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Abstract

Simplified regression models to predict the site amplification are widely adopted to seismic hazard maps,
building codes, etc. In practice, the most popular parameters to control the prediction models are an averaged S-
wave velocity of top z m depth, Vs, especially Vsz. S-wave impedance ratio of the uppermost layer to the
basement, Z,/Z,, is alternative candidate for the prediction parameters. We compare the prediction performances
for site amplification factors between Vs, and Z1/Z,, on the basis of the numerical experiments. Depth z taking
the average of S-wave velocity must be selected on the basis of the target period range of site amplification
factors. Z1/Z, is similar performance to Vs, and better than V3o for PGA amplification. This implies that Z,/Z,
is effective on the usage of site amplification predictions because Z; only requires the physical parameter on the
uppermost surface layer.
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1. Introduction

Seismic waves are amplified on soft surface sediments over stiff bedrock. The amplification of ground motions
closely related to earthquake damages. Prediction of the amplification at particular sites is an important issue to
mitigate the damages in the field of earthquake engineering. The site amplification has been evaluated on the
basis of ground motion records, especially at vertical array site, and numerical simulations considering complex
subsurface structures.

Investigation of the detailed subsurface structure and precise dynamic behavior of the target soil is
required to evaluate the accurate site amplification. Even if we can apply the data set at a target site, it is difficult
to spatially extend the data to the surrounding area in the same order of accuracy. Therefore, the precise
approach may not be adequate to the prediction in the scale of whole the earth, such as seismic hazard maps.
Instead, empirical approaches are widely adopted to the prediction. Most of them are based on regression models
for the site amplification factor with the arguments of a few parameters classifying the soil types. The parameters
are usually estimated from the less geotechnical data. We refer to them as site parameters. The most popular one
is an averaged S-wave velocity of top 30m depth, Vs, and it is adopted to predict the levels of ground motion
(e.g., Kanno et al., 2006 [1]; Abrahamson et al., 2014 [2]; Chiou and Youngs, 2014 [3]). S-wave impedance may
be another candidate for the site parameters, because it controls a root mean square of the amplification (Goto et
al., 2011 [4]).

Performance of the regression model (ground motion prediction equation, GMPE) is mainly governed by
the performance of site parameters. We, thus, compare the performances between the averaged S-wave velocity
and S-wave impedance on the basis of numerical experiments. In addition, conservation of normalized energy
density [4] implies that S-wave impedance of only the uppermost surface layer is essential. If the performance of
S-wave impedance is comparable to the averaged S-wave velocity, S-wave impedance may be the reasonable
choice for the site parameter.



16™ World Conference on Earthquake, 16WCEE 2017

%)

\tﬁ

T

§§£fyary 9th to 13th 2017

2. Averaged S-wave velocity (Vszg etc.)

One of the major parameters used for site classification is averaged S-wave velocity of surface ground of top z m
depth, usually denoted as Vs,. For a multi-layered structure model consisting of n horizontal surface layers (#1-
#n) over a half-space basement (#0), Vs, is defined, as follows;

m . m
Vg, =12 ZF_',Z=ZHi, 1)
i=1 /1 i=1

where g; and H; are S-wave velocity and thickness of ith layer, respectively. m is number of layers within top z
m depth. The deepest layer is truncated so that sum of thickness is equal to z.

Basic concept of Vs, comes from the fact that S-wave velocity of surface layers affects site amplifications
(e.g., Borcherdt and Gibbs, 1976 [5]; Joyner and Fumal, 1984 [6]). Borcherdt et al. (1978) [7] showed negative
correlation between site amplification and averaged S-wave velocity of approximately top 30m depth on the
basis of database in San Francisco Bay region. Borcherdt and Glassmoyer (1992) [8] found good correlation
between amplification of peak values, e.g., peak ground acceleration (PGA), and V3, from strong ground motion
records during the 1989 Loma Prieta earthquake. Midorikawa (1980) [9] and Midorikawa et al. (1994) [10] also
found the same correlations on the basis of database and ground motion records in Japan. Recently, Vg3, has
been the most popular parameters for site amplification, e.g., National Earthquake Hazard Reduction Program
(NEHRP) and Eurocode 8. In addition, some GMPEs take into account site amplification factors by using Vs

(e.9., [1]; [2]; [3]).

In contrast to increasing the application of Vss, some studies doubt whether Vg, is the best parameters to
evaluate the site amplification. Wald and Mori (2000) [11] pointed out that Vs3 showed a large variation by
comparing to the observed site amplifications. Kokusho and Sato (2008) [12] revealed lower correlation between
Vs3 and site amplifications rather than Vs,, whose z is evaluated from dominant period of strong ground motion
records. Castellaro et al. (2008) [13] checked again the dataset of Borcherdt (1994) [14] from a statistical point
of view, and found no significant correlations between Vsz, and site amplification. Gallipoli et al. (2011) [15]
pointed out that the site amplification could not be estimated from Vg3, classification because of the essential
problems in the velocity inversion, which contains some ambiguity caused by intermediate rigid layers between
soft soil layers (Di Giacomo et al., 2005 [16]). Some studies proposed the combination of Vs3 and the other
parameters to improve the prediction performance of Vs, €.9., Site period (e.g., Luzi et al., 2011 [17]; Cadet et
al., 2012 [18]), depth to engineering bedrock (e.g., [2]; [3]), and variation of S-wave velocity in top 30m depth
(e.g., Rathje and Navidi, 2013 [19]; Rengier et al., 2014 [20]).

We may state that 30m is not an essential depth to evaluate the site amplification by using the averaged S-
wave velocity, when we integrate the past researches for both sides. Some studies discussed the prediction
performance of Vs (e.g., Gallipoli and Mucciarelli, 2009 [21]). In fact, Midorikawa et al. (2008) [22] pointed
out that peak ground velocity (PGV) amplification was well correlated with Vsz, while PGA amplification was
well correlated with V. This implies that site amplifications corresponding to shorter period components are
related with averaged S-wave velocities in shallower depth (smaller z values), and to longer period components
are related with ones in deeper depth (larger z values). In addition, they pointed out that the relationships
between Vs, and site amplification factors vary due to the magnitude, i.e., frequency contents, of the earthquakes.
Therefore, the depth z must be also the parameter, which depends on the selection of target indexes (PGA, PGV,
etc.) and frequency contents of input ground motions. The dependency may be explained by travel time of S-
wave. The travel time is evaluated from the averaged S-wave velocity and the path length. When we focus on the
short (long) period components, the travel time, that is characteristic time for the system, must be small (large).

Site amplification is mainly controlled by the impedance contrast. The value of Vs, aims to account for the
contrast. On the other hand, the selection of depth z aims to find an effective depth corresponding to the target
period range. When we distinguish each contribution to site amplification, the factor is not required to be the
averaged S-wave velocity.
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3. S-wave impedance ratio

S-wave impedance is defined by multiplying S-wave velocity and density. Its ratio between surface layers and
basement controls the peak value of transfer function of surface ground. Therefore, some researches focused on
the relation between the S-wave impedance ratio and site amplification. Shima (1978) [23] pointed out that S-
wave velocity ratio between the uppermost layer and the basement is well correlated with the site amplifications
by carrying out numerical simulations. Joyner et al. (1981) [24] proposed the square root of ratio between the
averaged S-wave impedance of near surface and the basement as appropriate parameter of the site amplification.
Boore (2013) [25] introduced the same S-wave impedance ratio to approximately compute the site amplification,
namely SRI method. Joyner et al. (1981), Boore (2013) and the other studies (e.g., Boore, 2003 [26]) take the
average over a depth defined by the target frequency for the S-wave impedance of near surface.

Some researchers (e.g., [24]; [25]) referred to ray theory in order to explain the reason why they applied
the S-wave impedance ratio to estimate the site amplification, although the ray theory is not available in case of
wave propagation in the multi-layered structures [4]. Another theoretical background is available in terms of
normalized energy density (NED), which was proposed by Goto et al. (2011). NED is defined by a following
form when SH wave vertically transmits to multi-layered structures (Goto et al., 2013 [27]);

_ im L@ A ()|
NED; = lim Ejo piﬂi‘m do, )

Q—o0

where Aq is a Fourier amplitude of the incident wave, and A; is a Fourier amplitude of the upgoing wave in the
ith layer. p; is the density of ith layer, and w is the angular frequency. NED is a product of frequency-averaged
power of transfer function and S-wave impedance Z;, which is defined by p;f;. Goto et al. (2011) established an
essential principle of NED; NED is constant over the all layers (NED; = NED, = pofo) even if any velocity
contrasts exist in the multi-layered structure.

On the basis of the principle, root mean square (RMS) of the upgoing wave amplification in the uppermost

layer (i=1) is derived, as follows;
2 I -
dow = [P0P0 _ |£0 (3)
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where Z,/Z, is a S-wave impedance ratio of the uppermost layer to the basement. From Eq. (3), RMS of transfer
function between ground surface and basement is proportional to the inverse square root of the S-wave
impedance ratio (Z,/Z,). In addition, the ratio also controls the peak value of the transfer function. Day (1996)
[28] derived the same result about the downgoing wave amplification. He also pointed out that the RMS of
transfer function over the finite bandwidth of « does not depend on the ground structure below the depth defined
by the bandwidth. Therefore, Z,/Z, is another candidate to represent the site amplification. Note that no
information of intermediate layers is required to evaluate the value of Z,/Z,. Only the S-wave impedance of the
uppermost layer needs to be estimated when the reference basement is defined. Recently, Goto et al. (2015) [29]
proposed a measurement method of the S-wave impedance of the uppermost layer. The method requires only to
touch the ground surface, and not to disturb the ground environment, such as boring.

4. Numerical experiments
4.1 Method and model

In this article, we adopt Vs, Vsi0, and Z1/Z, as indexes to characterize the site amplifications, namely site
parameters. Monte Carlo simulations are performed by assuming vertical propagation of SH wave through 1D
hypothetical stratified layers whose all geotechnical data are known, and the relationship between site
amplification factors and the site parameters is discussed on the basis of the simulation results.
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Total site amplifications are controlled by the subsurface structure above the seismological bedrock (~
2000-3000m/s of S-wave velocity), which is located in the order of 1-3km depth in Tokyo and Osaka areas in
Japan. On the other hand, the effective periods of the subsurface structure are longer period components (5-12s),
which is not our target period range. For example, the dominant periods of the severe ground motion damage
observed in Osaki city and Namie town during the 2011 Tohoku earthquake in Japan are estimated around 0.3-
0.6s, and the site amplification can be explained by very shallow structure (e.g., Goto and Midorikawa, 2012
[30]; Goto et al., 2012 [31]; Goto et al., 2016 [32]). In addition, the total site amplifications cannot be discussed
under the assumption of both 1D stratified media and vertical incident of S-wave. In practice, the amplification
due to the deep subsurface structure must be estimated from the detailed 3D subsurface structure by using 3D
precise numerical simulations, and/or site amplification factors estimated from ground motion records by
spectral inversion methods. In one example, any (single) site parameters cannot explain the basin edge effect
occurred in 1995 Kobe earthquake (e.g., Kawase, 1996 [33]). Therefore, we focus on the shallower stiff layer
called “engineering bedrock” as the basement. It is usually defined by 300-700m/s of S-wave velocity.

q’ g 16" World Conference on Earthquake, 16WCEE 2017

We randomly create three-layered structures consisting of 2 horizontal surface layers (#1 and #2) over the
half space basement (#0), as shown in Fig.1. Each medium assumes to be linear elastic material. No damping is
assumed in the basement, and damping coefficients are introduced into each surface layer by using complex
stiffness. Physical values of the basement, 600m/s for S-wave velocity and 2200kg/m® for density, are common
in all the cases. 10,000 models are generated by sampling each physical value of the surface layers in a range of
100-600m/s for S-wave velocity, 1500-2200kg/m? for density and 0.01-0.05 for damping coefficient. In order to
enhance the soft sediment cases, an additional parameter x is uniformly sampled from log100 to 1og600, and the
S-wave velocity is calculated from a value of 10*. The other parameters are uniformly sampled from the range. If
the S-wave impedance of the surface layer #1 is larger than that of the layer #2, the parameters are exchanged. It
ensures softer layer allocated on the uppermost layer. Total thickness of the surface layers is sampled from
uniform distribution in a range of 10-100m, and the interface between the surface layer #1 and #2 is also
randomly selected. Histograms of the three site parameters and the total thickness are shown in Fig.2.

Responses on free surface of the three-layered structure models are numerically computed by using
Haskell-Thomson method (Thomson, 1950 [34]; Haskell, 1953 [35]). The frequency range of the simulation is
lower than or equal to 50Hz. We assume to keep linear elastic response in this simulation. In practice, nonlinear
soil response is effective under the strong ground motions, and it should be considered in site amplification
predictions (e.g., Seyhan and Stewart, 2014 [36]). On the other hand, the final execution of equivalent linear
analysis, e.g., SHAKE (Schnabel et al., 1972 [37]), is linear elastic response with the corresponding shear
modulus to shear strains. In this simulation, the parameter sets include the cases of shear modulus degradation.

The calculated transfer functions, |2A:| / |2A,|, for all the generated models are shown in Fig.3. Site
amplification factor is defined by a ratio of calculated values to values in case of homogeneous model whose
physical parameter is the same with the basement. In the article, peak ground acceleration (PGA) and peak
ground velocity (PGV) are adopted to calculate the factors.

surface layer #1
P1 B4 hy

surface layer #2
P, By h,

half space basement #0
Po Ba ho

Fig. 1 — Structure model for Monte Carlo simulations, consisting of two surface layers and a half-space
basement. Bi, pi, h; and H; are S-wave velocity, density, damping coefficient and the thickness of ith layer,
respectively. Physical values of basement are common to all the models, 8, = 600 (m/s), po = 2200 (kg/m), hy =
0. S-wave impedances are ensured to be the ascending order from the top layer, such as p11 < p2f2 < pofo-

4



q@ 16" World Conference on Earthquake, 16WCEE 2017
b T A
2 ' Z=Tanuary 9th to 13th 2017

—

We apply three types of incident waves, whose 5% damped acceleration spectra and time histories of
acceleration are shown in Fig.4. Type A, Type B, and Type C waves enhance short, middle, and long period
components, respectively. Ratios of 5% damped acceleration spectra in 0.1-1.0s are listed in Table 1. The peak
periods of 5% damped acceleration and velocity spectra of the three waves are also listed in the same table.
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Fig. 2 — Histograms of the three site parameters and total thickness of the 10,000 models. (a) averaged S-wave
velocity to 30m depth; Vss. (b) averaged S-wave velocity to 10m depth; Vs. (C) S-wave impedance ratio
between the uppermost layer and the basement; Z,/Z,. (d) Total thickness; H;+H,.
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Fig. 3 — The transfer functions between ground surface and basement |2A,| / [2Ao| for randomly generated 10,000
models. The gray solid line plots all the transfer functions for each model. The black solid line is its average, and
the black dashed lines are the range of standard deviation from the average value.
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Fig. 4 — Three types of incident waves. (a) 5% damped acceleration spectra. (b) Time history of acceleration.
Type A, Type B, and Type C enhance short, middle, and long period components, respectively.
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Table 1 — Characteristics of the three incident waves. Ratios of 5% damped spectral acceleration values between
0.1s and 1.0s are listed in 2nd column. The peak periods of 5% damped acceleration spectra and velocity spectra
are listed in 3rd and 4th column, respectively.

1.0s spectral acceleration Peak period of 5% damped response spectra (s)
Incident wave )
/ 0.1s spectral acceleration Acceleration (T%%X Velocity (Tﬁfgx
Type A (short) 0.11 0.15 0.27
Type B (middle) 131 0.35 1.30
Type C (long) 2.59 1.08 2.18

4.2 Correlation between site parameter and site amplification factor

Fig.5 shows 5% damped acceleration response spectra on ground surface for each incident wave, Type A-C. In
comparison to the response spectra of incident waves, the spectra keep some frequency contents of incident
waves, although they vary due to the variation of site amplifications. Note that some response spectra in short
period components up to 0.5s are less than ones for input waves, especially for Type A cases. Amount of internal
damping may affect the attenuation.

Fig.6 and Fig.7 show the relationships between site parameters and site amplification factors for each
incident wave. Each of them consists of 9 figures that is a combination of three site parameters and three types of
incident wave. Fig.6 and Fig.7 show the results for two site amplification factors; PGA amplification and PGV
amplification, respectively. Table 2 lists the correlation coefficients between each site parameter and all the site
amplification factors including all types of incident waves, and Table 3 lists the correlation coefficients between
all the combination of site parameters and site amplification factors.

As Vs increases, all the site amplification factors do not monotonically decrease for the incident wave of
Type A (short-period wave). Positive correlation between the factors and Vg3, appears well in 100-200m/s of
V0. This feature is also seen for the other incident waves in the cases of PGA amplification. It seems to be in
opposite sense if Vg3 represents well the site amplifications. Aboye et al. (2015) [38] also pointed out the feature.
The results are relatively improved in cases of Vsio. On the other hand, Vsso is highly correlated with site
amplification factors for the incident wave of Type B (middle-period wave) and C (long-period wave), especially
in cases of PGV amplification, as shown in Table 3. PGA amplification is the factor essentially focusing on the
short-period amplifications, while PGV amplification is focusing on middle- to long-period amplifications.
Therefore, Vs is a better selection as the site parameter than Vs, when we focus on the middle- to long-period
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Fig. 5 — The 5% damped acceleration response spectra on the ground surface. Types of incident waves, Type A,
B, and C, are tiled in left, middle, and right columns, respectively. Each gray solid line is a calculated result
corresponding to one of the randomly generated 10,000 models. The black broken lines and the black solid lines
are the range of standard deviations and average values of the results. The thin lines are ones for incident waves.
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amplifications, and vice versa for short-period amplifications. It is consistent with the results by Midorikawa et
al. (2008). Depth z of the averaged S-wave velocity should be selected in a manner of period range for the target
site amplification factors.

As Z1/Z, increases, most of the site amplification factors monotonically decrease. The feature does not
depend on the types of incident waves and the site amplification factors. Overall correlation coefficients (Table
2) for Z41/Z, are not significantly different with both Vs and Vsso, While the correlations are better in cases for
PGA amplification and/or short period wave (Type A) as similar to Vsio. Z1/Z, only uses material parameter on
uppermost surface layer when the reference basement is defined. Therefore, Z,/Z, may be alternative to Vs if
we have no information about velocity profiles to 10m depth. In Fig.6 and Fig.7, curves of inverse square root of
Z11Z, are plotted together with the results. The upper bound of the site amplification factors is close to the
inverse square root of Z,/Z, for most of the results. Only for PGA amplification and Type C incident wave, the
geometric mean of the factors is very close to the curve. The lower bound of the factors is close to 1 regardless
of the values of Z,/Z, for most of the results. It implies that the upper and lower bounds seem to be
systematically determined.

Site Amplification Factor : Peak Ground Acceleration (PGA)

Site Incident wave
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Fig. 6 — Scatter plots between site parameter and peak ground acceleration (PGA). Types of incident waves, type
A, B, and C, are tiled in left, middle, and right columns, respectively. Each vertical axis is amplification of PGA.
Horizontal axes are site parameters, Vsso, Vs10, and Z,/Z,, from top to bottom rows, respectively. Each gray dot
is a calculated result corresponding to one of the randomly generated 10,000 models. Error bars and the center
symbols are the range of standard deviations and mean values of the results. The black solid line in the figures
related to S-wave impedance ratio represents a curve of inverse square root of S-wave impedance ratio.
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4.3 Prediction equation for site amplification factor

As shown in Table 3, the correlation coefficient for PGA amplification and Type A is lowest. This implies that
the site amplification factors for short period components may be also controlled by the amount of internal
damping. Vs, and Z,/Z, are satisfied only for no damping cases. Site amplification factors for models with
damping must be less than those without damping. Anderson et al. (1996) [39] proposed to adopt an average

property of attenuation in multi-layers. The parameter was named a total damping ts by Goto et al. (2013), and
defined, as follows;

«  <h2H;h;
te =y —H1 (4)
° E Bi

where h; is damping coefficient of ith layer. Anderson et al. (1996) found that site classification using both the

averaged S-wave velocity and tg allows accurate prediction of peak and RMS accelerations. Goto et al. (2013)
pointed out that NED is not constant over the layers if the material contains the intrinsic damping, and decay of

Site Amplification Factor : Peak Ground Velocity (PGV)
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Fig. 7 — Scatter plots between site parameter and peak ground velocity (PGV). Types of incident waves, type A,
B, and C, are tiled in left, middle, and right columns, respectively. Each vertical axis is amplification of PGV.
Horizontal axes are site parameters, Vsso, V10, and Z;/Z,, from top to bottom rows, respectively. Each gray dot
is a calculated result corresponding to one of the randomly generated 10,000 models. Error bars and the center
symbols are the range of standard deviations and mean values of the results. The black solid line in the figures
related to S-wave impedance ratio represents a curve of inverse square root of S-wave impedance ratio.
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Table 2 — Correlation coefficients between site parameters and site amplification factors for all combinations of
incident wave types and site amplification factors.

q’ g 16" World Conference on Earthquake, 16WCEE 2017

Site parameters Vsao Vs1o Z,1Z,

Correlation coefficients -0.514 | -0.549 | -0.523

Table 3 — Correlation coefficients between site parameters and site amplification factors.

Site amplification factors PGA ratio PGV ratio
Incident wave Type A Type B Type C Type A Type B Type C
& Vs30 0.174 -0.652 -0.888 -0.299 -0.941 -0.874
é é Vs1o -0.135 -0.728 -0.863 -0.542 -0.820 -0.687
% a Z,/Z, -0.220 -0.694 -0.792 -0.545 -0.739 -0.612

NED values is well correlated with ts. Therefore, the variation containing in the results for short period cases
may be reduced when we adopt the additional parameter t;. We evaluate a prediction equation for site
amplification factor in a function of site parameter Vs, or Z3/Z,, and the total damping ts. Let A be a site
amplification factor (i.e., PGA amplification and PGV amplification), and the prediction equation is proposed, as
follows:

*

InA=cy+¢InS—7 s : (5)

max

where S is defined by a relative value of site parameters; Vs,/, for the averaged S-wave velocity, and Z,/Z, for
the impedance ratio. ¢, and c; are regression coefficients that are estimated from results for all the combination
of 10,000 models and 3 types of incident waves. The third term represents the explicit contribution of the total
damping. Amplitude decay of seismic wave due to the internal damping and scatterings is generally modeled by
an exponential function of frequency (e.g., [39]). In this article, the variable of the function is substituted with an
effective frequency of incident waves, which are defined by an inverse of peak periods of their response spectra
(Tmax). Peak periods of 5% damped acceleration spectra and velocity spectra for the incident wave are adopted to
PGA prediction and PGV prediction, respectively. The former is denoted by TS3,, and the latter is denoted by

T .. whose values are listed in Table 1.

Table 4 shows the estimated regression coefficients for PGA amplification and PGV amplification, and
RMS residuals from the predicted values. Vs is the best parameters for PGA prediction, and Vsz, is the best
parameters for PGV prediction in terms of RMS residuals. On the other hand, regression coefficient ¢, of Z,/Z,
for PGA prediction is almost zero. It means that the site amplification factor for PGA may be essentially
represented by Z,/Z, and tg. In fact, RMS residual for Z,/Z, (0.170) is smaller than one for Vsz (0.185) when
the coefficient cq constrains to be zero in case of PGA prediction.

For prediction equation, statistical independence of the arguments should be clarified. Correlation
coefficient between tg and Z,/Z, is estimated as -0.35 on the basis of the same samples in estimating the
prediction equation. On the other hand, correlation coefficients between tg and Vssg, and between t§ and Vs, are
-0.60 and -0.44, respectively. The large correlation coefficients for the averaged S-wave velocity are expected

from the definition of tg by reference to Eq. (1) and (4). A set of independent arguments t5 and Z,/Z, will give a
good PGA prediction from statistical point of view.
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Table 4 — Regression coefficients of prediction equation for site amplification factor, and RMS residuals from
the predicted values.

PGA ratio PGV ratio

Co Cq1 RMS Co C RMS

Vso/fo| 0.188 | -0.442 | 0.169 | -0.025 | -0.494 | 0.159

Vs10/fo| 0.086 | -0.478 | 0.157 | -0.054 | -0.459 | 0.185
Z,/Z, | 0.004 | -0.456 | 0.170 | -0.108 | -0.420 | 0.202

5. Conclusions and remarks

We compare the prediction performances for site amplification factors between the averaged S-wave velocity Vs,
and S-wave impedance ratio Z,/Z,. On the basis of the numerical experiments assuming vertical propagation of
SH wave through 1D stratified layers, we estimate correlation coefficients between the site parameters and the
site amplification factors, and errors from prediction equations.

Vs is more highly correlated with the middle- to long-period site amplification factors such as PGV
amplification for the middle- to long-period incident waves than Vs,o and Z;/Zo. On the other hand, when we
focus on the short-period site amplification factors such as PGA amplification or cases for incident wave of Type
A (short-period wave), the factors does not monotonically decrease as Vg3 increases. This indicates that the
largest site amplification factors should be predicted at a particular value of Vsz,. In contrast, Vsio almost shows
the monotonic decrease. Although Vs, aims to account for the impedance contrast to the bedrock, the selection of
depth z must depend on the target period range. Z,/Z, also shows the monotonic relationship with site
amplification factors regardless of the target period range. In addition, the upper bound of the site amplification
factors is close to the inverse square of Z1/Z, and the lower one is close to 1 regardless the value of Z,/Z, for
most of the results. Z,/Z, shows the similar correlation coefficients to Vs in cases for the short-period site
amplification factors and for incident wave of Type A (short-period wave).

From the results of numerical experiments, we can conclude that Z;/Z, is similar performance to Vs for
the short-period components, i.e., short-period site amplification factors or incident wave enhancing short-period
components. In order to evaluate Vs,, precise information about the subsurface structure of top z m depth is
required by using PS loggings. The investigation takes a large cost, and thus the values of Vg, are usually
estimated from geomorphologic classifications (e.g., Wakamatsu and Matsuoka, 2006 [40]), and topographic
data (e.g., Wald and Allen, 2007 [41]). Therefore, Vs, itself contains some estimation error. On the other hand,
Z,/Z, only requires S-wave impedance of the uppermost surface layer when the reference basement is defined.
The measurement technique of the S-wave impedance without any disturbances of ground has been proposed by
Goto et al. (2015), which the instruments only touch the ground surface. This implies that the estimate
performance of Z,/Z, itself is better than Vs,. Therefore, the prediction equation based on the Z,/Z, might be
effective.
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