity of the appropriate
consideration of the said characteristics for EGMs by showing
the difference in EGMs evaluated via conventional methods
and those evaluated by a state-of-the-art method.

II. CONVENTIONAL EGM

A. EGM in the JSHB

The JSHB stipulate six types of EGM as the maximum
credible EGM at the target site, namely, the combination of two
kinds of source characteristics (the inter-plate type and the
inner-plate type) and three kinds of ground conditions.
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Regarding earthquake type, inter-plate type EGMs were
defined in relation to the 1923 Kanto Earthquake, the 2003
Tokachi-oki Earthquake, and the 2011 off the Pacific coast of
Tohoku Earthquake. Inner-plate type EGMs were defined in
relation to the 1995 Kobe Earthquake. The standard EGMs are
multiplied by a region coefficient in the range of 0.7-1.2.
Although the region coefficient is used to reflect the seismicity
of the site of interest, there has been no reported evidence
supporting that value. The ground condition is classified by the
natural period of the shallow subsurface, as shown in Table 1.
Figure 1 shows the standard 5% damped EGMs.
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Fig. 1. Standard EGMs.
B. GMPEs

GMPEs are widely used to evaluate EGMs in accordance
with the magnitude of the reference earthquake and the surface
condition of the target site. Many GMPEs have been proposed
to date [13, 14]. This study employs the GMPE proposed by
[13], wherein EGM is calculated by:

In(S, (7)) =aM,, +bX - In(X +cexp(dMy, ) +e(h-h,)s, W
+Fp+8;+ 85 +SqIn(X) +Cp + Sy,

where S,(7) is the 5% damped response spectrum (cm/s), M)
is the moment magnitude, X is the shortest fault distance (km),
h is the focal depth (km), and ¢ is a dummy variable equal to
0 for # <h.and 1 for A > h,, with A, as a depth constant. a, b,
¢, d, and e are the regression coefficients for the period 7(s).
Fr, S}, and S are the source type coefficients, where Fj is
applied to a reverse fault-type inner-plate earthquake, S; is
applied to an inter-plate earthquake, Ss is applied to an intra-
slab earthquake, and O is used for all other kinds. Sy, is the
magnitude-independent path correction term for intra-slab
earthquakes, Cy is the site classification coefficient, and Sysy is
the correction factor of the magnitude-squared term for each
source type. We refer the reader to [13] for details.

III.  TARGET SITES

Four sites from the strong-motion observation network K-
NET [15] were chosen as target sites in this study: GNMO001
(D, YMGO19 (I), FKOO11 (II), and KOCO014 (1II). The number
in the parentheses is the ground type according to the JSHB.
The reference earthquakes for each site are: an inter-plate type
in the form of the Nankai Trough megathrust earthquake (also
known as the Nankai Trough earthquake) for YMGO19 and
KOCO014, an inner-plate type earthquake along the fault zone of
the left bank of the Katashina River (Katashina River fault
earthquake) for GNMOOI, and an inner-plate type earthquake
along the fault zone of the north edge of the Saga Plain (Saga
Plain fault earthquake) for FKOO11. The region coefficients
provided in the JSHB for EGMs at those sites are: 1.0 for
GNMO0O01, 0.8 for YMGO019, 0.7 for FKOO11, and 1.2 for
KOCO014 [4].

IV. SOURCE- AND SITE-SPECIFIC EGMS

A. Method Overview

We applied a semi-empirical method for the evaluation of
source- and site-specific EGMs. The used method is also called
the statistical Green’s function method [11], and we referred to
[16] for the specific calculation procedures. This method
divides the Strong Motion Generation Area (SMGA) in a fault
plane into sub-faults and evaluates the larger EGM as the
summation of the small EGMs caused by the sub-faults. An
SMGA is also called the asperity in the literature. A Fourier
transform of the small EGM (u(f), Green’s function) is obtained
with the following equation:

u(f) =[SHI|PHIx|GNIxoH o) ()

where S(f) is the source spectrum, P(f) is the path spectrum,
G(f) is the site amplification spectrum, O(f) is the Fourier
spectrum of the small earthquake observed at the target site,
and f'is the frequency.

It is emphasized that source, path, and site amplification
characteristics need to be source and site specifically evaluated
as will be described in the following section.

B. Source Characteristics

The source spectrum was obtained with reference to [17]
as:

My Q)
4mpV 1+(f 1 1.)

where Ry, is the radiation coefficient, F'S is the amplification
due to the free surface (=2), PRTITN is a reduction factor
accounting for the partitioning of energy into two horizontal
components (=0.71 in this study), M, is the seismic moment of
the small earthquake, p is the density, V| is the shear-wave
velocity, and f; is the corner frequency of the small earthquake.
Comer frequency f, is calculated based on [18, 19] as:

£.=066V, 1S, ()

where S, is the area of the sub-fault.

|S(f)| = Ry, - FS - PRTITN -
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The summing of the waveforms of the small earthquakes, in
accordance with the rupture process, yields the waveform of
the large earthquake [20, 21]. This study refers to the
Government of Japan’s Cabinet Office [22] for the
arrangement of SMGAs and source parameters setting methods
for the Nankai Trough earthquake. Figure 2 illustrates the
arrangements of SMGAs and rupture starting points for
YMGO019 and KOCHO14. The SMGAs were arranged so that
the EGM were largest at the target sites. The rupture starting
point was set by analyzing the estimated starting point of the
previous events [22]. Figures 3 and 4 exhibit the arrangements
of SMGAs and the rupture starting points for the Saga Plain
fault earthquake and Katashina River fault earthquake
respectively. The rupture starting points were set so that the
waveforms at the target sites became as large as possible due to
the directivity effect. The source parameters were set by

referring to [23, 24].
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Fig. 2. Arrangements of the SMGAs and rupture starting points for the

Nankai Trough earthquake: (a) for YMGO019 (downdip case), (b) for KOC014
(west case).
C. Path Characteristics

The path spectrum was obtained by [17] on the following
equation:

_zf
or,
where 7 is the hypocentral distance, Q is the quality factor

along the propagation path, V; is the shear-wave velocity, and f
is the frequency. The quality factor in (5), which expresses the

[P =S exp (5)

inelastic attenuation of seismic motion, is known to be
frequency dependent and differs from area to area [25]. This
study employed the quality factor proposed in previous studies
by focusing on the area and earthquake types, as shown below:

e The Nankai Trough earthquake [26]:
O(f)=1521** (6)

e The Saga Plain fault earthquake [27]:
O(f)=1041* (7)

e The Katashina River fault earthquake [26]:
O(f)=166/"" (8)

(E i 10 20 (km)
[: SMGA % Rupture Starting Point
Fig. 3. Arrangements of the SMGAs and a rupture starting point for the

Saga Plain fault earthquake.

GNMOO1,

(E i 10 20 (km)
[: SMGA % Rupture Starting Point
Fig. 4. Arrangement of an SMGA and a rupture starting point for the

Katashina River fault earthquake.

D. Site Amplification Characteristics

Site amplification is the amplification of EGMs from the
seismic bedrock to the ground surface and it is known to differ
from site to site. The present study employed two kinds of site
amplification factors: (i) empirically obtained site amplification
factors using the spectral inversion technique [28—30] and (ii)
amplification factors obtained using the multiple reflection
theory and assuming a horizontally layered half-space with a
vertically incident SH wave (1D amplification). Spectral
inversion is a method that separates the source, path, and site
amplification characteristics from the observed EGM. Site
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amplification factors obtained by spectral inversion [31] are 100
known to be larger than those obtained by 1D amplification [9],
because factors affecting seismic amplification, such as 3D
effects, cannot be considered in 1D amplification calculations.
In addition, precise reproduction of the seismic motion by use
of site amplification factors by the spectral inversion was
demonstrated in [16]. In the calculation of 1D amplification,
shear-wave velocity profiles from the ground surface to the
seismic bedrock and quality factors were evaluated by referring
to [10]. Figure 5 shows the shear-wave velocity profile at each
site. Although the sediment depth at three of the sites 1
(FKOO011, GNMO001, and YMGO019) is almost identical (150m),
the shear-wave velocity profiles above the seismic bedrock 0.1 05 1 50
greatly differ among the sites. At KOCO014, the sediment depth Frequency (Hz)
is 600m, which is significantly deeper than at other sites. 100
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Fig. 5. Shear-wave velocity profiles.

Figure 6 compares the site amplification factors evaluated
by the two methods in the range of 0.1-10Hz, as this is an 05
important frequency range for engineering practices. For '
simplicity, the shallow and deep subsurface will be described
as characteristics of the deep subsurface hereinafter. The black 100
line indicates the spectral inversion, the red line denotes 1D 50
amplification by a deep subsurface, and the green line
expresses 1D amplification by a shallow subsurface. We will
discuss the differences individually.

Frequency (Hz)

YMGO19 is a hard rock site, and shear-wave velocity
exceeds 2km/s at 1lm depth. Thus, amplification factor
observation by 1D analysis made no significant difference
because the amplification factor by the shallow subsurface was
unity, while the amplification factor by the deep subsurface 1 =
was also unity below 1Hz and increased only a little above
1Hz. The maximum amplitude was 1.4 at 10Hz. In contrast, 0.1 05 1 510
amplification by spectral inversion showed an amplitude of Frequency (Hz)
approximately 2 below 3Hz, which was larger than that —— :amplification by the spectral inversion
demonstrated by 1D amplification. The maximum amplitude —— ¢ IDamplification by a deep subsurface

. . . — :1D lificati
was 6.0 at 6.4Hz, which was considerably different from the amplification by a shallow subsurface
results of 1D ampliﬁcation. Fig. 6. Comparison of the site amplification factors: (a) YMGO19, (b)

KOC014, (c) FKOO11, and (d) GNMO01.
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Concerning KOC014, the results of amplification using the
three methods were similar, with a first-order peak around 1Hz,
but the amplitudes were significantly different. Peak
amplitudes at the first-order peak frequencies were: 60 using
spectral inversion, 10 using 1D amplification with a deep
subsurface, and 3.3 using 1D amplification with a shallow
subsurface. The amplitude result from using spectral inversion
was much larger than that obtained from using 1D analysis
with a deep subsurface below 3Hz. The amplitude
measurement from using 1D analysis with a shallow subsurface
was much smaller than those obtained using the other two
methods. Regarding FKOO11, the result of the amplification
factor by using spectral inversion was like that of 1D
amplification with a deep subsurface, but the amplitude
measurement from spectral inversion was much larger,
especially below 3Hz. As with other sites, the result of 1D
amplification with a shallow subsurface was much smaller than
the other amplifications. GNMOO1 is a rock site whose shear-
wave velocity is 600m/s at a depth of 10m, and it exceeds
2km/s at 130m. The 1D amplification factor by a shallow
subsurface is unity below 3Hz and increased to 3 at 10Hz. 1D
amplification by a deep subsurface showed peaks at 2.4, 5.1,
and 8.5Hz with a maximum amplitude of 6.6 at 5.1Hz. The
amplification effect above 1Hz was considerably larger when
compared with that of the shallow subsurface. Amplification by
spectral inversion showed a comparatively small amplitude
below 4Hz and then increased to 20 at 10Hz. In summary, the
site amplification factor results from using spectral inversion
are larger than those from using 1D amplification with a deep
subsurface. Using 1D amplification with a shallow subsurface
produced the smallest results. It was inferred that the use of 1D
amplification with a deep subsurface for waveform evaluation
may result in an underestimation of the intensity of the EGM. It
is very clear that the use of 1D amplification with a shallow
subsurface alone can lead to the evaluation of EGMs on the
dangerous side, thus the present study does not use the said
method hereafter. Another important point to note is the
difference in the amplification factors of the spectral inversion
among the sites. Sediment sites (FKOO011 and KOC014) show
large amplitudes, whereas rock sites (YMGO019 and GNMO001)
show small amplitudes. The difference in the amplitude is
much larger than that assumed by 1D amplification. This is
attributed to the 3D amplification characteristics as mentioned
above.

E. Nonlinear Characteristics of the Shallow Subsurface

A shallow subsurface exhibits nonlinear characteristics
during a strong earthquake. Therefore, the effects of nonlinear
characteristics of a shallow subsurface were evaluated using the
following processes: (i) obtain the input seismic motion at the
engineering bedrock level via the deconvolution process using
the multiple reflection theory along with the initial shear
modulus of the soil (a linear earthquake response analysis), (it)
conduct an equivalent-linear earthquake response analysis [32,
33] considering the nonlinear characteristics of the soil [34],
and (iii) obtain the waveform at the ground surface.

V. RESULTS AND DISCUSSION

Figure 7 compares the horizontal, two-component (NS and
EW) synthetic 5% damped calculated EGMs.
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Fig. 7. Comparison of the response spectra: Nankai Trough earthquake (a)
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Regarding EGMs for YMGO019, the EGM according to the
JSHB is relatively small because the region coefficient is as
low as 0.8, however it still overestimates the EGM when
compared with source- and site-specific EGM because the site
amplification factor at YMGO19 is small. IDEGM conversely
underestimates EGM, and the EGM of a GMPE is generally
consistent with source- and site-specific EGM. On the other
hand, KOCO014 is a site where the region coefficient is as large
as 1.2, but because of the large site amplification factor, the
JSHB underestimate the EGM when compared with source-
and site-specific EGM in the period range of 3s or less. The
1DEGM and GMPE results also underestimate the EGM when
compared with source- and site-specific EGM. FKOO11
corresponds to an area where the region coefficient is as small
as 0.7. However, because the magnitude of the reference
earthquake is 7.5 and the site amplification factor is large, the
JSHB underestimate the EGM in the period range of 5s or less
when compared with source- and site-specific EGM. The
IDEGM and GMPE results also underestimate EGM.
GNMOO0I corresponds to an area where the region coefficient is
1.0. However, the magnitude of the reference earthquake is 6.8,
which is a little smaller than that of other large earthquakes,
and the site amplification factor is small except in the high
frequency region. Therefore, the EGM results of the JSHB
overestimate the EGM when compared with source- and site-
specific EGM in the period range of 0.15s or more. IDEGM
also overestimates EGM in the period range of 0.15-1.5s.
GMPE results also overestimate the EGM in the period range
of0.2t02s.

Based on the above, it can be said that EGMs vary greatly
depending on the calculation methods used. Conventional
methods do not consider deep subsurface amplification and
therefore often overestimate or underestimate EGM when
compared with source- and site-specific EGM. For a rational
EGM evaluation, it is important to evaluate the EGM source
and site specifically by using the state-of-the-art method
described above.

VI. CONCLUSIONS

In this study, source- and site-specific EGM results of inter-
plate and inner-plate earthquakes were estimated using a state-
of-the-art method targeting various site amplification factor
points and compared them with EGM results from the JSHB
and GMPEs. As a result, it was made clear that although the
JSHB consider the earthquake type, ground type, and region
coefficients, the way it treats the source, path, and site
amplification characteristics is insufficient. GMPEs are widely
used to simply evaluate EGM; however, estimated EGMs may
differ significantly from source- and site-specific EGM because
the same three characteristics are not properly considered.

Infrastructure must be appropriately constructed and
maintained, but in order to do so, the load effects on it must be
appropriately evaluated, and infrastructural investments should
be optimized regarding the seismic hazard at each site.
Therefore, the evaluation of EGM using a state-of-the-art
method is extremely important.
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