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Abstract

We evaluate the non-linear site response at the stations of the Japanese Kik-Net network by computing the ratio
between the Fourier spectra of the recordings at the surface and at the downhole station. When the amplitude
of the input signal increases, we observe a shift of the resonance peaks towards lower frequencies, characteristic
of non-linear soil behavior. We propose a new parameter called fsp to characterize this shift. We observe that
fsp is a good proxy for the shear modulus reduction by comparing fsp and the modulus reduction curve obtain
by both laboratory test measurements and numerical approaches. The fsp is used to correct the linear site
response and surface ground motion in frequency domain in order to take into account the non-linear soil
behavior. We show that the procedure we established reduces the error in predicting the main frequency peak
by 50% compared to an elastic evaluation of the site response during the 2016 Kumamoto earthquake

Mw=7.1).

Keywords: Non-linear site behavior; site effect; Kik-net; Ground motion prediction; Kumamoto Earthquake

Highlights:
* Quantification of non-linear site effects during a ground motion.
* Quantification of the propensity of a site to develop non-linear site effects.
* Prediction of strong motion during the Kumamoto 2016 (Mw 7.1) earthquake.
* A parameter based on borehole recordings to quantify non-linear site behavior.
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1 Introduction

Itis widely recognized that soft soils can amplify dramatically the seismic motion compared to rock reference
site because of seismic waves being trapped in sub-surface sedimentary layers [1-3]. The seismic site response
depends on the site geometric configuration, the nature of the soil and the incoming ground motion [4]. For
weak ground motion, the combination of a complex site configuration and various incident wave field induces
a variability on the site response [5]. For strongest ground motions, the soil non-linear behavior can, in
addition, have a strong influence on the site response [6,7]. An accurate prediction of strong ground motion
on sedimentary site will, therefore, require the consideration of non-linear soil behavior.

In laboratories, under cyclic and seismic loading, the soil non-linear behavior is illustrated in terms of
hysteretic loops in the stress-strain plan [8,9]. The effects of non-linearity in the soil mechanical behavior are
generally a reduction of the shear modulus with increasing strain and an increase of the dissipation of energy
within the material. Consequently, the hysteretic behavior of the soil can be recovered knowing the shear
modulus reduction curve (G/Gmax) and the damping (€) curves .

For the transfer function, that quantify the site response, the effects of the non-linear soil behavior leadsin a
shift of the resonance frequencies of the site towards lower frequency, induced by a decrease of the apparent
shear wave velocity, associated in most of the cases to an attenuation of the high frequency amplifications
[10]. Nevertheless, an increase of the amplification at high frequency has been also sometimes reported,
which was associated with a decrease of the pore water pressure when cyclic mobility occurs [11] or soil
hardening [12]. Many studies show that these differences are larger when the intensity of the incident motion
increases (e.g. [13-15]).

The non-linear soil parameters can be characterized by various methods from laboratory testing on soil
samples to lower cost method based on correlations between non-linear parameters and other soil
parameters (e.g. [16,17]). In-situ measurements can also be used in addition to laboratory tests to infer these
non-linear parameters. Some authors use accelerometric data to determine the shear modulus reduction and
damping curves. These parameters are often estimated by finding the best numerical model that reproduces
the accelerometric time histories. It has been applied mainly in Taiwan and in Japan (e.g. [18-20]). Other
authors use interferometry between recordings at different depth to derive the instantaneous wave
propagation velocity in the media depending on the input motion intensity [21,22].

Another way to study soil non-linear behavior is to compare site-response curves computed from weak motion
and strong motion. In Noguchi and Sasatani [23] the ratio between the Fourier spectrum of records at the
surface and at downhole (BSR) are computed. They compared BSR from weak and strong ground motion by
the summation of the differences at each frequency between each BSR, parameter that was called DNL
(Degree of Non-linearity). They showed a link between the nonlinear effects (defined as DNL), and an intensity
parameter of the shaking (PGA). In Lussou et al. [24] and Régnier et al. [7], several parameters are proposed
to quantify those differences, such as an estimation of the modification of the BSR curves and a measurement
of the frequency shift. In Field et al. [25] ratios between spectral ratios were computed using synthetic rock
reference seismograms. Similarly, in Régnier et al. [10] the ratio of the non-linear to linear spectral ratios are
analyzed, but using vertical arrays. In all cases, the authors found that the non-linear to linear site response
discrepancy is related to the frequency range and increase with increasing PGA of the incident ground motion.

Following a similar approach, we compare weak motion and strong motion site responses in order to propose
a methodology for correcting the linear site response in order to reproduce the effects of non-linear soil
behavior based on the analysis of recordings from vertical arrays of the Japanese Kiban Kyoshin network (KiK-
Net). After a description of our approach, an application will be detailed on the recordings of the 2016
Kumamoto Japanese earthquake.
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2 Data

To study the influence of the non-linearity of the soil behavior on the empirical BSR, we use the KiK-net dataset
in Japan. These data are available on the web page of the National Research Institute for Earth Science and
Disaster Prevention (http://www.kyoshin.bosai.go.jp). The network is composed of 688 stations, among them,
650 sites are characterized with Vs and Vp profiles, soil description, and information on the stations (location
and information of recording devices). For each recorded earthquake, the acceleration time histories are
provided, with the event origin time, the epicenter location, the depth of the hypocenter, and the magnitude
of the earthquake determined by the Japanese Meteorological Agency.

We selected recordings according to two criteria: signals from earthquakes with a magnitude higher than 3
and with an epicentral distance lower than 500 km. Under those two criteria, we use 75 232 signals (each one
recorded in the three directions at the surface and at downhole) from 5 535 earthquakes with magnitudes
between 3 and 9, recorded between November 1997 to December 2017. Figure 1 presents the whole selected
records used in our analysis.

Magnitude

100 10! 107
Distance [km]

Figure 1. Magnitude/distance distribution of earthquakes recordings used in this study.

Subsequently, for all of the selected seismograms a signal processing based on Boore [26] recommendations
was applied. It consists in: (1) removing the mean, (2) removing the data before the first zero-crossing point,
(3) Applying an Hanning’s window to improve the trimming process of the signal [27], and finally (4) Applying
two times a high pass filter of 2nd order with fc=0.1 Hz. This processing allows to remove the low-frequency
noise and to ensure compatibility between acceleration, velocity and displacement time series and Fourier
and response spectra. In particular, effects of spurious low frequency can be removed from the data through
this procedure.

The empirical site response is assessed on the horizontal components by computing the Borehole Spectral
Ratios (BSR), defined as the ratio between the geometric average of the Fourier amplitude spectra of the
horizontal components at the surface and at downhole (Equation (1)).

2 2
EWsurf + NSsurf
2
Ewéepth + NSdepth

Where EW and NS are the amplitude of the Fourier transform of the accelerograms for East-West, and North-
south horizontal components respectively. In this study, we applied a Konno-Ohmachi smoothing [28] to each
spectrum, improving the comparison between spectra and avoiding zero values at the denominator of

BSR(f) = (1)
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(Equation (1)). BSR shows, in the frequency domain, how the seismic signal varies between the downhole
sensor and the one at the surface. BSR curves indicate the site resonance frequencies f if the downhole
sensor is located at the main sediment to substratum interface. Otherwise, the curve includes pseudo-
resonances that are induced by the destructive interferences of the down-going waves with the incident ones
at the downhole sensor [29]. However, the comparison of weak and strong site response remains relevant to
characterize non-linear site behavior.

3 Method

Our method defines a parameter called fsp that characterize the non-linear site behavior. To illustrate our
methodology, we detail the whole procedure on one site of the KiK-net database (IBRH11) that has recorded
both weak and strong ground motions. Then, we compare the parameter fsp to laboratory data (shear
modulus reduction curves) obtained from cyclic tri-axial test at one Kik-net site (KSRH10), that was
characterized during a previous PRENOLIN project [30]. Finally, the parameter is tested analytically by using
non-linear site response calculations on simple site configuration (1-D, non-linear, mono-layer cases).

3.1 fsp:anew parameter to characterize non-linear site behavior

In order to explain our methodology, we detail the whole method on one site of the KiK-net database that has
recorded a large panel of earthquakes from weak to strong motions. Then, we will generalize the procedure
to all of the stations. Station IBRH11 has recorded 515 earthquakes and it is located in the prefecture of Ibaraki

(Figure 2) on a D-site according to the Eurocode 8 (EC8) with a Vs3 of 242 m/s (Vs3, = 30/Z h‘/Vs') and a
13 L

depth of 103 meters. The bedrock is reached at 30m depth and is characterized with a Vs of 2100 m/s. The
downhole station is situated at 100m depth.
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Figure 2. Location and Vs profiles of stations IBRH11 and KSRH10 and the other stations (Japanese
Kik-net network).

Figure 3 illustrates four BSR computed at IBRH11 from ground motions with different levels (PGAdownhore). We
observe that weak ground motions share a similar BSR. This is because for weak ground motion the site
response is linear [13]. The variability that can still be observed in the site response for these small seismic
solicitations is mainly due to complex site geometry associated to the distribution of earthquake sources
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around the site [5]. For stronger ground motions, the peak frequencies occur at a lower frequency bandwidth.
We interpret this shift as a direct effect of the shear modulus reduction of the soil when the seismic solicitation
increases. Furthermore, the decrease in the amplitude of BSR is another effect of non-linear soil behavior
linked to the increase of damping with shear strain, but in the following we will only discuss about the
frequency shift impact.

107! 100 10!
Frequency [Hz]

1077 10-2 1071 10°
PGAdownhole[m1s?]

Figure 3. BSR at IBRH11 station (KiK-net) for four earthquakes with different PGA at the downhole
station.

The weak ground motions for which the site behaves linearly are selected based on their maximal peak
accelerations. Indeed, the ground motions with a PGAgownhoe from 10# m/s? to 6. 103 m/s? are considered.
Figure 4 presents the BSRiineor With a dotted line. It is the arithmetic average of all of the weak ground motions
BSR (grey curves). The black line represents the BSR computed from a strong ground motion with PGAownhole
of 2.6 m/s%. It is easy to appreciate that the resonance peaks of the BSR from this strong ground motion are
shifted to lower frequencies and that their amplitude are the smallest.
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Figure 4. Definition of BSRjineqr as the average of all of the weak ground motions (142 events) and
comparison between BSRjineqar With the BSR computed from one strong ground motion.

BSRiinear is compared to each BSR from all of the recorded ground motions, allowing us to define a parameter
that characterizes the observed frequency shift. The logarithmic frequency shift is the gap in logarithmic scale
between BSRiinear and BSR. In linear scale, it is a coefficient that changes the frequency scale. The algorithm to
find this logarithmic shift minimizes the misfit between BSRjinear and BSR as defined in the Equation (2). Note
that the misfit is weighted by the logarithmic sampling.
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misfit = Z |BSR,inear (f_ / Ls) - BSR(f)| Ax

; _ (2)
Ax =logio(fisr/fi) and [ =05 (fiz1 +f)

In the Equation (2) Ls is the logarithmic shift applied to BSRijnes. The misfit is defined as a discrete
approximation of the area between the shifted BSRjinear and BSR, considering a logarithmic scale as the length
of the base (4x). The computation is done over a frequency window going from 0.3 Hz to 30 Hz.

Finally, we define a frequency shift parameter, so called fsp, as the square of the Ls, which produces the
minimum value of misfit (fsp=Ls? when misfit is minimized). The fsp is a coefficient that is applied to the linear
resonance frequency to obtain the non-linear ones for a specific ground motion. It means that if no shift is
needed to fit both curves, both Ls and fsp are equal to one. If BSRjineor Needs to be logarithmically shifted to
higher frequencies to fit BSR, fsp will be higher than one. In the opposite case, fsp will be lower than one. Non-
linear soil behavior is expected to shift the BSR to lower frequency range and therefore linked to an fsp below
one.

fsp is computed for every recording collected at station IBRH11. The results (Figure 5) shows the evolution of
fsp in function of the ground motion intensity, expressed in terms of the PGA recorded at the downhole
station. For small PGA, fsp is close to 1, but as the solicitation level increases, the value starts to decrease. The
decrease is gentle for PGA smaller than 0.1 m/s? but is growing rapidly for larger seismic solicitations. A
hyperbolic curve is used to fit the fsp values (Equation (3)), with a formulation equivalent to the one used to
describe the modulus reduction curves [31,32].

1
fsp - PGAgownhole 3
1+PGA
Refdownhole

Where PGA is a parameter that describes the hyperbolic function for each site. It is equal to the
Ref gownhole

PGAdownhole corresponding to fsp=0.5, this parameter being the counterpart of y.s in the hyperbolic models
and the only parameter that is needed to fully describe the hyperbolic function. In order to quantify the
variability of fsp, a single standard deviation is computed for each station considering the whole number of
data. The dashed lines on Figure 5 represents the mean plus or minus one standard deviation.

Here, PGAdownhole Can be considered as an estimator of the strain level that the site can experience during each
earthquake. Others proxy of strains have already been proposed in the literature. For example, Chandra [33]
proposed PGV/VSs as a strain proxy. We decided to use first the PGA recorded at the downhole station
instead because the integration from acceleration to velocity may add some uncertainties in the PGV
calculation. Also PGA is a relevant parameter for describing the amount of non-linearity a soil may produce

[7].

fsp

0.0

10- 10-2 10! 10° 10*
PGA downhole [’n/52]
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Figure 5. fsp value against PGA at downhole (fsp curves). Black line best hyperbolic function that fits
the data. Station IBRH11 - VS34: 242 m/s.

3.2 fsp parameter compared to the shear modulus reduction curves

We compute the fsp parameter for the earthquakes recorded at station KSRH10. This site is situated in the
Hokkaido prefecture, has recorded 283 events, and is located on a D-site according to EC8 (Vs3 of 212 m/s).
This station is particularly interesting because it has been well characterized by in-situ and laboratory data
measurements performed during the PRENOLIN project [30]. We plot the fsp values computed for this site
against the PGV at the surface divided by Vsso, as a proxy for strain, to compare with the shear modulus
reduction curves obtain from cyclic tri-axial tests performed at this station (Figure 5). We observe that the fsp
values are in the range of the shear modulus reduction curves. From this comparison we are convinced that
fsp is a good proxy for the shear modulus reduction with shear strain.

0.0 T T T
10 € 107° 1077 10 2 102
PGVsurfacs/‘VSBU

Figure 6: Shear modulus reduction curves defined in the PRENOLIN project at station KSRH10 (green
lines) at different depths from cyclic triaxial tests and fsp against PGV/ Vs3, calculated at the site.
The color version of this figure is available only in the electronic edition.

3.3 Comparison with analytical and numerical modeling
We also test fsp analytically and with numerical modeling. First, we analyze the fsp analytically in a very simple
case and then we apply our calculations to a more complex wave propagation in truly non-linear soil model.

In linear domain with 1-D configuration of a mono-layer soil and considering vertical incidence of the shear
waves, the resonance frequencies (f”) depend on the shear velocity (Vs) and the layer thickness (H) through

fiM=Vs(1+2n)/(4H). The shear velocity (V) can be expressed as a function of the shear modulus as v, = /G /p
where G and p are the shear modulus and the density respectively. The shear modulus of the layer can thus
be derived knowing the associated resonance frequencies using the Equation (4).

2

G:(Z-H-f{n} (0_5+n))p (4)

In the equivalent linear approximation (EQL), the nonlinearity of the soil behavior is taken into account in an
iterative process that adjusts the elastic properties to the level of strain induced in the layer, knowing both
the modulus reduction and the attenuation curves. In this frame, the shear modulus at a linear strain rate
(Gmax) can be compared to the shear modulus at larger strain (G), by the ratio between both. Using the
Equation (4) for both modulus, the ratio will be expressed as followed:
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G =<f{} . ) _ fsp (5)

max linear

The Equation (5) shows that the ratio of the shear modulus is proportional to the square root of the ratio
between the linear resonance frequency fiinear and the non-linear ones (whatever the order of the harmonic).
In logarithmic scale, this ratio (f/finesr) represents a logarithmic shift, and this shift can be found minimizing
the Equation (2). Computing the square of the logarithmic shift that minimizes the Equation (2) is, once again,
the definition of the fsp parameter. Therefore, in this very simple case, the shear modulus reduction is equal
to the previously defined fsp.

In a fully non-linear model, it is not possible to derive an analytical formulation as for the equivalent linear
approach. Therefore, the relationship between the shear module reduction with strain increase and the shift
of the resonance frequencies towards lower frequencies must be analyzed using numerical simulation and
numerical BSR calculation. To simulate the seismic response, we are using a 1-D fully non-linear approach
implemented in CyberQuake software proposed by Modaressi et al. [34] and based on a plastic constitutive
model with hardening based elastoplastic theory [35]. We compare the results to the ones computed with an
equivalent linear model also implemented in CyberQuake. We are considering a model composed of a single
layer of 40 m of thickness with a shear wave velocity of 200 m/s over an elastic bedrock. In the linear domain,
the fundamental resonance frequency of this soil column is equal to 1.25 Hz. For the EQL, the non-linear
properties are homogeneous along the depth and illustrated in Figure 7. For the fully non-linear approach,
the soil mechanical parameters are also shown in Figure 7. Those parameters were chosen as they characterize
a typical non-linear soil layer [36]. The non-linear constitutive model implemented defines non-linear
properties that depends on the confining pressure and consequently on the considered depth, while Vs
remains the same in the whole layer. Figure 7 shows in green the modulus reduction curves and damping
curves at different depths.

The bedrock is modeled as an infinite monotonic and elastic material with shear velocity of 1500 m/s, a density
of 2000 kg/m?3, and a Poisson coefficient of 0.3. A Gabor wavelet is used as input signal. This simple wavelet
makes easier the evaluation of non-linear effects in the BSR. The Gabor’s wavelet is defined with the Equation
(6).

27 f m(t—to)

F(t) = Ae_( ) cos(2nf,, (t — to)) (6)

In the simulations, y is taken as 3, t, as 2.5s. The central frequency (fm=1.25 Hz) is chosen in agreement with
the fundamental resonance frequency of the site and only frequencies lower than 2 Hz are analyzed, as the
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energy of the input signal at higher frequencies is too small to make the ratio computation relevant. A
corresponds to the maximal amplitude of the signal.
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Figure 7. Modulus reduction curve and damping curve that are used in: Equivalent Linear approx.
(black line-squares), and at different depths for the full non-linear model (green lines). The color
version of this figure is available only in the electronic edition.

For the fully non-linear approach, the soil mechanical parameters are given in Table 1. They were chosen as
they characterize a typical non-linear soil layer [36]. In the linear domain, the fundamental resonance
frequency of this soil column is equal to 1.25 Hz.

Table 1. Parameters of the soil layer for the 1-D numerical simulation.

Vst (m/s) 200
Vp? (m/s) 374
p° (Kg/m3) 1750
O4°) 25
B’ 10
oa/0.° 2
Ep’ 20
C? (kPa) 0
Velastic9 1x10°
b0 0.9
nri! 0.4
() 20

1 Shear wave velocity (m/s)

2 Primary wave velocity (m/s)

3 Density (Kg/m?3)

4 Friction angle at totally mobilized plasticity (°)
5 Plastic modulus

6 Compaction ratio

7 Plastic stiffness coefficient

8 Cohesion (kPa)

9 Extent of the truly elastic domain

10 Shape parameter of the yield Surface

11 Numerical parameter of isotropic hardening
12 Slope of the characteristic line (°)
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We test different input signal amplitudes and calculate the BSR in each case. The maximum amplitudes of the
signals are: 0.001, 0.01, 0.05, 0.1, 0.3, 0.7 and 1 m/s?, results are shown in Figure 8. For the smallest PGA, the
computed BSR is equivalent to the analytical elastic case (black dash line). As expected for the larger input
motions, the amplification peak is smaller, and it is shifted towards lower frequencies. The equivalent linear
computation (Figure 8A) leads to resonance frequency shift larger than the fully non-linear approach (Figure
8B). Indeed, besides the limitations of EQL approaches at large strain [37], the non-linear soil properties differ
in the two numerical approaches as mentioned above. Indeed, at the soil to bedrock interface, the non-linear
soil properties are much more linear in the fully non-linear computation.
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Figure 8. BSR for the equivalent linear approach (a) and the fully non-linear simulation (b) for a
different level of input solicitation. Black dash is the elastic response curve.

In the linear equivalent approach, the effective strain (peg) is used to calculate the equivalent shear modulus
and damping at each iteration. It is defined from the maximal strain as yes= 0.65ymax. In Figure 9a, the values
of the G/Gmax ratio computed using ves and ymax are compared to the appropriate fsp values. Taking into
account ymax leads to a misfit between fsp and the ratio at high deformation level. Those differences are
related to the EQL methodology who computes the non-linear parameters with yes instead ymax. Considering
G/Gmax at yeir,  the frequency shift equals almost the shear modulus reduction. The small error can be
attributed to the iteration scheme implemented in the linear equivalent method. The good fitting between
G/Gnmax and fsp curves shows that fsp parameter is able to quantify the amount of shear modulus reduction as
equivalent linear method does in this very simple mono-layer case.

Figure 9b presents the G/Gnqx ratio at different depths in function of the fsp parameter calculated from the
BSR curves for a full non-linear approach. The G/Gnax ratio used in these graphs is computed considering the
effective strain (yes) at the middle of the layer for various depths in the non-linear computations (Figure 7).

13 parameter of the magnitude of the dilatancy
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From this figure, we observe that G/Gmax and fsp are not equivalent at all depths in the fully non-linear
approach. Indeed, the curves showed on the graph depend on the depth considered for the computation of
the shear modulus, as both the non-linear soil properties and the shear strain varies with depth. However, we
notice that Equation (5) still can be applied to the curve computed at 25.5 m at depth. At this specific depth,
the reason why fsp is not perfectly equal to the G/Gnax ratio on the whole fsp range could be related to the
definition of yes using an approximation of the shear strain during the shaking. At shallower depths, fsp
overestimates the shear modulus decrease. On the contrary, at larger depths fsp underestimates slightly the
G/Gmax ratio.
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Figure 9. Evolution of the shear decay reduction in function of fsp. Left: equivalent linear approach.
Right: full non-linear simulation. Red dotted curve: G/Gnax = fsp. The color version of this figure is
available only in the electronic edition.

3.4 Prediction of non-linear surface ground motion using fsp curves

In order to go further, we aim to develop a methodology to predict the non-linear surface ground motion
using the fsp curves previously computed. For a given site, knowing the PGA value at the downhole sensor,
we propose to estimate fsp from the non-linear regression defined in the Equation (3) previously computed
at the station. Combining fsp and BSRiinear, it is possible to estimate the BSR for the predicted ground motion.
This estimation consists in applying the predicted frequency shift to BSRjinear as shown in Equation (7).

BSR(f) = BSRyjneq(f * [ f5P) (7)

where BSR is the estimated borehole spectral ratio for the strong motion, BSRjinesr the linear borehole spectral
ratio, and fsp, the estimated frequency shift from the hyperbolic curve defined for the site (Equation (3)).
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We then assume that BSR can be used as a borehole transfer function for the specific considered earthquake.

With this assumption, using BSR and the ground motion at downhole it is possible to compute the ground
motion at the surface :

Asurface = BSR(f) * Agownhote (8)

Where Asuface represents the Fourier transform of the accelerogram at the surface, Adownnole is the Fourier

transform of the accelerogram at downhole, and BSR is the estimated borehole spectral ratio computed with
Equation (7).

4 Results
4.1 Application to the whole KiK-net database

We compute the fsp curves for the 650 considered sites (Figure 10). In order to take into account only the
sites where a reliable fsp could be derived, we choose to select the 462 sites having a standard deviation lower
than 0.07. On figure 10, the curves are drawn with plain lines in the PGA range covered by the data and are
represented with dashed lines in the PGA range where the curve is extrapolated. At some sites, the curve is
linear over the whole PGA domain, meaning that there is no shift of frequency no matters the intensity of the
ground motion is. In other sites, the decrease of fsp starts at low PGA, meaning that even for weak motions a
shift of the peak frequencies is significant. The variability of the curves reflects the variability of the non-linear
soil behavior at the different sites. The figure shows as well, that for some PGA at the downhole, all of the
sites are prone to develop non-linear soil behavior. For example, for the evaluated stations in this study, 50%
of the stations have an fsp lower than 0.8 for a PGAdownhoie Of 4.4x101 m/s%. 25% have developed a lower value
of fsp for a PGAdownhote of 2.3 x10F m/s?, and 75% for PGAdownhole Of 8.4x10™ m/s?.

0.2

0.0 - T — )
103 1072 10°% 10° 10*

PGAdownhole [’n/52 ]

Figure 10. fsp curves for 462 sites of the Kik-Net network. Continuous lines indicate that the curves
are interpolated using data, dash lines indicate the portion of curves that are extrapolated. Orange
line data is shown in Figure 11. The color version of this figure is available only in the electronic
edition.

Among all of the KiK-net sites, we performed a selection of 8 sites to show in more details the fsp curves. We
select sites with different range of PGArefgownnole and sites that have recorded very large earthquakes as
Fukushima or Kumamoto earthquakes. The fsp curves derived at these stations are already shown in orange
in Figure 10. They are presented in Figure 11 together with the individual fsp obtained for each recorded
earthquake. In this figure, the graphs are organized from very non-linear stations to linear ones. The Table 2
shows the PGArefaownnole, the Vsso, and the depth where the downhole station is located.
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Figure 11. fsp curve for several stations that represents the general behavior of the data set. The
blue line is the hyperbolic function that is fitted in each case. The color version of this figure is
available only in the electronic edition.

Table 2. General data for 10 selected sites.

Station PGArefdownhole Vsso[m/s]  Depth [m]
Name [m/s?]

HRSH13 3.08E-01 399 200
IWTH21 5.03E-01 521 100
IBRH16 7.05E-01 626 300
AKTH16 1.45E+00 375 154
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YMTHO2 3.55E+00 279 150

YMTHO1 4.95E+00 328 207
MYGHO8 1.00E+01 203 100
AICHO4 oo 241 1055

PGArefsownhole is the parameter that quantifies the susceptibility of a site to show a non-linear behavior. The
higher it is, the less non-linear the site is. We can observe that the variation between stations is significant.
The PGArefaownhote 80 from 3.1x10 ** m/s? for the station HRSH13 to infinite for AICHO4. The hyperbolic trend
previously describe is well suited for the fsp distribution in function of PGAdownnole at almost all of the stations.
However, we can note that at station IWTH21, the hyperbolic model (blue line) is not necessarily the function
that would produce the best fit.

In Table 2, we conclude that the higher Vs30 is, the smaller PGArefaownnole is, meaning that larger non-linear
behavior is observed for site characterized by high Vs30. This has already been reported in previous papers
(e.g. Régnier et al., 2014 [7]) with the conclusion that high Vs30 sites, composed of a thin soft soil over a stiff
shallow bedrock, create a very large impedance contrast that can induce strong amplification and large strain
in the superficial layer during earthquakes.

4.2 Application to 2016 Kumamoto earthquake recordings, Mw 7.1

We apply our methodology to the Kumamoto Earthquake recordings. The earthquake mainshock occurred
April 15th, 2016 in the south of Japan (island of Kyushu), with a magnitude Mw of 7.0. This earthquake initially
started on a deep portion of the northern part of the Hinagu fault and then finished in the Futagawa fault [38],
it was the largest earthquake in Japan in 2016. In this section, the recorded ground motions at KIK-net sites
(FKOHO03, OITH11, and KMMHO03) are compared to predicted ones using the methodology described
previously. Figure 12 gives the location of the three sites in the Island of Kyushu, the location of the fault and
the epicenter according to Yagi et al., (2016). Station FKOHO3 is located at 91 km of the fault located in Umi
Fukuoka prefecture, with a Vs3p of 497 m/s (site EC8 type C). The bedrock is reached at 25m depth with a Vs
of 2030 m/s and the downhole station is located at 100m depth. Station OITH11 is located at 72 km from the
epicenter in Kokonoe Oita prefecture. It has been characterized with a Vs3o of 458 m/s (site EC8 type C) and
the S wave velocity reaches 800 m/s starting from 65m depth, the downhole station is located at 160 m depth
with a Vs of 1000m/s. Finally, KMMHO3 is located in the prefecture of Kumamoto in Kikuchi at 27.7 km from
the epicenter. Like the two other sites, it is a EC8 type C class with a Vs3o of 421 m/s. The bedrock was found
at 80m with a Vs of 1200 m/s and the downhole station is located at 200m depth where Vs of reaches
2000m/s.
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Figure 12. Island of Kyushu Japan with the location of the studied stations. The line and the star
represent the location of the active fault and the epicenter for Kumamoto earthquake 15 April 2016
[39].
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Figure 13. Vs profiles of evaluated sites for the earthquake of Kumamoto 2016. (a) site FKOHO03. (b)
site OITH11. (c) site KMMHO3.

We compute the fsp curves for the three sites (Figure 14) using 140, 57, and 111 earthquakes for station
FKOHO03, OITH11, and KMMHO3 respectively leaving on the side the recordings of the main Kumamoto event.
On figure 14, we report together with the fsp curves, the PGA values at downhole recorded during the
Kumamoto earthquake (orange vertical line). We note that the ground motions recorded during this event
were larger than all the other events of the database for stations OITH11 and KMMHO3. Therefore, for these
stations, fsp is estimated by extrapolation of the fsp curves calculated on weaker motions. The performance
of the extrapolation depends on the site and the available data. If no large or medium earthquakes have been
recorded at a site, the non-linear regression is not well constrained at larger PGA and the estimated shift will
be assorted with important uncertainties. On the contrary, at FKOHO3, the fsp is assessed by interpolation
leading to a better confidence. However, even here, the dispersion between the curve and the real data
remains.
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Figure 14. fsp parameter in function of the PGAgownnote- (a) site FKOHO03. (b) site OITH11. (c) site
KMMHO3. The vertical line represents the PGAgownnoie generated by the Kumamoto 2016 earthquake
at each site.

The BSR derived from the BSRjnear With the predicted frequency shift are illustrated in Figure 15 in black thick
lines along with the observed BSR in grey lines and the linear BSR in dotted line. For the three cases, the
estimated BSR is closer to the observed BSR than to the linear BSR. This result shows that the shift correction
we propose is relevant for large ground motions, when the nonlinear soil behavior is running. Furthermore,
we observe that the shift in the BSR is well predicted even with an extrapolated fsp.

At station FKOHO03 that experienced the weaker motion during this earthquake (PGAdownhore ~ 0.2 m/s?), the
correction on BSRiinear is very small and do not particularly change the frequency content of the motion. But
at station OITH11, that recorded a larger PGAdownhole (about 2m/s?), the correction is important leading in a
prediction fiting very well the real surface data. On this station, the BSR has one main peak and a simple shape.
Station KMMHO3 also recorded a strong PGAdownhole Ut its BSR is more complex, with various peak frequencies
(mainly two around 1Hz and 10Hz) over a large frequency band. This station is located within few kilometers
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of the active fault. Consequently, it is subject to near-source high frequency effects. The correction applied is
very efficient on the lower frequency of the BSR but tends to shift a little too much the higher frequency part
(>10z). For this station, we observe that the shift shouldn’t be the same for all frequencies. This could be due
to others causes than the non-linear soil behavior alone.

—— Observed BSR (a), FKOH03

==+ BSRincar
251 — BSR

10 100 10t
Frequency [Hz]

Figure 15. Comparison between the BSRjin.or for each site (black dashed line) computed on weak
motion, the BSR computed on the Kumamoto earthquake recordings (orange line), and the
correction of the borehole transfer function (B/.ﬁ'\R) that we propose (dark blue line). (a) site FKOHO03.
(b) site OITH11. (c) site KMMHO3. The color version of this figure is available only in the electronic
edition.

Table 3 illustrates the improvement offered by the proposed methodology in the predicting of strong ground
motion. We compute the difference in frequency of the BSR peaks between the observation and the related
prediction. From this table, it is clear that the differences are lower when the BSR is corrected by the fsp shift.
Indeed, at OITH11 and KMMHO03, the methodology improves the prediction of the frequency peak by around
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50%. At FKOHO03, the ground motion was not strong enough to show some non-linear soil behavior during the
main event. However, even in this case, we can see that a little improvement is provided by our approach.

Table 3. Relative comparison between the main peak frequencies in the observed BSR, the estimated
BSR, and BSRjinear-

FKOHO03 OITH11 KMMHO3
BSRobserved to BSR 2% 8% 2%
BSRobserved t0 BSRiinear 15% 58% 50%

The Fourier spectrum for the geometric average of the horizontal components is computed according to the
Equation (1). The results are presented in Figure 16 for the three sites on which we are focusing here.
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Figure 16. Fourier spectrum at the surface of the horizontal components. Earthquake of Kumamoto
15t April. (a) site FKOHO03. (b) site OITH11. (c) site KMMHO03. The color version of this figure is
available only in the electronic edition.
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The predictions of the surface ground motion are improved when the site response is corrected by the
adequate frequency shift. Comparing the main peaks frequency position of the Fourier spectra at the surface,
Table 4 shows the relative difference between observations and predictions. In the case of the site FKOH03,
the difference is small since the target ground motion isn’t strong enough to exhibit a non-linear behavior of
the soil. But even in this case, the spectra obtained with the fsp correction is closer to the observed spectra.
For the two other sites, the prediction of the main peak frequency position is improved by more than 40% in
both cases in comparison with the direct use of BSRjinear-

Table 4. Comparison of the main peaks in the spectra at the surface between the observation and
the computed spectra using BSR and BSRjinear-

FKOHO3 OITH11 KMMHO03

Asurface to ES‘? -Adownhole 4% 8% 0%
Asurface to BSRIinear' Adownhale 10% 60% 44%

5 Discussion

To estimate precisely the ground motion at the surface in the time domain, an inverse Fourier transform
should be applied to the estimation of the Fourier spectrum. Additionally, the same previously described
process should be applied independently for each horizontal components of then ground motion. However,
the phase modification due to the site effects should also be taken into account. This effect has been studied
before, and usually, it is assumed that 1D site effect does not modify consequently the phase [40]. Since we
are using borehole arrays configuration, the applicability of the same assumptions must be evaluated, and it
will be part of future studies.

The application of the parameter fsp is very promising for the prediction of the non-linear ground motion. In
a simple case, we demonstrate that the parameter fsp provides a good evaluation of the shear modulus
reduction. In a full non-linear approach, the parameter provides an average quantification of the decrease of
the shear modulus. For both cases, the parameter gives a good quantification of the impact of the non-linear
soil behavior in the site response.

For now, the definition of the fsp parameter requires a vertical array of accelerometers and weak to moderate
earthquake recordings to define the fsp curves. To overpass this limitation, we are currently working on the
prediction of the fsp curves at non-instrumented sites but characterized by specific geotechnical parameters
as Vs3p and fp that has been demonstrated to be a good proxy parameter for describing the potential non-
linear site behavior of a site (e.g. [10] Régnier et al 2016). To predict the rock motion at the downhole station
(with the effects of the down-going waves) several methods could be applied such as the Empirical Green’s
Function directly at downhole or with a correction method to transfer from surface to borehole as proposed
in Cadet et al. [41] or the use of numerical models.

6 Conclusions

We propose in this paper to quantify the effects of non-linear site behavior by measuring the frequency shift
that it produces in the Borehole Spectral Ratio (BSR) from weak motion to stronger one. The logarithmic shift
of BSR, that we called frequency shift parameter (fsp), is related to the intensity of the ground motion. For
each site, we, therefore, defined fsp curves that relate the fsp parameter to the PGA at the downhole station
following the classic hyperbolic model. We thus are able to estimate the non-linear effects of strong ground
motions at sites using enough recorded data.
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We showed that the frequency shift parameter (fsp) is a good proxy for non-linear site behavior, as the fsp
curves could mimic the shear modulus reduction curves. This fitting is better accomplished when an
appropriate parameter to approximate the shear strain in the soil column during the shaking is used.

For the earthquake of Kumamoto 2016, we estimated the non-linear site response and the Fourier spectrum
at the surface, including the non-linear effects based on the linear site response and the corresponding rock
downhole recording of the earthquake. The prediction provided very close results to the observations and,
for sites with high nonlinearity, it improves in our case by more than 40% the frequency position of the main
peak compared to a linear evaluation. The fsp curves provide, as shear modulus reduction curves do, an
evaluation of the propensity of a site to develop non-linearity as well a possible way to quantify the level of
non-linearity of the site under strong earthquakes.
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