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for earthquake for steps 2 and 3 of blind
prediction exercise
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Abstract

For the accurate prediction of earthquake ground motions, the investigation of three elements in its process, namely
the source, path, and site effects, is crucial, and their accuracy and reliability should be evaluated. The Committee of
the 6th Effect of Surface Geology on Seismic Motion Symposium conducted a blind prediction exercise to investigate
the accuracy and reliability of estimating the subsurface velocity structure related to the site effect and for predicting
weak and strong ground motions. We participated in a blind prediction exercise and estimated the weak and strong
ground motions that occurred during the 2016 Kumamoto earthquake sequence. First, the velocity structures at a
target site KUMA and our reference site EEB were identified based on the diffuse field concept for earthquake (DFCe).
The identified velocity structures at KUMA and EEB reproduced the observed horizontal-to-vertical spectral ratios of
earthquakes well and were considered to be able to reproduce the horizontal and vertical site amplification fac-

tors based on DFCe. Second, the incident waves at the seismic bedrock of EEB were estimated. For weak and strong
ground motions, the spectral amplitudes of the three components of the incident waves were estimated from the
vertical motions observed on the surface at EEB assuming the generation of a diffuse field for a single earthquake
record and the linearity of the vertical amplification factor, even during strong shaking. Finally, the ground motions
on the surface at KUMA were estimated using the incident waves estimated at the seismic bedrock, the inverted
velocity structure, and the dynamic deformation characteristics distributed by the organizer of the blind prediction
exercise for shallow soil sediments. The spectral amplitudes of the estimated strong ground motions were smaller at
around 1 Hz and larger at around 10 Hz than the observed ones. However, the estimated overall spectral levels of all
components corresponded to the observed ones. Although several parameters require further research, such as the
damping factor of soil sediments, we have shown that the proposed method can estimate the overall seismic ground
motions at a target site in the blind.
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bedrock
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Graphical Abstract
Weak and strong ground motions were predicted for the blind prediction exercise in ESG6.
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Main text in Odawara, Japan. Blind prediction experiments were

Introduction

In estimating the ground motions at a specific site, there
are many choices for the parameters, such as the source
of the ground motions, Q values of the path, subsurface
velocity structure, and nonlinear dynamic properties of
the soil. There are also choices for estimation methods,
such as source rupture representation (e.g., Irikura and
Miyake 2011), the deconvolution analysis of earthquake
records (e.g., Satoh et al. 1995; Giuseppe et al. 2014); the
analysis of wave propagation in subsurface structures
considering linear, equivalent linear, or nonlinear behav-
ior (e.g., Graves and Pitarka 2016; Chiara et al. 2011); and
effective-stress analysis considering the effect of pore-
water pressure (e.g., Fukutake et al. 1990).

Selecting suitable properties and methods based on a
priori information is necessary for reasonable estima-
tions. Expert knowledge regarding the target site and the
purpose of the estimation is also helpful. The selection
by experts resulted in advantages, such as the optimized
combination of parameters and methods and the con-
sideration of the applicable limitations of the parameters
and methods. However, the expert decision also intro-
duces uncertainty in the selection. Therefore, the degree
of the uncertainty of the prediction and the degree of
the impact of the parameters and methods on the uncer-
tainty would be evaluated.

A Joint Working Group on Effect of Surface Geol-
ogy on Seismic Motion (JWG-ESG) stimulated discus-
sions during the international symposium on ESG about
this uncertainty by conducting a series of blind pre-
diction exercises and simultaneous simulations. ESG1
was the first symposium on ESG and was held in 1992

conducted to identify the one-dimensional velocity
structure of the Turkey Flat, USA, and Ashigara Valley,
Japan. ESG2 was held in 1998 in Yokohama, Japan, dur-
ing which a simultaneous simulation of strong ground
motion during the 1995 Kobe earthquake, Japan, was
conducted. ESG3 was held in 2006 in Grenoble, France,
during which a blind test was conducted to investigate
the reliabilities of dispersion curves and inverted share-
wave profiles, and to simulate nonlinear behavior and
a 3D basin response (e.g., Cornou et al. 2006). Besides
blind predictions in ESG, blind tests focusing on the site
effect derived from microtremors were performed in
the Site Effects Assessment Using Ambient Excitations
(SESAME) (e.g., Bard and SESAME participants 2004).
Régnier et al (2016, 2018) reported results of the PRE-
diction of NOn-LINear soil behavior (PRENOLIN) pro-
ject which was performed to verify variations due to the
equivalent linear/nonlinear ground motion estimation
codes and to validate the estimated waveforms. Asten
et al. (2022) presented results from the Consortium of
Organizations for Strong Motion Observation Systems
(COSMOS) blind trials which focused on site characteri-
zation derived from microtremors.

At ESG6, held in 2021, a blind prediction exercise
for structural inversion and the prediction of weak
and strong ground motions at a private site was con-
ducted. The exercise comprised three steps: Step 1 was
the identification of the subsurface structure using
microtremor records (Chimoto et al. 2021, 2023), Step
2 was the simulation of weak ground motion during a
small earthquake, and Step 3 involved the simulation
of strong ground motions considering soil nonlinearity
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(Tsuno et al. 2021a, 2021b, 2023). The target earth-
quakes in Step 2 were the aftershocks of the 2016 Kum-
amoto earthquake with a JMA magnitude of 5.9, and
the target earthquakes in Step 3 were the foreshock
and mainshock of the 2016 Kumamoto earthquake.
The foreshock occurred on April 14, 2016, Japan Stand-
ard Time (JST), with a JMA magnitude of 6.5, and the
mainshock occurred on April 16, 2016, with a JMA
magnitude of 7.3. The foreshock and mainshock were
located along the Futagawa and Hinagu fault zones.
Thus, the target earthquakes in Steps 2 and 3 were
crustal earthquakes. The 2016 Kumamoto earthquake
sequence caused heavy damage around fault zones, and
many surface ruptures were observed. Several obser-
vation sites have recorded strong motions close to the
fault during the mainshock, and the reproduction and
interpretation of the near-fault records are now of
interest from the perspective of source and site effects.
The aim of the blind prediction exercise in ESG6 was
not only to evaluate the performance of the latest esti-
mation schemes and their uncertainties by comparing
them, but also to conduct blind prediction throughout
the entire process: from velocity structure identifica-
tion to strong motion estimation. Another purpose was
to evaluate the variety among the estimated results with
incomplete a priori information. In Step 3, the wave-
form of the mainshock at the reference site provided by
the ESG6 blind prediction committee was truncated in
the middle of the S-wave because of the power failure;
thus, the participants had options for the input motions
for the strong motion estimation.

We participated in a blind prediction exercise in
ESG6 at all steps. In this study, the ground motion
predictions of a small earthquake (Step 2) and strong
motion predictions (Step 3) are reported. The diffuse
field concept for earthquakes (DFCe; Kawase et al.
2011, Nagashima et al. 2014, Nagashima and Kawase
2022) was adopted to identify the subsurface velocity
structure and estimate the input motions. The ground
motions at the target site named KUMA (Matsush-
ima et al. 2021, 2023) were estimated using linear and
equivalent linear analyses in Steps 2 and 3, respectively.
The committee distributed earthquake records at a site
in a mountainous area named SEVO as a reference site;
however, the mainshock record was truncated after the
S-wave arrival because of power failure. Thus, instead
of SEVO, earthquake records at a site named EEB, a
seismic intensity meter (Shindokei) site installed by the
Japan Meteorological Agency (JMA) closest to KUMA,
were used to estimate the input motions. The locations
of the sites and the epicenters of the target earthquakes
are shown in Fig. 1. The distance between EEB and
KUMA was approximately 1.2 km.
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Fig. 1 Locations of KUMA, EEB, SEVO and epicenters of the target
earthquake of Step 2 and 3. The blue and black rectangles show the
fault models of the foreshock and mainshock of the 2016 Kumamoto
earthquake (Asano and Iwata, 2016, downloaded from SRCMOD)
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Identification of subsurface velocity structures
First, the subsurface velocity structures at KUMA and
EEB were inverted from the horizontal-to-vertical
spectral ratios of earthquake (EHVR) based on DFCe
(Kawase et al. 2011; Nagashima et al. 2014).

In obtaining the observed EHVR, earthquake wave-
forms of 40 s from the S-wave onset were extracted, the
cosine shape taper of 1 s was applied to both ends of the
waveforms, spectral amplitudes were calculated by Fast
Fourier Transform and smoothed using a Parzen win-
dow with a band width of 0.1 Hz, the ratios of North—
South (NS) over Up-Down (UD) components and
those of East—West (EW) over UD components of each
earthquake were calculated, and the geometrical means
of NS/UD and EW/UD among the earthquakes were
taken. The waveforms of 12 earthquakes distributed
by the blind prediction committee were used to calcu-
late the observed EHVR at KUMA, and 16 earthquake
records provided by the JMA were used to calculate the
observed EHVR at EEB. The earthquake parameters
are listed in Tables 1 and 2. The calculated EHVRs are
shown in Fig. 2. Both EHVRs have a peak at 0.3-0.4 Hz
and a broad peak at 1.0 Hz. The difference between NS/
UD and EW/UD was small, suggesting 1D horizontal
layering at both sites (Matsushima et al. 2014).

The observed EHVRs were inverted to identify the
velocity structures based on DFCe. According to DFCe,
the EHVR is interpreted as the ratio of the horizon-
tal amplification factor and the vertical amplification
factor with the coefficients of the S-wave and P-wave
velocities (Vs and Vp) at a seismic bedrock as follows:



Nagashima et al. Earth, Planets and Space (2023) 75:104

Table 1 Earthquakes used to calculate the observed EHVR at

KUMA
Date M;,n PGA-NS[Gall PGA-EW [Gal] PGA-UD [Gal]
2016/04/16 33 48 6.9 33
01:05
2016/04/16 4.0 39.5 357 349
04:05
2016/04/16 4.8 37.7 64.3 404
07:23
2016/04/16 44 48.1 99.2 27.5
11:02
2016/04/17 4.8 28.1 14.3 104
00:14
2016/04/17 4.5 23.0 26.1 154
04:46
2016/04/17 44 20.2 15.2 1.1
19:23
2016/04/18 4.2 113 121 6.1
08:35
2016/04/21 4.0 199 252 14.6
21:52
2016/05/05 4.6 13.7 113 54
10:31
2016/05/05 49 132 14.9 5.0
10:40
2016/05/19 39 134 235 132
02:37
H(f) |« ‘TFhorizontal(f)‘ (1)
=l norzoma |
VE VB | TFrertica ()]

where H(f) and V(f) represent the Fourier spectra of the
horizontal and vertical components, respectively. TF is
the transfer function on the surface due to the vertically
incident wave at the seismic bedrock; thus, | TF,,i,onta(f)]
and |TF, ., ;ca(f)], which are the absolute values of TF, are
the horizontal and vertical amplification factors between
the seismic bedrock and ground surface. a and [ are
Vp and Vs at a seismic bedrock, respectively. To obtain
optimized velocity structure models, we minimized the
residuals between the observed EHVR and theoretical
EHVR in Eq. 1 by using the Hybrid Heuristic Searching
method (HHS), a combination of a real-type genetic algo-
rithm and an annealing simulation (Yamanaka 2007). The
detailed conditions for the inversion are as follows:

— The initial model for both sites consisted of 19 lay-
ers and half-space bedrock. If the number of layers is
too small, the identified structure has a large imped-
ance contrast, and the peak and dip of the theoreti-
cal EHVR become higher and smaller than that of the
observed EHVR, respectively. Thus, the number of
layers was sufficiently large to reproduce the shape of
the EHVR.
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Table 2 Earthquakes used to calculate the observed EHVR at EEB

Date M)ya PGA-NS[Gall] PGA-EW[Gal] PGA-UD [Gal]
2012/08/17 49 7.9 6.1 6.4
08:46

2014/08/29 6.0 7.5 9.1 94
04:14

2015/07/13 5.7 209 18.8 16.9
02:52

2015/08/26 52 4.1 33 3.1
07:51

2015/11/14 7.1 33 48 46
05:51

2016/03/03 49 1.8 1.8 1.5
16:11

2016/04/15 46 356 458 359
05:10

2016/04/16 59 212 357 37.2
03:03

2016/04/16 58 337 419 25.8
03:55

2016/04/16 4.6 2.1 37 32
14:03

2016/04/16 4.6 302 372 418
14:27

2016/04/18 58 19.0 42.1 34.2
20:42

2016/04/19 55 348 328 323
17:52

2016/04/19 5.0 387 343 244
20:47

2016/05/05 4.6 9.6 132 124
10:31

2016/05/05 49 135 226 244
10:40

— The identified variables were Vs, Vp, and the thick-
ness of the 19 layers.

— The variables were identified without the searching
range, but velocity inversion with depth was prohib-
ited; thus, the identified Vs and Vp increased with
increasing depth.

— The thickness of the first layer should be larger than
the threshold of Vs/4/20, owing to the 1/4 wavelength
law at the maximum frequency of interest (20 Hz).

— Damping # and density p were converted based
on the formulae #=2.5/Vs and p=14+0.67*sqrt
(Vs/1000) (Kobayashi et al. 1995), where Vs is in m/s.

— In identifying laterally homogeneous structures, the
root mean square value calculated from two horizon-
tal components (RMS) was obtained for each earth-
quake record, the ratios of the RMS to UD compo-
nents were taken, and the geometrical mean of the
ratios of the RMS/UD was obtained.

— The residuals between the theoretical and observed
EHVR of RMS/UD were minimized using the HHS.
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Fig. 2 Observed EHVR at a KUMA and b EEB. Solid lines are the geometrical means and dotted lines are averages multiplied/divided by one

geometrical standard deviation

— Before inversion, the EHVR was resampled to obtain
even frequency increments on a logarithmic scale.
The amplitude of the EHVR was also evaluated on a
logarithmic scale, and the residuals were evaluated
on a log—log scale for frequency and amplitude.

— The residual between the theoretical and observed
EHVR was normalized by the sum of the squares of
the observed EHVR.

— The residual was calculated in 0.1-20 Hz. To accu-
rately identify deeper structures associated with a
fundamental peak at 0.35 Hz, we also calculated the
normalized residual in 0.1-0.6 Hz, weighted by being
multiplied by six, and minimized together with the
normalized residual in 0.1-20 Hz.

— The HHS uses a random number for generating ini-
tial models, crossing, mutation, and so on. Thus,
inversions were performed 10 times with the same
parameter set, but a random number sequence was
generated in each inversion. The model with the min-
imum residual among the 10 inversions was selected
as the optimal inversion model.

Figures 3 and 4 show the results of the EHVR inver-
sion at KUMA and EEB, respectively. The detailed veloc-
ity profiles of the optimized models are listed in Tables 3
and 4. The inverted structures reproduced the observed
EHVR accurately. All 10 inversions converged to similar
amplification factors in the horizontal and vertical com-
ponents, and the 10 inverted velocity structures were
similar at each site. Features in common between these
two profiles were observed, except for the topmost layers,
in which KUMA has a softer and thicker layer than EEB
does.

After Step 1 of the blind prediction exercise, the blind
prediction committee distributed the phase velocity dis-
persion curves derived from microtremor records by
the participants of the exercise and “the preferred veloc-
ity structure model” at KUMA. The preferred model
consists of the PS logging data collected at a site close
to KUMA for the shallow part (Matsushima et al. 2021,
2023) and the model of Senna et al. (2018) for the deep
part. The velocity structure at KUMA identified in this
study was validated by comparing it with the dispersion
curves and the preferred model (please see Additional
file 1). The theoretical phase velocity dispersion curve
calculated from the structure identified in this study is
slower than the observed curve and the theoretical curve
of the preferred model in the frequency range lower than
4 Hz. By contrast, the phase velocity of the preferred
model showed good agreement with the observed phase
velocity. The structure identified in this study was deeper
than the preferred model for reproducing the observed
EHVR precisely in the low-frequency range. The theo-
retical EHVR calculated using the preferred model had a
peak near 0.35 Hz but an amplitude smaller than that of
the observed EHVR, and the theoretical EHVR did not
reproduce the observed EHVR. The structure identified
in this study is reasonable for the EHVR, and the pre-
ferred model is reasonable for the phase velocity. The dis-
crepancy among the velocity structures identified using
different data is a crucial topic; however, this discrepancy
is beyond the scope of this study. Notably, the inversion
based on DFCe interprets the EHVR as the ratio of the
horizontal and vertical amplification factors; thus, DFCe
can directly reflect the amplification factor included in
the observed data in the identified structure.
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Fig. 3 Inversion results at KUMA. Green line shows the observed EHVR, gray lines show ten inversions results, and red lines show an optimized
model whose residual is minimum among ten inversions. a Comparison of the observed EHVR, theoretical EHVRs of ten inverted models and a
EHVR of an optimized model. b Horizontal amplification factor of ten inverted models. ¢ Vertical amplification factors of ten inverted models. d

Inverted Vs structures. e Inverted Vp structures

Prediction for a small aftershock

Earthquake motions on the ground surface at KUMA
during the small aftershock of the 2016 Kumamoto
earthquake sequence were estimated for Step 2 of the
blind prediction exercise. The target earthquake of Step
2 occurred on April 16, 2016, JST with a JMA magni-
tude of 5.9 (Tsuno et al. 2021a, 2023).

To prepare the input motion at KUMA, we first esti-
mated the seismic bedrock motion at EEB on the basis
of DFCe (Nagashima and Kawase 2022). Nagashima
and Kawase (2022) proposed that the fundamen-
tal equation of DFCe (Eq. 1) can be transformed into
Eq. 2, which implies that the spectral amplitude of the
horizontal incident wave at the seismic bedrock was
proportional to that of the vertical component with a
coefficient of « and f3:

H(f) B \/E V(f)
|TFhorizontal(f)’ B p }TFvertical(f)| . @

If a diffuse field is generated during an earthquake,
Eq. 2 holds for a single earthquake record. Assuming
the generation of a diffuse field during the target earth-
quake in Step 2, we estimated the spectral amplitudes
of the horizontal and vertical seismic bedrock motions
at EEB from the vertical record of EEB by using the
right-hand term in Eq. 2. In other words, the spectral
amplitude of the horizontal seismic bedrock motion
was converted from that of the vertical seismic bed-
rock motion by multiplying the square root of a over
B. Equation 2 was validated by Nagashima and Kawase
(2022). The theoretical vertical amplification factor was



Nagashima et al. Earth, Planets and Space (2023) 75:104

——observed EHVR

- 10 inversions

Page 7 of 17

- optimized model

10’ — T 10" ——rrmm ey 10
S C 1. C .
° o 1L 3 1
= [ 18 [ ]
S 5
. |
> 100 3100 H4E10°F =
T u £ o ia = ]
B © B 1€E C 3]
C = C is C ]
i 2 L 1 L ]
B 8 L N % L A
L. 6 L . g L 4
; (a) EHVR . . = | (b) Horizongal amplificatipn » (c) Vertical ?mpliflcatlon
1010*' 100 10! 10101 — ...100 l 10! 1010’1 l 100 — l1l0‘
Frequency [Hz] Frequency [Hz] Frequency [Hz]
o' 10\2/3 [m/S‘]OS 104 o' 10\2/p [m/s1]03 104
10_? T IIIIIIII T IIIIIIII T T 10_? T Illlllll T TTITIT I T e
10° F 10°
E 101 ?a E 101 é_ j-
s £ ]
g1 f g1k 3
103 E. 103 E. .%
104 é d| 1 |||1|§trL|JC|t|u|l|’|en L 1l111 104 é YPnﬁtrl;lthll’El L1 11 ||§

Fig. 4 Inversion results at EEB. Green line shows the observed EHVR, gray lines show ten inversions results, and red lines show a optimized model
whose residual is minimum among ten inversions. a Comparison of the observed EHVR, theoretical EHVRs of ten inverted models and a EHVR of
a optimized model. b Horizontal amplification factor of ten inverted models. ¢ Vertical amplification factors of ten inverted models. d Inverted Vs

structures. e Inverted Vp structures

calculated using the velocity structure described in the
previous section. Next, the seismic bedrock waves were
generated from the estimated spectral amplitudes and
the spectral phases of the observed horizontal motions
at EEB within the frequency band from 0.1 to 20 Hz.
Finally, the unexpected vibration before P-wave arrival,
which was caused by insufficient causality between the
estimated spectral amplitude and the spectral phase,
was tapered by a cosine-shaped function. Considering
the locations of KUMA, EEB, and the epicenter of the
target earthquake shown in Fig. 1, the source and path
terms are in common for KUMA and EEB.

The acceleration waveforms of the target earthquake
observed at EEB are shown in Fig. 5. The estimated seis-
mic bedrock motions at EEB are shown in Fig. 6. Figure 6
shows the outcrop motion at the seismic bedrock, which
was twice the wave incident on the bedrock. The spectral
amplitudes of the NS and EW components of the esti-
mated bedrock motions were calculated from a vertical

motion on the surface according to the right-hand term
of Eq. 2, and the spectral phases of the NS and EW com-
ponents were those of the NS and EW components
recorded on the surface. Vertical motion at the bedrock
was estimated using conventional deconvolution analysis
(the spectral amplitude of the vertical bedrock motion
was calculated as the spectrum of the vertical record
divided by the vertical amplification factor, and the phase
of the vertical bedrock motion was one of the vertical
components recorded on the surface). The peak ground
acceleration (PGA) of the estimated horizontal bedrock
motion was approximately one-fifth that of the observed
motion on the ground surface, and the vertical motion
was approximately two-fifths that of the observed motion
on the ground surface.

Using the estimated bedrock waves at EEB and the
identified velocity structure at KUMA, the ground
motions on the surface at KUMA were predicted by lin-
ear soil-response analysis using DYNEQ (Yoshida 2020)
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Table 3 Identified velocity structures at KUMA

No. Vs[m/s] Vp[m/s] Thickness

Density [kg/ Damping [%]

[m] m’]
1 153 1301 26 1660 1.64
2 229 1301 10 1720 1.09
3 284 1301 30 1760 0.88
4 541 1562 18 1890 046
5 541 2573 84 1890 0.46
6 714 2954 322 1970 035
7 1178 3081 136 2130 0.21
8 1311 3081 212 2170 0.19
9 1833 3418 194 2310 0.14
10 1931 3470 189 2330 013
11 2230 4025 152 2400 0.11
12 2230 4025 409 2400 0.11
13 2230 4056 325 2400 0.11
14 2494 4382 226 2460 0.10
15 2522 4576 493 2460 0.10
16 2723 4805 1037 2510 0.09
17 2734 4866 260 2510 0.09
18 2956 5278 2127 2550 0.08
19 3320 5794 1534 2620 0.08
20 3400 6000 - 2640 0.07
Table 4 Identified velocity structures at EEB
No. Vs[m/s] Vp[m/s] Thickness Density [kg/ Damping [%]

[m] m?]
1 248 1492 25 1730 1.01
2 274 1504 Il 1750 091
3 407 1519 7 1830 0.61
4 563 1529 55 1900 044
5 665 1894 34 1950 038
6 702 2373 211 1960 0.36
7 837 2815 115 2010 03
8 844 2846 82 2020 03
9 1051 2846 84 2090 0.24
10 1363 3051 212 2180 0.18
1 1502 3051 51 2220 017
121705 3087 265 2270 0.15
13 1914 3751 237 2330 0.13
14 1942 3846 274 2330 0.13
15 2061 3942 124 2360 0.12
16 2111 4008 245 2370 0.12
17 2120 4063 653 2380 012
18 2672 4796 629 2500 0.09
19 2893 5124 1728 2540 0.09
20 3400 6000 - 2640 0.07
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in a frequency range lower than 20 Hz. The predicted
acceleration and velocity waveforms and the acceleration
spectral amplitudes are shown in Fig. 7. The acceleration
waveform was integrated within the frequency band from
0.1 to 20 Hz to obtain the velocity waveform. The actual
records of the target earthquake at KUMA, which is the
correct answer to the blind prediction exercise but was
not released at the time of analysis, are also plotted in
Fig. 7. The time shift of waveforms due to the wave propa-
gation was not calculated automatically in the estimation
process based on DFCe. Thus, it was manually calcu-
lated considering linear wave propagation of body wave
from the surface to the bedrock at EEB and from EEB to
KUMA via the epicentral distance. Vs and Vp structures
inverted at EEB were used to calculate the time shifts
from the surface to the seismic bedrock of the horizontal
and vertical components, and the velocities of the seismic
bedrock (Vs =3400 m/s and Vp=6000 m/s) were used to
calculate the time shifts from the seismic bedrock at EEB
to the seismic bedrock at KUMA via the epicentral dis-
tance. The spectral amplitudes were smoothed using the
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logarithmic scale smoothing function with b=30 (Konno
and Ohmachi 1998) to remove the ripples of the spectra
and compare their outlines.

The detailed phases of the predicted waveforms did
not match the observed phases, but the general envelope
shapes were similar. The spectral amplitudes of the pre-
dicted NS and EW components were the same because
the spectral amplitudes of the input waves and the hori-
zontal amplification factors, which were calculated from

the Vs structure, were in common for the NS and EW
components, and prediction analysis was performed in
the frequency domain. The spectral levels of the hori-
zontal and vertical components of the predicted waves
at KUMA corresponded well with the observed waves,
although they were estimated from the UD component of
EEB.

The proposed method was applied to three earthquake
events recorded at both KUMA and EEB for validation
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purposes. Comparisons of the ground motion observed
at KUMA and the estimated motions from EEB using
the proposed method are shown in Additional file 1. The
velocity was calculated from the acceleration by the inte-
gration in the frequency domain within the frequency
band from 0.1 to 20 Hz. The envelopes of the estimated
waveforms are similar to those observed. The estimated
acceleration and velocity waveforms arrived slightly later
(0.6 s) than those of the observations. There are several
possible causes for this delay. The velocity structures at
KUMA and EEB were identified in terms of the ampli-
fication factors, but were not well identified in terms of
travel time. The travel time from EEB to KUMA via the
epicentral distance was calculated assuming a homoge-
neous medium. Thus, the velocity structure below the
seismic bedrock can be tuned. The spectral amplitudes
of the estimated motions were also the same as those
observed. However, the estimated amplitude was larger
(approximately twice) than that observed between 3 and
7 Hz for all earthquakes. This discrepancy might be due
to the site amplification factors at KUMA and EEB. The
horizontal and vertical site amplification factors at EEB
need to have a larger amplitude in that frequency range
than the amplification factors in this study, or the hori-
zontal and vertical site amplification factors at KUMA
need to have smaller amplitudes than the amplification
factors in this study. Further investigations of the arrival
delay and discrepancy in amplitude are, thus, necessary.

Prediction of the foreshock and mainshock of the 2016
Kumamoto earthquake

The ground motions at the KUMA during the foreshock
and mainshock of the 2016 Kumamoto earthquake were
predicted in Step 3 of the blind prediction exercise.
These ground motions were predicted using the same
procedure as in Step 2; however, an equivalent linear
analysis was adopted to perform the one-dimensional
soil-response analysis considering the nonlinear site
response at KUMA during strong shaking. As shown in
Fig. 1, the distance between KUMA and EEB was smaller
than the distance between the observation sites and fault
models. As for the foreshock and mainshock, all the
S-wave arrivals from different parts of the fault surface
would contribute naturally to form the diffusive condi-
tions, even though the hypocentral distance from the
rupture initiation point was small. Thus, we assumed that
the source and path terms of the foreshock and main-
shock for KUMA and EEB were similar.

For the ground motion predictions of the foreshock
and mainshock, the seismic bedrock motions were esti-
mated at EEB based on DFCe, assuming the generation
of a diffuse field during strong shaking. Again, linear-
ity of the vertical amplification factor during strong
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shaking was assumed. The nonlinearity is site depend-
ent, and there was no reference for the vertical linearity
investigated around the target site. Thus, the nonlin-
earity of the surface-to-borehole spectral ratio (SBR)
was investigated at KMMH16, which is the closest
KiK-net site to KUMA and EEB, but for reference. The
distance from KMMH16 to KUMA is 12.5 km. Please
see Additional file 1 for further details. The horizontal
SBRs of the strong motions were smaller than the aver-
age of the weak motions in the high-frequency range.
However, the vertical SBRs of strong motions were
almost the same as the average of weak motions, even
when the PGA of the vertical component was larger
than 1000 cm/s (Gal). KMMH16 is far from KUMA
and EEB but on the same plain; thus, the nonlinearity
at KMMH16 is comparable to that at KUMA and EEB.
The PGAs of the UD components of the foreshock and
mainshock at EEB were 261 and 405 Gal, respectively.
Thus, the vertical ground motions of the foreshock and
mainshock were considered insufficient to cause large
soil nonlinearity.

Based on these assumptions, the right-hand term of
Eq. 2 was calculated linearly without the dynamic defor-
mation characteristics of the soil (Nagashima and Kawase
2022). The spectral amplitudes of the three components
of the seismic bedrock motion at EEB were estimated
from the vertical motion observed on the surface at EEB.
The horizontal components were estimated using Eq. 2.
The vertical component was estimated by conventional
deconvolution analysis, as performed in Step 2. These
spectral amplitudes were then combined with the spec-
tral phase of the observed motion at EEB to estimate
the seismic bedrock motion. The unexpected vibration
before P-wave arrival was tapered. The time shift due
to the wave propagation through the subsurface struc-
ture should be estimated considering the soil nonlin-
earity. However, the procedure based on DFCe does not
use nonlinear properties. Hence, the time shift can be
estimated by assuming only a linear soil response. As a
result, the estimated time shift is shorter than the actual
time shift, and the arrival times of the estimated bedrock
motion and the predicted motion at KUMA are later than
the actual arrival times because of the insufficient correc-
tion relative to the real nonlinear time shift.

The acceleration waveforms of the foreshock and after-
shock observed at EEB are shown in Figs. 8 and 9, respec-
tively. Figures 10 and 11 show the estimated outcrop
motions of the foreshock and mainshock, respectively,
at the seismic bedrock level. The PGAs of the estimated
horizontal bedrock motions were approximately one-fifth
of those observed on the ground surface, and the PGAs
of the vertical bedrock motions were approximately two-
fifths of those observed on the ground surface.
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Using the estimated bedrock waves at EEB, the identi-
fied velocity structure at KUMA and the dynamic defor-
mation characteristics (G/G,-y and h-y relationships;
Matsushima et al. 2021, 2023), the equivalent linear anal-
ysis was performed by DYNEQ (Yoshida 2020) to pre-
dict the ground motions on the surface at KUMA. The
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dynamic deformation characteristics distributed by the
ESG6 blind prediction committee were obtained from
the undisturbed soil specimen samples at the target site.
Specimens of sandy silt, clay with sand, sand, sand with
silt, and silt with sand were obtained at depths of 4, 8, 13,
20, and 23 m and named T-1, T-2, Tr-3, Tr-4, and T-5,
respectively. The dynamic deformation characteristics
of the gravel were not distributed; therefore, the com-
mon characteristics of Imazu and Fukutake (1986) were
adopted. These characteristics were used for the veloc-
ity layers by referring to the boring logs distributed by
the organizer at the target site. The details of the veloc-
ity structure and assignment of the dynamic deforma-
tion characteristics are listed in Table 5. According to the
distributed boring log data, sand with silt and sand with
gravel layers exist at depths between 24.79 and 30.9 m,
but no laboratory test has been performed to sample
them at this depth; thus, the dynamic deformation char-
acteristics of Tr-4, which had one of the deepest sandy
soils in the distributed data, was used for this depth. A
linear response was assumed for layers below the 4th
layer. In this analysis, the damping depended on the
frequency, h=h,*f!, where h, is the damping obtained
using the h-y relationship. As aforementioned, the verti-
cal component was predicted using linear soil-response
analysis.

The predicted results for the foreshock and mainshock
are shown in Figs. 12 and 13, respectively. The observed
data for the foreshock and mainshock at KUMA, which
were not released at the time of analysis, are also plot-
ted in Figs. 12 and 13. Velocity waveforms were obtained
by integrating acceleration waveforms in the frequency
domain between 0.1 and 20 Hz. The spectra were
smoothed using a logarithmic scale smoothing function
with b of 30. In both cases of the foreshock and the main-
shock, the resultant effective strains were less than 0.5%
for most of the layers, as shown in Figs. 12e and 13e. The
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Table 5 Assignment of dynamic deformation characteristics
No. Vs[m/s] VpIm/s] H[m] Depth[m] Number of elements Dynamic
deformation
characteristics
1 153 1301 8 8 3 T-1
2 10 1 T-2
10 20 4 Tr-3
3 23 2 Tr-4
3 26 2 T-5
2 229 1301 5 31 10 Tr-4
4 35 10 Gravel
3 284 1301 3 38 10 Gravel
28 66 10 Linear
4 541 1562 18 84 10 Linear

maximum effective strain was 1.06% at a 20 m depth of
the NS component during the mainshock, but the effec-
tive strains of other layers were less than 1%, which is
considered to be the maximum value of the available
effective strain, and the exceedance from the available
strain level is slight; thus the equivalent linear analysis is
considered valid. The strain is concentrated at a depth of
approximately 20 m, where the boundary between Tr-3
and Tr-4 is located. The nonlinear behavior of the veloc-
ity structure during the foreshock was similar to that dur-
ing the mainshock. Sun et al. (2020) estimated ground
motions during the mainshock of the 2016 Kumamoto
earthquake in Mashiki downtown area, where was heav-
ily damaged by the earthquake, using the equivalent lin-
ear analysis. The resultant maximum strain at KMMH16
was smaller than 0.25%. Satoh et al. (1995) performed the
equivalent linear analysis at a site in Ashigara valley and
resulted the maximum effective strain of 0.2%. Régnier
et al. (2016) conducted the PRENOLIN project and col-
lected equivalent linear/nonlinear simulation results at
Japanese sites. The resultant maximum strains estimated
for high-frequency content input motion were smaller
than 0.3% and those for low-frequency content input
motion were around 1%. The strain levels of our predic-
tion are in the same order with these precious studies.

In Figs. 12d and 13d, the horizontal amplification
factors in the cases of equivalent linear analysis were
smaller than the linear amplification factor, especially
from 0.4 Hz to 5 Hz (resultant amplification factors were
approximately 60% of the linear amplification factor
on average between 0.4 and 5 Hz for both earthquakes)
because of soil nonlinearity. The predicted accelera-
tions of both earthquakes shown in Figs. 12a and 13a are
almost similar but contain more high-frequency compo-
nents than the observed acceleration waveforms. How-
ever, the predicted velocities shown in Figs. 12b and 13b

are smaller than the observed velocities. These discrep-
ancies were also observed when comparing the spectra
(Figs. 12c and 13c). The spectral levels of the horizontal
components of the foreshock and the mainshock were
comparable to that of the observed motions, but the spec-
tral level of the predicted motions tended to be smaller at
1 Hz and 0.5 Hz than that of the observed motions (the
averaged ratios of the predicted over observed spectra
are approximately 0.41 between 0.7 and 1.2 Hz and 0.42
between 0.3 and 0.9 Hz), respectively, and larger at 10 Hz
than the observed ones (the averaged ratios are approxi-
mately 2.4 between 8.0 and 19.0 Hz and 2.2 between 8.0
and 18.0 Hz). The predicted spectral amplitudes of the
UD component reproduced the observed amplitudes for
the foreshock and mainshock. In Figs. 12a, b, 13a, b, the
peak amplitude arrived later than the observed amplitude
because the time shift of the input waves was calculated
assuming a linear response of the subsurface structure.
Another possible reason for the difference in phase is
that the identified velocity structures were not optimized
for travel times and that the estimation method based on
DFCe modifies the spectral amplitude but not the phase.
The difference in the spectral amplitude shown in the
low-frequency range may have resulted from the differ-
ence in the horizontal and vertical components at EEB.
Thus, in the main coherent S-wave portion, the energy
partition ratio of the horizontal and vertical components
does not converge yet and is too strong to construct suf-
ficiently diffused wave field characteristics. In avoid-
ing such a coherent nature of the ballistic waves directly
from the source, a possible method is to estimate the
horizontal site amplification factor at reference site EEB
considering soil nonlinearity, and then deconvolve the
observed motions by the amplification factor to esti-
mate the bedrock wave. The site amplification factor can
be estimated directly from the observed horizontal and
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Fig. 13 Estimated motions at KUMA for the mainshock and the resultant strain and dynamic deformation characteristics. a, b and ¢ Show
comparisons of the observed ground motions at KUMA and the predicted motions; dashed black lines are the observed motions at KUMA and solid
red lines are the predicted motions. Time “10"is corresponding to 01:25:10. d Shows horizontal amplification factors at KUMA estimated by linear
and equivalent linear analyses. e, f and g Show depth distributions of effective strain, G/G, and damping, respectively
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vertical motions on the ground surface without dynamic
deformation parameters based on DFCe (Nagashima and
Kawase 2022), as shown in Eq. 3:

H(f
{TFhorizontal(f)| = sz;\/§|TFvertical(f)|' 3)

Assuming the linearity of the vertical amplification
factor during strong shaking, we obtained the horizon-
tal site amplification factor (|TFy . onc(f)]) from the
observed surface motions (H(f) and V(f)) and the ver-
tical site amplification factor (|TF,.cq(f)]). In apply-
ing this method, a time window that satisfies the same
degree of nonlinearity as the main S-wave but does not
have the coherent nature of the ballistic waves included
in the main S-wave is required. Equation 3 was available
after a detailed investigation of the observed waveforms;
thus, we did not select this method for the blind predic-
tion exercise.

The difference in the spectral amplitudes in the high-
frequency range is mainly controlled by the damping fac-
tors in the equivalent linear analysis. The damping factor
depends on the h-y relationship, for which a frequency
dependence with an exponent of — 1 was assumed in
this study. Tuning these parameters would improve the
matching of the spectral amplitude in the high-frequency
range.

To estimate the seismic bedrock motion, we assumed
the linearity of the vertical amplification factor and the
establishment of DFCe. In theory, these assumptions
have been proven phenomenologically but not com-
pletely. Therefore, further investigation of these assump-
tions is necessary.

Conclusion

We participated in a blind prediction exercise organized
by the ESG6 blind prediction committee and predicted
ground motions during one small aftershock, the fore-
shock, and the mainshock of the 2016 Kumamoto earth-
quake by using the bedrock motion estimation method
based on DFCe. First, the subsurface velocity structures
at KUMA, the target site of the blind prediction exer-
cise, and those at EEB, our reference site for estimat-
ing bedrock motion, were inverted from the EHVRs.
Assuming the generation of a diffuse field during a sin-
gle earthquake and linearity of the vertical amplification
factor during strong shaking for the foreshock and main-
shock, we estimated the spectral amplitudes of the bed-
rock motions from the vertical motions observed on the
ground surface and the P-wave velocity structure at EEB.
The bedrock motions were obtained by combining the
estimated spectral amplitude and the spectral phase of
the observed records. Finally, earthquake motions on the
ground surface at KUMA were predicted using linear and
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equivalent linear analyses. The spectral levels of the pre-
dicted motions corresponded to the observed motions,
although the spectral amplitudes of both the horizontal
and vertical components of the bedrock motions were
estimated from the vertical components at EEB. The
phases of the predicted motions did not correspond to
the observed waves. One possible reason for this phase
difference is that the estimation method based on DFCe
does not control the spectral phase. Another notable dis-
crepancy is the gap in the spectral amplitude at interme-
diate- and high-frequency ranges, which may be due to
the insufficient diffused field causing the instability of the
horizontal and vertical energy partition ratios or due to
the setting of damping parameters in the equivalent lin-
ear analysis. The potential of the proposed method for
estimating seismic ground motions at a target site was
clearly demonstrated in this exercise.

Abbreviations
ESG Effect of Surface Geology on seismic motion

DFCe Diffuse Field Concept for earthquake

EHVR Horizontal-to-Vertical spectral Ratio of earthquake

IMA Japan Meteorological Agency

NS North-South component

EW East-West component

ub Up-Down component

Vs S-wave velocity

Vp P-wave velocity

HHS Hybrid Heuristic Searching method

RMS Root mean square value calculated from two horizontal
components

PGA Peak ground acceleration

SBR Surface-to-borehole spectral ratio
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