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Abstract 

The mainshock of the 2016 Kumamoto Earthquake (Mw 7.0) caused extensive damage to buildings in downtown 
Mashiki, Kumamoto Prefecture, Japan. The heavy building damage in the area was associated with both strong 
ground motion and building response characteristics. Fortunately, there were two strong motion stations in the 
area and the observed records during the mainshock were distributed, showing peak ground velocities exceed-
ing 100 cm/s on the surface. The level of shaking would be sufficient to make soft surface sediments nonlinear. To 
reproduce observed ground motions quantitatively, one-dimensional nonlinear effective-stress time-history analy-
ses were conducted at three locations in downtown Mashiki. The input wave was employed as either the observed 
underground wave or simulated outcrop input motion based on the diffuse field theory. The main purpose of the 
study was twofold: to investigate the proper soil constitutive relationship and its nonlinear parameters based on the 
limited amount of in situ information, and to validate the method of input motion evaluation at the seismological 
bedrock level based on diffuse field theory. The nonlinear time history analyses using the on-site boring survey and 
the outcrop wave based on diffuse field theory showed that the waveform of the mainshock observed on the ground 
surface was explained with sufficient accuracy. In addition, the results of the effective stress analysis indicated that soil 
liquefaction might have occurred in the area with thick surface layers along the Akitsu River where the water table 
was considered to be quite shallow.
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Graphical Abstract

Introduction
During the 2016 Kumamoto Earthquake of Mw 7.0 
(Japan Meteorological Agency’s magnitude  MJMA 7.3), a 
VII intensity in the seismic intensity scale of Japan Mete-
orological Agency (JMA) was recorded in downtown 
Mashiki, which is located near the western segment of 
the Futagawa fault. Figure  1 shows the distribution of 
the damage ratios of buildings (mainly wooden houses) 
located in downtown Mashiki (NILM: National Institute 
for Land and Infrastructure Management 2016; Kashiwa 
et  al. 2019). A similar distribution and actual damage 
within this damage concentration area were also reported 
by Kawase et  al. (2017). The damage survey shown in 
Fig. 1 was conducted by a reconnaissance team examin-
ing the apparent structural damage from outside based 
on the definition created by Okada and Takai (1999) of 
heavy damage or collapse. The damage was small along 
the Akitsu River; however, it increased farther into the 
northern area.

Strong earthquake records were obtained from the 
ground surface and in the borehole at the KiK-net obser-
vation station (KMMH16) in the northeastern corner 
of the target area (Fig.  1). At the Mashiki Town Office 
(MTO), earthquake motions were also recorded on the 
first (ground) floor of the building. These two sites were 
the only sites with mainshock records in the target area. 

Under these circumstances, Nakagawa et al. (2017) have 
simulated the observation wave obtained on the ground 
surface using equivalent linear analysis. In addition, 
Kashiwa et al. (2019) and Nakano et al. (2018) have per-
formed nonlinear time history analysis, but no compari-
son with surface acceleration records has been shown in 
their papers. Because clear evidence of liquefaction along 
the Akitsu River has been reported (National Research 
Institute for Earth Science and Disaster Resilience 2016; 
Wakamatsu et  al. 2017), effective stress analysis for soil 
liquefaction is required. Therefore, a boring survey was 
conducted at the GS-MSK-2 site (Shingaki et  al. 2017), 
around which sand boils caused by liquefaction were 
observed.

Here, to establish a proper approach for quantita-
tive reproduction of ground motions based on nonlin-
ear ground response analyses (nGRA) during the 2016 
Kumamoto Earthquake, nonlinear time history analyses 
(both the total stress analysis and effective stress analy-
sis considering excess pore water pressure) were con-
ducted at the three locations (KMMH16, MTO, and 
GS-MSK-2) depicted in Fig.  1. This is a necessary step 
to explain the cause of the damage distribution in down-
town Mashiki, as shown in Fig. 1. Regarding the damage 
simulation in Mashiki, this has previously been reported 
elsewhere based on the velocity structures in the area 
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by microtremors and the damage prediction model of 
wooden houses in Japan (Sun et  al. 2020, 2021). How-
ever, the details of the validation exercise of the nGRA 
approach, especially on the proper choice of the consti-
tutive relationship, material damping, and input ground 
motions used, were established and reported in this 
study.

Regarding the nonlinear behavior of soil layers near 
the surface, a novel equivalent-linear ground response 
analysis (elGRA) based on the effective shear strain 
inside a thin slice of soil layers was first proposed by 
Idriss and Seed (1968) and then extended by Schnabel 
et  al. (1972) as a distributed code called SHAKE. Since 
then, elGRA has been used extensively to investigate the 
nonlinear behavior of soil sediments during strong shak-
ing (see reviews in Finn 1988; Finn 1991; Beresnev and 
Wen 1996), primarily because elGRA only requires the 
shear modulus degradation (G/G0) curve and increasing 
damping curve with respect to the effective shear strain. 
However, elGRA is a total-stress analysis and cannot 
represent the effects of the pore water pressure built up 
inside the water-saturated soil during strong shaking. In 
addition, the accuracy of the elGRA simulation decreased 
as the maximum shear strain exceeded a certain thresh-
old (~ 0.1%), which depends on the soil type as well as the 
definition of the desired accuracy.

Realistic numerical simulations of nonlinear ground 
responses based on the effective stress analysis (esGRA) 
have been reported in the 1990s after extensive model 
developments on nonlinear constitutive relationships 
and liquefaction characteristics in the early 1970s (see 
reviews in Iwasaki 1986; Youd 2003; Idriss and Boulanger 
2008; National Academy of Science 2016). It is notewor-
thy that the borehole array observation in the Wildlife 
Liquefaction Array observed strong motion records with 
liquefaction during strong shaking of the M6.5 Supersti-
tion Hills earthquake of 1987 (Holzer et al. 1989; Prevost 
et  al. 1991; Hushmand et  al., 1992; Zeghal and Elgamal 
1994; Holzer and Youd 2007). Since then, strong ground 
motions have been observed at sites with clear evidence 
of liquefaction during the 1989 Loma Prieta earthquake 
(Finn et  al. 1993; Boulanger et  al. 1998), the 1994 M6.9 
Northridge earthquake (Holzer et  al. 1999; Pretell et  al. 
2020), the 1995 M6.9 Kobe earthquake (Kawase et  al. 
1995, 1996; Elgamal et al. 1996), the 2011 M6.1 Canter-
bury (Christchurch) earthquake (Wotherspoon et  al. 
2014), and the 2011 M9.0 Off the Pacific Coast of Tohoku, 
Japan earthquake (Fukutake and Jang 2013). Although 
significant efforts have been devoted to reproduce the 
observed surface ground motions with the effects of 
excess pore water pressure, including liquefaction, the 
level of reproducibility depends on-site conditions and 

Fig. 1 Distribution of heavily damaged ratios of residential houses in Mashiki town by NILIM (2016), with the locations of the three analysis sites 
(Kashiwa et al. 2019)
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availability of the constraints on the soil parameters used 
in the numerical simulation, the correction of which 
could be very costly. Therefore, it is essential to perform 
a parametric study for numerical simulation analysis to 
validate the current methodology for quantitative simu-
lation of observed strong motions considering the effect 
of accumulated pore water pressure inside saturated soil.

As mentioned earlier, it was fortunate that there was 
a vertical array strong motion station, KMMH16, and 
the KiK-net Mashiki station. At KMMH16, accelera-
tion records have been obtained in the vertical array, 
one on the ground surface, and the other at 252  m 
below the ground surface (Aoi et al. 2000; NIED 2022b). 
A nonlinear time history analysis (total stress analy-
sis) at KMMH16 was conducted in this study using the 
observed borehole record first and then an outcrop input 
motion estimated by using the diffuse field concept on 
the observed records at KMMH16. At the MTO site, the 
groundwater level was used as a parameter for effective 
stress analysis. GS-MSK-2 is a boring site near the Akitsu 
River (Shingaki et  al. 2017) and is in the area where 
sand boiling due to soil liquefaction has been confirmed 
(NIED 2022a; Wakamatsu et al. 2017), and the damage to 
buildings was minor (Fig. 1). At this site, effective stress 
analysis considering the liquefaction of sand layers was 
conducted to examine the degree of liquefaction. At these 
two sites, it was assumed that the same outcrop input as 
at KMMH16 impinged on the bottom of the seismologi-
cal bedrock, and then the input motions on the engineer-
ing bedrock were calculated based on the linear ground 
response analysis for the layers between the seismologi-
cal bedrock and engineering bedrock. In the following 
analyses, scattering damping was employed as Rayleigh-
type damping, the value of which was determined based 
on parametric studies. The use of one-dimensional mod-
eling in this study can be justified because gently inclined 
layer interfaces were found from north to south with an 
inclination of tens of meters in 2 km based on the veloc-
ity profile inversions for the entire area of downtown 
Mashiki (Sun et al. 2020).

The soil constitutive equations used in this study are 
the modified Ramberg–Osgood model (R–O model, Tat-
suoka and Fukushima 1978) and the modified General 
Hyperbolic Equation model (GHE model, Tatsuoka and 
Shibuya 1992; Murono 1999) for the shear stress–shear 
strain relationship. The Bowl model (Fukutake and Jang 
2013; Fukutake and Kiriyama 2018; Fukutake 2018) is 
employed for the shear strain–dilatancy relationship in 
effective stress analysis for liquefaction. The effective-
ness of the Bowl model used in this study was verified by 
simulation analyses of vertical array records for the 1987 
Superstition Earthquake (Fukutake et  al. 1992) and the 
1995 Kobe earthquake (Kawase et  al. 1995, 1996). The 

esGRA code used here is termed HiPER (Fukutake and 
Kiriyama 2018), in which soil nonlinearity is extended 
into three-dimensional space (in two horizontal compo-
nents and one vertical component) for the stress–strain 
relationship. Parameters of the stress–strain model are 
determined from dynamic deformation tests (G/G0 ~ γ 
and h ~ γ relationships, where γ is the shear strain), 
whereas parameters of the Bowl model are determined 
from the liquefaction resistance tests (laboratory element 
test) in principle. In the following analyses, the focus 
is on the EW component because it is the major-axis 
component.

Simulation using KMMH16 borehole records
The first target was the KiK-net observation station in 
Mashiki, KMMH16, a nationwide network of strong-
motion seismographs installed by the National Research 
Institute for Earth Science and Disaster Resilience, Japan 
(NIED). KMMH16 is located in the northeastern part 
of downtown Mashiki in Kumamoto Prefecture and has 
strong motion records of the 2016 Kumamoto Earth-
quake sequence on the ground surface and in the bore-
hole. On the ground surface, the recorded maximum 
acceleration and velocity were more than 1000 Gal and 
100 cm/s, respectively. Nakagawa et al. (2017) conducted 
laboratory tests to obtain dynamic deformation charac-
teristics of soil samples and performed a simulation anal-
ysis of observation records of the Kumamoto Earthquake 
using equivalent linear analysis. In the present study, 
the dynamic deformation characteristics were approxi-
mated by two types of constitutive equations to compare 
their performances, and records were simulated using 
one-dimensional nonlinear time history analysis. The 
reason why small damage ratios were observed around 
KMMH16 despite its observed high maximum velocity 
is considered to be the construction age of the houses 
around KMMH16. They were relatively new, mostly built 
after 1981, when significant building code modifications 
were implemented (e.g., Yamada et  al. 2017; Sun et  al. 
2021).

Table  1 shows the ground soil profile at KMMH16. 
The shear wave velocities (Vs) of each layer down to the 
borehole depth have been determined by compressional 
and shear wave (P-S) logging, as shown on NIED’s web-
site (NIED 2022b). The shallow part of the ground was 
characterized by four soft layers (No. 1–4) on a hard layer 
(No. 5, rock) with Vs of 500 m/s. The natural period of the 
eigenvalue analysis when the bottom of the model was 
fixed was 0.91 s for the primary mode and 0.41 s for the 
secondary mode. The unit volume weight γt of soil was 
estimated using the following equation (Kobayashi et al. 
1995):
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Nonlinear characteristics of layers No. 1–4 have been 
investigated by Nakagawa et  al. (2017) using laboratory 
dynamic deformation tests. For the nonlinearity of lay-
ers No. 6–8, the test results of Nakagawa et  al. (2017) 
have been applied mutatis mutandis. The other rock lay-
ers were assumed to be linear. The bottom of the analysis 
model (GL-252 m) was assumed to be a rigid boundary 
where the observed acceleration motion in the borehole 
was applied as a “within-layer” motion at this stage of 
analysis.

(1)γt = 9.8
(

1.4 + 0.67
√

Vs

)

, Vs : km/s.
Two types of soil constitutive equations have been 

employed in this study: the R–O model (Tatsuoka and 
Fukushima 1978) and the GHE model (GHE model, Tat-
suoka and Shibuya 1992; Murono 1999). Both are hys-
teresis function type models using the Masing rule; the 
R–O model is an exponential type constitutive equation 
with three parameters, while the GHE model is a hyper-
bolic type constitutive equation with ten parameters 
(see Appendix). Although there is a sand layer below the 
water table, it is clear from the acceleration waveforms 
that there was no liquefaction at this site; therefore, an 
effective-stress analysis was not performed.

Table 1 Ground profiles of KMMH16 (KiK-net Mashiki) by the boring data from NIED website

Fig. 2 G/G0 ~ γ, h ~ γ relations of soils at KMMH16 site and fitting of models. (filled red circle, filled blue circle: experimental results, broken lines: R–O 
model, solid lines: GHE model)
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Figure  2 compares the results of the dynamic defor-
mation test at KMMH16 performed by Nakagawa et  al. 
(2017) with the fitting results using the two types of con-
stitutive equations. The experimental values were charac-
terized by a smaller hysteresis damping constant h than 
general cohesive and sandy soil, especially sandy soil. The 
GHE model showed better agreement with the experi-
mental results over a wider range of strain levels, likely 
because the GHE model had more parameters than the 
R–O model.

The actual ground attenuation should include both hys-
teresis damping and scattering damping. Only the hys-
teresis damping is often considered in a typical nonlinear 
analysis, however, scattering damping is introduced to 
reproduce the waveform from the main wave with large 
strain levels to the coda part of the wave with smaller 
strain levels. In the present study, scattering damping is 
expressed using Rayleigh-type damping. Nakagawa et al. 
(2017) have introduced the frequency-dependent scatter-
ing damping h = h0 * fα as follows:

It should be noted that the values were assumed to be 
constant in the frequency range lower than 0.5  Hz or 
higher than 5 Hz. To set the parameters of Rayleigh-type 
damping, the frequency range was considered from 0.5 to 
5.0 Hz, and was assumed to match the above frequency-
dependent damping at 5.0  Hz. The two parameters of 
Rayleigh-type damping were determined to minimize the 
sum of the squares of the absolute values of the differ-
ences from the frequency-dependent damping, with fre-
quency as the weighting factor. The values obtained are 
shown below:

(2)Non-linear layers : h0 = 0.07924, α = −0.46,

(3)Linear layers : h0 = 0.01377, α = −0.68.

where the damping matrix is constructed as a lin-
ear combination of mass and stiffness matrices as 
[C] = α0[M] + α1[K].

Figure  3 shows a comparison between the frequency-
dependent attenuation in Eqs.  (2) and (3) and the 
obtained Rayleigh-type damping in Eqs.  (4) and (5). 
Fukutake et al. (2020) have also reported that observation 
records may be simulated better using scattering damp-
ing in addition to hysteresis damping.

In Fig. 4, the acceleration waveforms of the input wave 
and its response spectrum 252 m below ground level are 
plotted. They were observed in the borehole during the 
main shock of the Kumamoto Earthquake.

Figure 5a shows a comparison between the acceleration 
waveforms of the observed record and the one-dimen-
sional nonlinear time history analysis results using the 
two constitutive equations in the East–West (EW) direc-
tion on the ground surface. The phase was reproduced 
well in both constitutive equations. The maximum value 
at 5.6 s seemed to be slightly underestimated in the analy-
ses, and this tendency was particularly remarkable in the 
GHE model. The acceleration waveform reaches a peak 
because the stress–strain relationship in the GHE model 
is a hyperbolic curve and rapidly reaches the upper limit. 
Figure 5b shows the acceleration response spectra of these 
simulated waves. The analysis results showed a signifi-
cant increase near the fundamental resonance period of 
the ground, at 0.9 s. Figure 6 shows the depth distribution 

(4)
Non - linear layers : a0 = 1.0315, α1 = 0.001361,

(5)Linear layers : a0 = 0.1748, α1 = 0.0001164,

Fig. 3 Comparison of frequency-dependent damping and Rayleigh 
damping

Fig. 4 Acceleration time history and Response spectrum of input 
wave at KMMH16 (GL-252 m, Observed record, EW component)
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of the maximum acceleration of the simulated waveforms 
within each layer. In the R–O model, the correspondence 
of the peak ground acceleration (PGA) of the simulated 
accelerogram with the observed PGA was very good. 
If the waveform in Fig.  5a is closely examined, however, 
the maximum value of the calculated acceleration corre-
sponds to the opposite phase of the observed acceleration.

Figure 7 shows the depth distribution of the maximum 
shear strain. Large values were observed in the sand lay-
ers (layers Nos. 3 and 4) with Vs of 240 m/s. In particu-
lar, the maximum value was found at the bottom of these 
layers. This corresponds to the maximal impedance con-
trast at the interface between the linear and nonlinear 
soil behavior in the simulation. The difference between 
the two models was remarkable in layers No. 1–4. Com-
pared to that of the R–O model, the GHE model obtained 
larger strain in layers Nos. 3 and 4, while the strain in lay-
ers Nos. 1 and 2 was smaller. This seemed to be the so-
called seismic isolation effect of sand layers Nos. 3 and 
4. As a result, it might be inferred that the GHE model 

Fig. 5 Comparison of acceleration waveforms and response spectra on the ground surface at KMMH16 (EW component)

Fig. 6 Distribution of maximum acceleration at KMMH16 (EW 
component)
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underestimated the observed acceleration on the ground 
surface.

The shear stress–shear strain relationship of sand layer 
No. 4 (the reference point is indicated in Fig. 7) is shown 
in Fig. 8. In the R–O model, the maximum shear strain 
was approximately 1.2%, whereas it was 4% in the GHE 
model. Since the GHE model was a hyperbolic model in 
terms of the shear stress–strain relationship, the shear 
stress reached the upper limit when it reached the frac-
ture line and the shear strain after that became quite 
large. This may be a primary cause of the underestima-
tion of the PGA in the GHE model shown in Fig. 5a.

Based on these results, it was decided to use the 
R–O model in the following analyses, which was more 

reproducible as a whole. Using the GHE model at the 
points where excess pore water pressure occurred (MTO, 
GS-MSK-2) was also tried, but the acceleration amplitude 
was too small to reproduce the acceleration waveform well.

A linear analysis was also performed to confirm the 
effects of nonlinearity of the ground at KMMH16. Ray-
leigh damping was set the same as in the nonlinear case. 
Figure 9 shows the acceleration waveforms and accelera-
tion response spectra obtained by the linear analysis in 
comparison to the observed record, respectively. From 
these figures, it was confirmed that the amplitude was 
overestimated and the pulse appearance time (phase) 

Fig. 7 Distribution of maximum shear strain at KMMH16

Fig. 8 Shear stress–shear strain relationship at KMMH16 
(GL-14 m ~ − 15 m, sand layer No. 4 shown in Fig. 3)

Fig. 9 Comparison of acceleration waveforms and response spectra 
on the ground surface at KMMH16 (linear case, EW component)
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was earlier in the linear analysis than those in the obser-
vation. Thus, from this evidence, the shallow part of the 
ground at KMMH16 went into the nonlinear regime dur-
ing the mainshock of the 2016 Kumamoto Earthquake.

Estimation of the incident wave based on diffuse field 
theory
In the previous section, the observed borehole record at 
KMMH16 was used as the input wave for the analysis 
model. However, it is difficult to reproduce the response 
on the ground surface at an arbitrary site other than 
KMMH16 with this borehole record because reflected 
waves from the surface and the layer interfaces would not 
be the same at other sites with different profiles. There-
fore, in this section, the diffuse field theory of earthquake 
motion (Kawase et al. 2011) is employed to estimate the 
horizontal incident wave on the seismic bedrock from 
the vertical motion observed on the ground surface.

Based on the diffuse field theory, the earthquake hori-
zontal-to-vertical spectral ratio (EHVR) is the ratio of the 
horizontal and vertical amplification factors between the 
seismic bedrock and the ground surface (|TFhorizontal| 
and |TFvertical|) with a coefficient of the P-wave velocity 
(Vp) and Vs of the bedrock, α and β, as shown in Eq. (6):

where H and V represent the Fourier spectral amplitudes 
of the horizontal and vertical components of the earth-
quake motion recorded on the ground surface, respec-
tively. TF is the transfer function of the surface motion 
relative to the outcrop motion; therefore, the absolute 
value of TF (|TF|) represents the amplification factor. As 
derived by Nagashima et  al. (2017) and Nagashima and 
Kawase (2022), Eq. (7) is obtained by deforming Eq. (6):

(6)
H

V
=

√

α

β

|TFhorizontal|

|TFvertical|
,

The spectrum of the ground surface is divided by the 
amplification factor to obtain the outcrop spectrum at 
the bottom of the velocity structure, which is used to cal-
culate |TF|. In this section, |TFhorizontal| and |TFverti-
cal| are calculated from the Vs and Vp structures above 
the seismic bedrock, respectively. As a result, the hori-
zontal outcrop spectral amplitude at the seismic bedrock 
is proportional to the vertical one, according to Eq. (7).

Assuming the establishment of a diffuse field during a 
single realization of an earthquake, it is possible to apply 
Eq. (7) to a single motion record. However, during strong 
motion, the nonlinear behavior of the shallow subsur-
face profiles can affect the horizontal amplification fac-
tor, while the vertical amplification factor tends to remain 
linear. By assuming linearity of the vertical amplification 
factor (|TFvertical|) during strong shaking, the hori-
zontal spectral amplitude at the seismic bedrock can be 
obtained using a linear approach by applying Eq. (7).

As mentioned earlier, the horizontal site amplification 
factor is affected by the nonlinear behavior of the shal-
low subsurface profiles during strong shaking. However, 
due to the complexity of the nonlinear parameters, it 
can be challenging to estimate the horizontal amplifica-
tion factor for strong motions ( 

∣

∣TFSMhorizontal

∣

∣ ). To estimate 
∣

∣TFSMhorizontal

∣

∣ without considering nonlinear parameters, 
an equation for the horizontal site amplification factor 
can be derived by modifying Eq. (6):

where HSM and V SM represent the Fourier spectral 
amplitudes of the horizontal and vertical components of 
a strong motion, respectively. By assuming linearity of the 
vertical amplification factor (|TFvertical|) during strong 

(7)
H

|TFhorizontal|
=

√

α

β

V

|TFvertical|
.

(8)
∣

∣

∣
TFSMhorizontal

∣

∣

∣
=

√

β

α

HSM

V SM
|TFvertical|,

Fig. 10 Identification results by diffuse field theory at KMMH16
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shaking, 
∣

∣TFSMhorizontal

∣

∣ can be estimated without consider-
ing nonlinear parameters, by using the linear calculation 
from the right hand term of Eq. (8) is obtained. To apply 
Eqs. (7) and (8), it is necessary to have knowledge of the 
theoretical linear amplification characteristics of the ver-
tical motions (|TFvertical|). To obtain |TFvertical|, the 
ground velocity structure was identified using the aver-
aged EHVR calculated from 14 earthquake records with 
MJMA > 5.5 and PGA < 50 Gal observed at KMMH16 
from January 2002 to March 2016. The EHVR was calcu-
lated using the waveforms of 40  s after the onset of the 
S wave for 14 earthquake records. Based on the diffuse 
field theory, the Vs, Vp, and layer thickness of the veloc-
ity model that minimized the residuals of the observed 
and theoretical EHVRs were identified using the Hybrid 
Heuristic Search method (Nagashima et al. 2014). It was 
assumed that Vs and Vp increased with depth (i.e., no 
velocity inversion layer). The bedrock velocities α and β 
were assumed to be 6.0 km/s and 3.4 km/s, respectively. 
The inversion was performed ten times with the same 
parameters, but with different random number seeds for 
initialization. Figure  10 shows the identification results. 
The results indicate that the obtained velocity structures 
have little variability among ten trials, but reproduce the 
observed EHVR quite well. The resultant velocity profiles 
from the seismological bedrock to the surface with the 
least misfit, as determined by the inversion process, are 
listed in Table  2. In the inversion process, |TFhorizon-
tal| corresponding to the Vs structure was determined 
such that it reproduces the peaks of the observed EHVR, 
and |TFvertical| corresponding to the Vp structure was 

calculated to reproduce the troughs of the observed 
EHVR. |TFhorizontal| was constrained quite well by the 
observed EHVR as compared to |TFvertical|, meanwhile, 
|TFvertical| was also sufficiently constrained by the 
observed EHVR with precision.

Next, the horizontal amplification characteristics have 
been estimated from the horizontal and vertical motions 
observed on the ground surface and the theoretical ver-
tical amplification characteristics based on Eq.  (8). The 
mainshock record of the 2016 Kumamoto Earthquake 
at KMMH16 contained many factors that disturb the 
diffuse field, such as the radiation characteristics of the 
source, as the site is located near the Futagawa fault. 
The EHVR calculated from the main S-wave part of the 
mainshock (4–37 s in Fig. 4) shows a distinct shape not 
only in the high-frequency range, which is known to be 
affected by the nonlinear behavior of the shallow ground 
structure during strong shaking, but also in the low-fre-
quency range, which corresponds to the deep-ground 
structure and is not affected by the nonlinear behavior. 
As such, we believe that the assumption of the establish-
ment of the diffuse field during the main S-wave part is 
not valid. To overcome this, we attempted to find a wave 
portion that exhibits the same degree of nonlinearity in 

Table 2 Ground profiles at KMMH16 from the seismological 
bedrock inverted from EHVR

No. GL
m

Layer thickness
m

γt
kN/m3

Vs
m/s

Vp
m/s

1 3.00 3.00 16.27 154.87 296.56

2 15.00 12.00 16.95 249.36 760.00

3 20.29 5.29 17.54 337.07 1841.61

4 22.39 2.10 18.33 483.09 1918.07

5 38.19 15.80 18.82 598.03 1995.00

6 50.69 12.50 19.31 733.19 1995.09

7 75.99 25.30 19.60 790.10 2529.23

8 92.12 16.13 19.70 827.70 2558.47

9 137.04 44.92 20.29 990.51 2768.98

10 166.27 29.23 20.87 1172.19 4078.39

11 230.87 64.60 21.66 1468.35 4796.23

12 246.39 15.52 22.54 1790.20 4813.21

13 1152.17 905.78 22.74 1871.20 5776.98

14 4252.48 3100.31 25.58 3264.74 5786.36

15 – – 25.87 3400.00 6000.00

Fig. 11 Spectra and acceleration waveforms of input wave on 
seismic bedrock
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the high-frequency range as the main S-wave part and 
a similar shape of EHVR in the low-frequency range as 
the EHVR averaged from weak earthquake motions to 
assume the establishment of a diffuse field. Finally, we 
identified the latter half of the S wave and the coda part 
(9–37  s in Fig.  4). The obtained wave portion was used 
to predict the horizontal amplification characteristics 
( 
∣

∣TFSMhorizontal

∣

∣ ) during the mainshock based on Eq.  (8). 
Dividing the spectrum of the entire waveform of the 
mainshock observed on the surface by the |TFhorizontal| 
obtained in the previous step, as in the left-hand side of 
Eq.  (7), the influence of the nonlinear site amplification 
was removed from the spectrum under the equivalent-
linear assumption, and the incident wave on the seismic 
bedrock was estimated. Figure  11a shows the estimated 
Fourier spectra of incident waves on the seismic bedrock 
in the north–south (NS) and EW directions, and Fig. 11b 
shows the waveforms of the incident waves on the seis-
mic bedrock calculated using the phase of the borehole 
records at KMMH16. The validity of these input horizon-
tal motions on the seismic bedrock is confirmed through 
the elGRA at KMMH16 (Sun et al. 2021).

In the following simulation analyses, the models were 
constructed considering the ground structure above 
the depth of the borehole survey. The obtained incident 
seismic waves on the seismic bedrock, as depicted in 
Fig.  11b, were transformed into outcrop waves at the 
bottom of the borehole survey using elastic calculations 
and the inverted velocity model shown in Fig. 10.

Simulation using the KMMH16 incident outcrop waves
The simulation analysis of the 2016 Kumamoto Earth-
quake mainshock at KMMH16 was performed again 
using soil profiles of P-S logging (Table  1) above the 
engineering bedrock using the incident outcrop waves 
obtained through the procedure in the previous section. 
While the simulated results using the borehole record 
as an input have been shown already, the analysis here is 
required because the validity of the simulated input at the 
bottom of the shallow soil layers above the engineering 
bedrock needs to be confirmed. In this case, an outcrop 
wave was used as the input motion in the considered 
model and was injected 252  m below the ground sur-
face, assuming an elastic engineering bedrock. The R–O 
model was employed for the soil constitutive equation, as 
previously mentioned, based on a parametric study.

Figure 12 shows the acceleration waveform and accel-
eration response spectrum of the input wave (EW com-
ponent) based on diffuse field theory, respectively. 
Comparisons of the calculated acceleration waveforms 
on the ground surface and their response spectra with 
the observed waveforms are shown in Fig. 13.

The phases were well matched to the main motions 
shown in Fig.  13a. In the trailing motions at approxi-
mately 10–15  s, the analysis results were slightly larger, 
probably because of a slightly larger amplitude of the 
input wave. The correspondence of the other parts of the 
acceleration motion and response spectra was sufficiently 
secured. From the above data, it was confirmed that the 
analysis results obtained using the input wave from the 
diffuse field theory in the previous section had the same 
degree of agreement as the results obtained when using 
the observed borehole records. Using this outcrop wave, 

Fig. 12 Acceleration time history and response spectrum of input 
wave at KMMH16 (at GL-252 m, synthesized outcrop wave, EW 
component)

Fig. 13 Comparison of acceleration waveforms response spectra on 
the ground surface at KMMH16 (EW component)
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strong-motion waveforms on the ground surface at 
points without borehole records were reproduced.

Nonlinear (effective stress) analysis at MTO
At the MTO observation point, the outcrop wave cal-
culated using diffuse field theory as the outcrop of the 

engineering bedrock was input into the bottom of the 
boring structure. Because it was unknown exactly what 
the groundwater level was at this site, the analysis was 
performed with the groundwater level as a parameter 
using the R–O model combined with the Bowl model, 
which can consider excess pore water pressure (Fukutake 
and Jang 2013; Fukutake and Kiriyama 2018; Fukutake 
2018). The MTO soil profiles obtained by Kashiwa et al. 
(2019) are presented in Table 3. The depth distribution of 
the standard penetration test, N-value, Vs, and Vp from 
Kashiwa et al. (2019) are shown in Fig. 14.

The groundwater level was analyzed in two patterns, 
GL-15.45 m and GL-4.95 m. GL-15.45 m is the ground-
water level shown in Kashiwa et al. (2019). GL-4.95 m 
was set considering the Vp distribution in Kashiwa et al. 
(2019). This level has been determined because the 
Vp value suddenly increases at the GL-4.95  m stratum 
boundary, which is quite common as indirect evidence 
of the water saturation observed in the Vp profiles in 
Japan (Nagashima and Kawase 2021).

When the groundwater level was assumed to be 
GL-4.95  m, effective stress analysis was performed 
in the silt layer (No. 2) using the Bowl model to con-
sider the excess pore water pressure (please note that 

Table 3 Ground profiles of MTO (Mashiki Town Office) after Kashiwa et al. (2019)

WL=GL-4.95m

WL=GL-15.45m

Fig. 14 SPT N-value, S-wave (Vs) and P-wave (Vp) velocity distribution 
at MTO (after Kashiwa et al. 2019)

Fig. 15 G/G0 ~ γ, h ~ γ relations of soils at MTO and fitting of R–O model (filled red circle, filled blue circle: experimental results, solid lines: R–O 
model)
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the results of the analysis did not lead to liquefaction 
in the end). For the Bowl model parameters, the stand-
ard parameter values listed in Fukutake (2018) were 
employed because no specific soil element test for 
water-saturated sand sampled in situ was conducted.

Figure  15 depicts the comparison between the results 
of the dynamic deformation test at the MTO performed 
by Kashiwa et al. (2019) and the fitting results using the 
R–O model. Because the G/G0-γ relationship was set to 
be more important, the damping constant h was allowed 
to be slightly larger than the experimental value.

Figure 16 shows the acceleration waveform and accel-
eration response spectrum of the input wave on the 

engineering bedrock at the MTO obtained using the dif-
fuse field theory mentioned in the previous section.

Figure  17 shows comparisons are acceleration wave-
forms on the ground surface and response spectra when 
the groundwater level was assumed to be GL-15.45  m. 
Comparisons are also shown in Fig. 18 when the ground-
water level was assumed to be GL-4.95 m. The amplitude 
is more suitable when the groundwater level is set to 
GL-4.95  m because the excess pore water pressure ratio 
increases by approximately 75% in the silt layer when 
the groundwater level is set to GL-4.95  m, as shown in 
Fig.  19. Because the silt layer softens as the water pres-
sure increases, the amplitude of the subsequent motions 

Fig. 16 Acceleration time history and response spectrum of input 
wave at MTO (at GL-50 m, synthesized outcrop wave, EW component)

Fig. 17 Comparison of acceleration waveforms and response spectra 
at MTO (ground water level GL-15.45 m, EW component)

Fig. 18 Comparison of acceleration waveforms and response spectra 
on the ground surface at MTO (ground water level GL-4.95 m, EW 
component)

Fig. 19 Time history of excess pore water pressure ratio in sandy silt 
layer (GL-10 m)

Fig. 20 Comparison of acceleration waveforms at MTO considering 
SSI effects (ground water level GL-4.95 m, EW component)
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is suppressed. Focusing on the acceleration waveform, 
the analysis results had richer short-period components 
than those of the observed record. This is because the 
acceleration observation waveform shown in Fig. 18a was 
recorded on the first floor of a three-storied reinforced-
concrete building; therefore, it should include the influ-
ence of soil–structure interaction effects, as discussed in 
Nakano et al. (2018). Here, the short-period components 
were simply reduced using Yamahara’s method (1970), 
which considers the soil–structural interaction effects by 
taking a moving average on the time axis. In this study, 
the time history was created using the moving average of 
11 data points, 0.11 s in a duration. This is roughly equiva-
lent to filtering at 10 Hz or higher; the results are shown 
in Fig. 20. The short-period components were suppressed, 
and compatibility with the observed record was improved.

Figure  21a shows the depth distribution of the maxi-
mum horizontal acceleration at MTO. The difference in 
the horizontal peak acceleration distribution owing to 
the difference in the groundwater level was small. The 
depth distribution of the maximum vertical acceleration is 
shown in Fig. 21b. When the groundwater level was set to 
GL-4.95 m, the estimated value of the vertical acceleration 
was in good agreement with the observed value, however, 
when the groundwater level was set to GL-15.45  m, the 
vertical acceleration was amplified in the shallower parts 
above the groundwater level, especially on the ground 
surface. This was because the bulk modulus of water was 
taken into consideration below the groundwater level, so 
the rigidity was high against the vertical strain; however, 
above the groundwater level, only the bulk modulus of the 
soil skeleton worked, and the rigidity was soft against the 
vertical strain. The effect of the P-wave velocity constant 
at the groundwater level is shown in Fig. 21b.

From the above results, it was inferred that the ground-
water level at the time of the MTO should be approxi-
mately GL-5 m.

Nonlinear (effective stress) analysis at the GS‑MSK‑2 site
The sand boiling phenomenon due to liquefaction was 
observed near the GS-MSK-2 site during the 2016 Kuma-
moto Earthquake (NIED 2022a, 2022b). To confirm the 
simulation capability of the liquefaction analysis, the 
Bowl model was employed in combination with the R–O 
model, and an effective stress analysis was performed to 
consider the excess pore water pressure. A simulation 
analysis was performed using the outcrop wave obtained 
using diffuse field theory as the input to the boring struc-
ture closest to this point. The soil profiles are listed in 
Table  4 (Kurita et  al. 2020). The groundwater level is 
assumed to be at the ground surface. The layers consid-
ering excess pore water pressure were layers 1–7. Lay-
ers No. 4 to No. 7 (GL-9 m to -18 m) of tuffaceous sand 
were considered liquefiable layers. Figure  22 shows the 
dynamic deformation test results at GS-MSK-2 (Shingaki 
et al. 2017) and the fitting results obtained using the R–O 
model. Because the G/G0-γ relationship was set to match 
the experimental values at the time of fitting, the damp-
ing constant h was allowed to be slightly larger than the 
experimental values, as was the case for MTO. Figure 23 
shows the liquefaction strength curve for tuffaceous 
sand simulated by element tests using the R–O and Bowl 
models. The liquefaction strength curves were calculated 
using the standard values shown in Fukutake (2018) for 
the parameters of the Bowl model.

Figure  24 shows the acceleration input waveform and 
acceleration response spectrum based on diffuse field 
theory at the GS-MSK-2 site.

Figure 25 shows the acceleration waveform and acceler-
ation response spectrum, respectively, on the ground sur-
face. The acceleration amplitude became smaller owing 
to liquefaction from approximately 7 s, and the waveform 
included rich long-period components. Figure 26 shows 
the depth distribution of the excess pore water-pressure 
ratio. At the top of the tuffaceous sand layer, the excess 
pore water pressure ratio was 1.0, which led to liquefac-
tion. Water pressure was also generated in the clay layer; 
however, liquefaction did not occur. Figure 27a shows the 
building-up process of the excess pore water pressure 
ratio of the tuffaceous sand layer (GL-10 m). It was 1.0 at 
7 s, indicating the occurrence of liquefaction. Figure 27b 
shows the stress–strain relationship of the tuffaceous 
sand layer (GL-10  m). The maximum strain was nearly 
5%, and the hard spring type stress–strain phenomenon 
was observed owing to the cyclic mobility. There were 
smaller damage ratios to wooden houses around this 
observation point (Fig.  1). This may be because the liq-
uefaction of the ground suppressed the acceleration of 
the ground surface to some extent owing to the seismic 

Fig. 21 Distribution of maximum acceleration at MTO
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isolation effects. As described above, it was theoreti-
cally confirmed that liquefaction layers were formed in 
a region with a thick soft surface layer and a shallower 
water table along the Akitsu River. This conclusion 
matches the local survey results shown in NILM (2016) 
and NIED (2022b).

Concluding remarks
In this study, a nonlinear time history simulation was 
performed at three observation locations in Mashiki 
town during the 2016 Kumamoto Earthquake based on 
boring data and estimated input motions at the bottom 
of the boring layers. The input motion corresponds to the 
outcrop motion and is fed at the base of the soil column, 

Table 4 Ground profiles of GS-MSK-2 after Kurita et al. (2020)

Fig. 22 G/G0 ~ γ, h ~ γ relations of soils at GS-MSK-2 and fitting of R–O model (symbols: experimental results, solid lines: R–O model)
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considering an elastic substratum condition. It has been 
estimated from the surface recording motion using the 
velocity soil profile based on diffuse field theory. The fol-
lowing conclusions were drawn:

(1) At the KiK-net Mashiki observation station 
(KMMH16), the observed record of the ground sur-
face was reproduced using the record observed in 
the borehole.

(2) Nonlinear time history analysis using the synthe-
sized outcrop wave based on the diffuse field theory 
also reproduced the recorded wave on the ground 
surface at KMMH16.

(3) At the observation point of the MTO, the ground-
water level was estimated to be approximately 
GL-5  m. It was presumed that although the non-
linearity of the soil was remarkable, it did not reach 
liquefaction.

Fig. 23 Liquefaction resistance curves in tuffaceous sand layer at 
GS-MSK-2

Fig. 24 Response spectrum of input wave and response spectrum at 
GS-MSK-2 (GL-75 m, synthesized wave, EW component)

Fig. 25 Time history of acceleration and response spectrum on the 
ground surface at GS-MSK-2

Fig. 26 Maximum distribution of excess pore water pressure ratio at 
GS-MSK-2

Fig. 27 Time history of excess pore water pressure ratio and stress–
strain relationship in tuffaceous sand layer at GS-MSK-2 (GL-10 m)
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(4) The results of effective stress analysis indicated that 
liquefaction occurred in the shallow sand layer at 
the GS-MSK-2 boring site near the Akitsu River. 
This confirmed that soil liquefaction occurred in 
areas with thick soft surface layers and a shallower 
water table along the Akitsu River.

Based on the present study, to reproduce the so-
called "heavily damaged belt" that existed between the 
MTO and GS-MSK-2 sites, modeling of the detailed 
ground structures and groundwater levels with proper 
soil properties that do not cause early liquefaction are 
necessary in that area. Houses around the KMMH16 
site did not show high damage ratios, despite the 
observed high maximum acceleration and velocity. 
This means that the construction ages of the houses in 
downtown Mashiki should also be considered because 

of the continuous evolution of building codes in Japan. 
Around the heavily damaged belt, a high percentage of 
the houses were built before the significant code modi-
fications in 1981 (e.g., Yamada et al. 2017), the average 
yield capacity of which was estimated to be much less 
than the houses built after 1982, as seen in the nonlin-
ear structural model constructions in Kobe during the 
1995 Hyogo-ken Nanbu earthquake (e.g., Nagato and 
Kawase 2004; Yoshida et  al. 2004). The relationship 
between the simulated ground motions and observed 
structural damage ratios in downtown Mashiki was 
reported in an article by Sun et al. (2021).

Appendix
The parameters of the constitutive equations are shown 
in Tables 5, 6, 7, 8.

Table 5 Constitutive equation parameters of R–O model at KMMH16 (KiK-net Mashiki)
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Table 6 Constitutive equation parameters of GHE model at KMMH16 (KiK-net Mashiki)

Table 7 Constitutive equation parameters of R–O and Bowl models at MTO (Mashiki Town Office)
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