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Site-Specific Relationships between Bedrock Depth and HVSR Fundamental Resonance
Frequency Using KiK-NET Data from Japan
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Abstract—It is commonly accepted that the horizontal-to-ver-
tical spectral ratio (HVSR) technique enables the detection of the
fundamental resonance frequency (fyvsr) of a given site. The
utility of this fyysr is analyzed using the nonlinear regression
relationships between fiyysg and bedrock depth (k). The derived
relationships are mostly site-specific, so that the present paper
consists of two main parts. The first is a literature review for the
available empirical relationships between fiyysg and 4. The aim of
this part is to highlight the practical limitations of these established
relationships and to make fair comparisons. The second is to
generate new relationships, taking advantage of the very wide
range of available lithological, geophysical, and geotechnical
borehole drilling data of the 697 KiK-NET seismic stations in
Japan. For this purpose, HVSR are calculated using 10,000 weak
earthquakes or linear events recorded at KiK-NET stations to
determine the fiyysg and correlate it with the corresponding /4. The
overlying layers/bedrock interface falling within sedimentary,
igneous, or metamorphic layers significantly affect the derived
frequency—depth relationships. In addition, these relationships are
strongly reproduced by the V,,/V; ratio of the bedrock in the range
of 1.6-2.2. Interestingly, it is found that fyysg less than 1 Hz
corresponding to & more than 100 m leads the trend of the overall
frequency—depth relationship.

Key words: H/V spectral ratio, geophysical exploration,
seismic site classification, bedrock depth, KiK-NET (Japan).

1. Introduction

The horizontal-to-vertical spectral ratio (HVSR)
technique (Nogoshi and Igarashi 1970, 1971; Naka-
mura 1989, 2000) has been studied extensively using
both simulations and comparisons with earthquake
recordings to quantify the site effects produced by the
sedimentary covering in specific frequency bands
(Field and Jacob 1993; Lachet and Bard 1994; Lermo
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and Chavez-Garcia 1994; Bindi et al. 2000; Fih et al.
2001). These studies show that when a large impe-
dance contrast exists between the sediments and the
bedrock, the peak in the HVSR can be used to esti-
mate the fundamental resonance frequency (fgvsr) of
a site. Lermo and Chavez-Garcia (1993) proved that
the HVSR technique can also be applied to the
strongest part of the earthquake recordings (S waves).
Since then, many studies (Lachet and Bard 1994;
Castro et al. 1997; Mucciarelli 1998; Parolai et al.
2004) have been accomplished to determine the
applicability and the limitations of the HVSR tech-
nique both for earthquakes and seismic noise.

The utility of the fiysg can be analyzed using
nonlinear regression relationships between this fiysg
of a given site, its bedrock depth (%), and the average
shear wave velocity (V). As a result, this application
can quickly obtain a general idea of the subsurface
structure, particularly in regions of unknown bedrock
topography.

The seismic response at the surface of soil
deposits is dependent mainly on the frequency con-
tent and amplitude of ground motion at the bedrock.
Seismic site classification methods consider average
values of shear wave velocities and standard pene-
tration test values (N value) of the top 30 m soil layer
according to the National Earthquake Hazards
Reduction Program (NEHRP) (FEMA 222A 1994;
FEMA 450 2004) and International Building Code
(IBC) (2009) classification systems. Site classifica-
tion has also been carried out by considering the
depth of bedrock. Anbazhagan and Sitharam (2009)
considered shear wave velocities of 700 £ 60 m/s,
where there are N values of 100 for no penetration, as
the signature of bedrock that represents a stiffer soil
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column as adopted in the design codes of the different
site classification approaches.

The first part of this paper reviews available
relationships between the fyysg and h. The existing
relationships were established by Ibs-von Seth and
Wohlenberg (1999), Delgado et al. (2000a, b), Parolai
et al. (2002), Hinzen et al. (2004), Birgoren et al.
(2009), Ozalaybey et al. (2011), Harutoonian et al.
(2013), Fairchild et al. (2013), Del Monaco et al.
(2013), and Tiin et al. (2016). A detailed summary of
these relationships is presented with comparisons. In
the second part of this paper, new relationships are
developed, considering a large variety of valuable
seismological, geotechnical, lithological, stratigraph-
ical, and geological conditions provided from the
KIBAN Kyoshin network (KiK-NET) seismic sta-
tions in Japan. It is important to note that all these
previous studies depended on ambient vibrations or
microtremor measurements, whereas the present
study will depend on weak earthquakes or linear
events to avoid the complexities of nonlinear
responses. Yamanaka et al. (1994) investigated
inference of subsurface structure using measurements
of long-period microtremors in the northwestern part
of the Kanto Plain in Japan, where sediment thickness
varied from O to 1 km. They found that the elliptic-
ities of Rayleigh waves in earthquake ground motions
were consistent with those of the microtremors in
peak periods and amplitudes. Bard and the SESAME
team (2004) compared HVSR curves calculated using
ambient vibrations and standard-spectral-ratio (SSR)
curves calculated using earthquakes. Their results
show overall good agreement between the HVSR and
SSR curves in the fundamental resonance frequencies
derived from each method. Based on these studies,
KiK-NET data for weak earthquakes are used in this
study.

Finally, comparisons are discussed between pre-
viously established frequency—depth relationships
and those newly developed from the present study.

2. Existing Relationships between Bedrock Depth
and Resonance Frequency

One of the most common approaches used to
estimate bedrock depth is based on nonlinear
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regression relationships of bedrock depth versus
fundamental resonance frequency. These regression
relationships are site-specific.

The first studies by Yamanaka et al. (1994) and
Field (1996) demonstrated that the bedrock depth (i.e.
the thickness of the overlying soft sediment layers)
can be directly evaluated from the fundamental res-
onance frequency, measured by the HVSR of
microtremors. Ibs-von Seth and Wohlenberg (1999),
Delgado et al. (2000a, b), and Parolai et al. (2002)
adopted the frequency—depth approach to evaluate
bedrock depth (&) using the fundamental resonance
frequency (fgvsr), through the following relationship

h = afﬁ\?SR (1)

where a and b are curve-fitting parameters.

Based on previously established studies at dif-
ferent locations around the world, the curve-fitting
parameters a and b are summarized in Table 1. Ibs-
von Seth and Wohlenberg (1999) investigated the
application of Nakamura’s technique and transfer
function technique using microtremor measurements
to determine sediment thicknesses in the western
Lower Rhine Embayment (Germany). The frequen-
cies and sediment thicknesses determined in this
previous study were limited to ranges of 5-0.1 Hz
and 15-1600 m, respectively. The impedance con-
trasts for the soft sediments overlying hard bedrock
were approximately the same at all sites in the Lower
Rhine Embayment study area.

One year later, Delgado et al. (2000a, b) con-
ducted their studies at two different survey locations
in Segura River Valley (southeastern Spain). They
investigated 180 and 33 microtremor sites in the first
and the second studies, respectively. Their studies can
be considered shallow studies because the maximum
investigated bedrock depth was 44.7 m. The deter-
mined fundamental resonance frequencies ranged
from 1.1 Hz to 8.3 Hz.

Parolai et al. (2002) carried out noise measure-
ments at 32 sites in the Cologne area (Germany),
focused on obtaining a subsoil classification for
seismic hazard assessment. They established rela-
tionships of V versus bedrock depth and bedrock
depth versus fundamental resonance frequency within
frequency and bedrock depth ranges of 0.25-20 Hz
and 500-2 m, respectively.
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Table 1

Existing correlation coefficients or curve-fitting parameters of frequency-depth relationships

Location Study a b Rs No. of Jfavsr range hrange  Remarks
data sites (Hz) (m)
Lower Rhine Ibs-von Seth and 96 1.388 0.98 102 0.10-5.0 15-1600 (1) HVSR
Embayment, Germany Wohlenberg (1999) 146 1.375 0.75 (2) Transfer function
Segura River Valley, Delgado et al. (2000a) 55.11 1.256 0.97 180 1.16-8.3 4.1-43.5
Southeastern Spain Delgado et al. (2000b) 55.64 1.268 0.98 33 1.10-8.3 4.1-44.7
Cologne area, Germany  Parolai et al. (2002) 108 1.551 337 0.25-20 2-500
Lower Rhine Hinzen et al. (2004) 137 1.190 0.96 152 0.20-2.5 10-1200
Embayment, Germany
Southern coast of Birgoren et al. (2009) 15099 1.153 0.995 15 0.4-1.54 20-449
Istanbul, Turkey
Izmit Bay area, Turkey ~ Ozalaybey et al.(2011) 141 1.270 091 239 0.25-3.8 20-1100
Western Sydney, Harutoonian et al. 73 1.170 0.94 15 4.2-27 1.2-13.3
Australia (2013)
Cape Cod, Fairchild et al. (2013) 90.53 1.000 1.00 164 0.73-2.43  118-460
Massachusetts, USA
L’Aquila, central Italy Del Monaco et al. 53461 1.01 041 25 4-10 3—<20
(2013)
Eskisehir Quaternary Tiin et al. (2016) 136 1.357 0985 30 0.30-15 0-500
Basin, Turkey
Japan This study 117.13 1.197 0.94 224 0.095-22.5 2-1500  Sedimentary bedrock
105.14 0.899 0.62 64 0.198-17.13 4-625 Igneous bedrock
132.67 1.084 0.90 36 0.304-12.55 6-550 Metamorphic bedrock
116.62 1.169 0.98 55 0.095-22.5 3.5-1500 Sedimentary bedrock with

V,/V, = 1.6-2.2

Hinzen et al. (2004) determined the sediment
thickness across an active normal fault (i.e. Erft-
Sprung normal fault system) in the Lower Rhine
Embayment (Germany). They measured the ambient
seismic vibrations at 152 sites along two profiles. The
resulting fundamental resonance frequencies were
limited to between 0.2 Hz and 2.5 Hz to determine a
comprehensive empirical relation for corresponding
thicknesses between 1200 m and 10 m.

Birgoren et al. (2009), Ozalaybey et al. (2011),
and Tiin et al. (2016) recently investigated the rela-
tionships of bedrock depth versus fundamental
resonance frequency at three different localities in
Turkey. The maximum bedrock depths on the
southern coast of Istanbul and in the Eskisehir Qua-
ternary basin are 449 m and 500 m, respectively,
while the Izmit bay area is 1100 m. Their obtained
parameters (i.e. a and b) were very close to each
other.

Harutoonian et al. (2013) conducted their study in
a dynamically compacted fill area in western Sydney.
Their HVSR microtremor measurements yielded

resonance frequencies in the range of 4.2-27 Hz,
corresponding to bedrock depths of 13.3-1.2 m. They
used the secondary resonance frequencies at higher
frequency bands that may reflect strong impedance
contrast within surface layers. They verified their
results by independent mechanical tests.

In the same year, Fairchild et al. (2013) carried
out a study to map the bedrock topography in western
Cape Cod, Massachusetts (USA). They conducted
HVSR microtremor measurements at 164 sites, veri-
fying bedrock depths using borings drilled to bedrock
and seismic refraction surveys.

Additionally, Del Monaco et al. (2013) estab-
lished a frequency—depth relationship to determine
the thicknesses of the surface soil weathered breccia.
They obtained the frequency from a detailed seismic
noise survey carried out in historical downtown
L’Aquila after the earthquake of 6 April 2009
(M, = 6.3). Their measurements at 25 borehole logs
yielded resonance frequencies in the range of
4-10 Hz, corresponding to bedrock depths of
20-3 m.
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Review shows that these previous valuable studies
were carried out at a local scale. Studies by Ibs-von
Seth and Wohlenberg (1999), Parolai et al. (2002),
and Hinzen et al. (2004) all focused on the Lower
Rhine Embayment in Germany, whereas studies by
Delgado et al. (2000a, b) focused in the south and on
the southeastern coast of Spain. Although studies
conducted by Birgéren et al. (2009), Ozalaybey et al.
(2011), and Tiin et al. (2016) were carried out at three
different localities in Turkey, the resulting curve-fit-
ting parameters @ and b were very similar. Some of
these studies had limitations in data sites, funda-
mental resonance frequencies, or bedrock depths. For
example, Birgoren et al. (2009) determined 1.54 Hz
as the maximum fundamental resonance frequency,
and Delgado et al. (2000a) established their rela-
tionship using maximum bedrock depth of 43.5 m.

The similarities in the b values may be an indi-
cation that this parameter is of low variability, while
a values would actually be a characteristic parameter
for each region (i.e. site-specific parameter). How-
ever, this review shows that much caution must be
taken before applying these previously established
relationships at any region, since it is possible that
these relationships are restricted not only to their
studied locations, but also to their studied bedrock
depths and resonance frequencies. This means that in
the case that these relationships are applied within
their original locations exceeding their maximum
depths or frequencies, layers of velocities and depths
may occur that deviate much more or much less from
their derived frequency—depth relationships.

3. Data Set

To conduct the present study, the KIBAN
Kyoshin network (KiK-NET) was chosen, which has
both borehole and surface seismographs. KiK-NET
consists of 697 observation stations, and Fig. 1 shows
the distribution of KiK-NET seismic stations in
Japan. KiK-NET is an open data network (http:/
www.kik.bosai.go.jp). Because of the lack of avail-
able geotechnical and seismological data at 13 KiK-
NET stations, 684 of the 697 stations are used in the
present analyses.
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In the present study, three-component records of
more than 10,000 earthquakes at the surface of the
684 KiK-NET stations are used for the analyses. It is
worth mentioning that the earthquakes used in this
study do not include strong motions or nonlinear
events, thus avoiding the added complexity of later
modification due to nonlinear responses. The accel-
erations recorded at the surface of the KiK-NET
stations used in the analyses range between
68.03 cm/s” and 0.02 cm/s”.

There are two main reasons for choosing the KiK-
NET data. First, P-wave and S-wave velocity profiles,
with their geological information, are available for
depths between 100 m and 3500 m. Six hundred
thirteen of the KiK-NET stations have borehole
depths less than 250 m, while 42 stations have
borehole depths between 250 m and 500 m. There
are also 42 deeper boreholes (more than 500 m in
depth) that are constructed on thick sediment within
large plains, such as Kanto plain or Osaka basin. As a
result, it will be possible to define the bedrock. Sec-
ond, these 684 KiK-NET stations cover a large
variety of geological and lithological conditions.
Some stations have bedrock depths that can be found
within sedimentary, igneous, or metamorphic layers.

4. HVSR Processing

This section describes the detailed procedure for
the HVSR calculation and the bedrock depth char-
acterization. This procedure consists of eight main
steps. These steps are summarized as shown in Fig. 2,
and are discussed in detail as follows:

1. Estimating the bedrock depths at each KiK-NET
station

In the present study, the seismic impedance con-
trasts between each adjacent two layers are calculated
at each KiK-NET using (ICp =
(GVP)underlying ]ayers/(aVP)overlying layers) for P-wave
velocities and (ICs = (0V5) underlying layers/
(0V5) overlying layers) TOr S-wave velocities. The first and
second highest impedance contrasts indicate the
potential presence of the bedrock interfaces. The
reason for using the second highest impedance con-

trast is that many KiK-NET stations have very

station
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Figure 1

Location of the 697 KiK-NET seismic stations in Japan. Solid circles, open squares, and open triangles are stations with borehole
depths < 250 m, 250-500 m, and > 500 m, respectively

surficial layers (i.e. top few meters). These surficial
layers can yield the first highest impedance contrast,
whereas the second highest impedance contrast
indicates the presence of the reliable deep bedrock
interface which is responsible for the fundamental
resonance frequency. It is important to note that this
step is a preliminary step for estimating the bedrock
depth. In the seventh step of this HVSR procedure,
the appropriate bedrock depths are assigned to their

corresponding fundamental resonance frequencies,
while the unreasonable bedrock depths are excluded
from any further analyses.

Yoshimura et al. (2003) and Maeda (2004) carried
out microtremor array observations for Rayleigh
wave phase—velocity dispersion curves and found that
shear wave velocities within a near-surface, thin, and
soft layer are likely to be lower than those derived by
PS logging data. This means that the shear wave
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Step 1: Estimation of the bedrock depth at
each KiK-NET seismic station based on
high seismic impedance contrast criteria.

If bedrock depth > 100 m
Step 2:
_ | Nc >200 !
One earthquake is chosen at Lf>10/Tw | Multi-earthquakes (i.e. 5 ~ 20)
each station and HVSR | ------i-2@emoommome R ! are conjugated and HVSR

processed using GEOPSY i SDa< 2 if f>05Hz
1 SDa< 3 if f <05Hz

SDf < 5%

processed using GEOPSY

Step 3: One HVSR individual average curve is resulted.

|
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Step 4: Step 2 is repeated 12 times at each station to

produce 12 HVSR individual average curves
\ 7

L
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Step 5: The resulted 12 individual average curves are
averaged to produce the final HVSR average curve

\

If dispersion

N
© Step 6: Yes
i SDa< 2 if f>05Hz |
: S : )
Reject the HVSR curve i SDa<3 if  f<0.5Hz ! | Accept the HVSR curve for
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| | |
e - ™
Step7: Assign the HVSR
peak frequency to the
bedrock depth
\. y,
{ l N
Step8: Invert the HVSR
curve using HV-Inv code
Figure 2

Diagram showing the systematic HVSR procedure

velocities for the soft, thin near-surface layers at the structures derived from PS logging data. This veloc-
KiK-NET stations may be overestimated, because all ity overestimation does not affect the reliability of the
KiK-NET stations have P-wave and S-wave velocity current bedrock interface determination, for three
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main reasons. First, this overestimation is present
only in S-wave velocities of the thin, soft, very near-
surface layers. Second, P-wave velocities are not
affected by this overestimation, so that IC, is not
biased. Third, this overestimation in thin near-surface
S-wave velocity will decrease the calculated impe-
dance contrast with respect to the underlying layer.
As a result, the possibility of the presence of a bed-
rock interface will be excluded. However, the
exclusion of the bedrock interface from further
analyses is better than depending on a misinterpreted
bedrock interface. Finally, the present PS logging
seismic velocity structures of KiK-NET are consid-
ered reliable in this study. This reliability is evaluated
and confirmed in the eighth and final step of this
HVSR procedure.

2. Processing earthquakes using the Geopsy software
suite (http://www.geopsy.org)

The reliability and quality of these HVSR calcu-
lations in this second step are assessed according to
two basic requirements: (a) the expected fundamental
resonance frequency of interest must be more than 10
significant cycles in each time window (Tw), and
(b) the total number of significant cycles (Nc) must
be greater than 200, and it is recommended that it be
increased around two times at low fundamental res-
onance frequencies. In order to fulfill these two
requirements, KiK-NET stations with bedrock depths
less than 100 m are analyzed using the single earth-
quake approach, while for those with bedrock depths
greater than 100 m, the multiple -earthquakes
approach is used, as shown in Figs. 3a and 4a,
respectively. This is because the expected funda-
mental resonance frequencies of bedrock depths less
than 100 m are higher than those of bedrock depths
greater than 100 m, and vice versa.

3. Obtaining an individual average HVSR curve

Figures 3b and 4b show two examples for the
resulting average HVSR curves. With the single
earthquake approach, an average HVSR curve is
calculated using the three-component records of one
earthquake. At sites producing low fundamental res-
onance frequencies (i.e. < 1 Hz), an HVSR-based
technique is proposed to fulfill the second basic cri-
terion of the total number of significant cycles. This

Site-Specific Relationships between Bedrock Depth 4815

technique is known as the multiple earthquakes
approach, and simply assumes several consequent
earthquake records as a continuous time series to
lengthen the total time window of each record, as
previously shown in Fig. 4a. The conjunction points
between each two adjacent earthquake records have a
negligible effect on the resulting HVSR processing,
because the frequencies of interest are low (i.e. < 1
Hz). The resulting average HVSR curve from this
step is considered the individual average HVSR
curve. The third basic requirement for the reliability
and quality of the present HVSR calculations is
assessed in this step: acceptable low standard devia-
tion values (i.e. low level of scattering), which may
strongly affect the physical meaning of the HVSR
peak frequencies. In this study, the standard devia-
tions are calculated for the amplitudes of the time
windows (SDa) and for their peak frequencies (SDf).
According to Bard and the SESAME team (2004)
guidelines, SDa of less than 2 is recommended for
peak frequencies (f,) more than 0.5 Hz, or 3 for peak
frequencies less than 0.5 Hz, within a frequency
range between 0.5 f, and 2 f,. The SDf must be within
a percentage of 5% to ensure that the peak frequen-
cies of the individual averages appear at the same
frequency on the HVSR individual average curves
corresponding to the average =+ one standard devia-
tion. This step is considered the first level in
calculating the standard deviations.

4. Repeating the second and third steps 12 times to
produce 12 individual average HVSR curves

This step is very important for obtaining the
lowest dispersive results. Obviously, propagation
path effects can strongly influence the resulting
individual average HVSR curve. Propagation path
effects are represented in shallow or deep earthquakes
and far-field or near-field earthquakes. In other
words, propagation path effects are proportionally
dependent on the focal depth and epicentral distance
of the earthquakes. In the present study, conditions of
one-dimensional wave propagation oscillating in the
vertical direction assuming plane-parallel are adopted
throughout the analyses. Therefore, the recorded
earthquakes at each KiK-NET site that fall into the
deep and near-field category are selected to fulfill
these conditions.
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a Example of single earthquake records at the surface of the IWTHO2 station showing time windows applied in Geopsy software. b The
resulting individual average HVSR curves calculated by Geopsy are in thin gray lines, and the solid black line is the final average HVSR
curve. (Note: calculated significant cycles ~ 910)

High standard deviation values mean that earth-
quakes used in the analyses are strongly non-
stationary and undergo high scattering and perturba-
tions, which may significantly affect the physical
meaning of the HVSR peak frequencies. Therefore,

the HVSR measurements at each KiK-NET station
are repeated 12 times using 12 earthquakes for cases
of the single earthquake approach and 60-240
earthquakes for cases of the multiple earthquakes
approach. This process ensures fulfillment of the third
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a Example of multiple earthquake records at the surface of the KYTHOS5 station showing the time windows applied in Geopsy software. b The
resulting individual average HVSR curves calculated by Geopsy are in thin gray lines, and the solid black line is the final average HVSR
curve. (Note: calculated significant cycles & 590)

basic criterion of acceptable low standard deviation. the SESAME team (2004) guidelines that were
As a result, 12 individual averages of HVSR curves explained in the third step. This step is considered the
are processed. second level in calculating the standard deviations to

ensure the lowest level of scattering. Calculating the
standard deviations in both levels exceeds the rec-
ommendations of the framework of the European
SESAME research project (Bard and SESAME team
2004) guidelines to avoid any dispersion in the

The standard deviations are calculated for the resulting final HVSR curve. This means that the final
individual average HVSR curves following Bard and average HVSR curve at each KiK-NET station must

5. Calculating the final average HVSR curve by
averaging the 12 individual average HVSR curves

6. Evaluating the dispersion level at each KiK-NET
station
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undergo two subsequent levels of acceptable low
standard deviation values. The first level considers
the time windows applied on the single earthquake or
multiple earthquakes approaches. The second level
considers the resulting 12 individual averages of
HVSR curves.

7. Assigning the HVSR peak frequency to the
bedrock depth

This step is considered the most difficult and
time-consuming step. However, the previously
determined IC, and IC, are considered basic for
assigning the HVSR peak frequency to its reliable
bedrock interface or depth, as depicted in the two
examples shown in Figs. 5 and 6. Figure 5a shows an
example of deep bedrock depth. In this example, the
second highest IC, and the first highest IC; directly
indicate the bedrock interface. The first highest IC,
has very shallow depth, which is not consistent with
the fundamental resonance frequency in Fig. 5b. In
Fig. 6, the fundamental resonance frequency or the
deep bedrock peak directly corresponds to the bed-
rock interface with the first highest IC, and IC;,
whereas the secondary resonance frequency or the
shallow bedrock peak corresponds to the bedrock
interface with the second highest IC, and IC;. It is
important to note that only clear and obvious funda-
mental and secondary resonance frequencies are
assigned to their proper bedrock interfaces which are
related to the first and second highest IC,, and IC,. As
a result, 360 out of the 684 KiK-NET stations are
excluded from the present analyses due to difficulty
and uncertainty in assigning accurate and proper
bedrock interfaces or obtaining unclear HVSR peak
frequencies.

8. Inverting the HVSR curves using HV-Inv code

The importance of this step is due to two reasons.
The first is to check the reliability of PS logging
seismic velocity structures of KiK-NET. The second
is to check the reliability of the determined bedrock
depth based on IC, and IC;. All the inversions per-
formed were carried out using the HV-Inv code
program (Garcia-Jerez et al. 2016), which is specifi-
cally designed for forward calculation and inversion
of the HVSR curves based on the diffuse field
assumption (Sanchez-Sesma et al. 2011). Therefore,
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30 KiK-NET seismic stations are selected to deter-
mine the inverted P-wave and S-wave velocity
structures. Forward calculation for the HVSR curves
were also carried out based on the original PS logging
seismic velocity structures of KiK-NET. Finally,
comparisons have been made between the observed,
inverted, and forward calculated HVSR curves. The
inverted velocity structures are compared with those
obtained from KiK-NET.

5. Results and Discussion

5.1. HVSR Peak Frequencies

The identification of the fundamental HVSR peak
frequencies met the Bard and SESAME team (2004)
guidelines for clear and unique single HVSR peaks.
Unclear frequency peaks such as cases of broad or
multiple peaks are rejected because of the unfulfilled
criterion of clear peaks. As a result, 324 KiK-NET
stations in this study satisfy the clarity criterion
according to Bard and the SESAME team (2004)
guidelines. Cenozoic Quaternary and Cenozoic Neo-
gene are the prevalent geologic ages at the 324 KiK-
NET stations. Here it is interesting to note two
significant observations. First, distribution of those
324 KiK-NET stations is not dependent on specific
sites. Second, similarities in geologic ages indicate
that geologic age factor is not a controlling factor that
may affect the resulting fundamental resonance
frequencies.

Figure 7 shows examples of some KiK-NET
stations that are producing clear, sharp, and unique
single HVSR peak frequencies of > 3 Hz, 3-1 Hz,
and < 1 Hz, respectively. Basically, the characteris-
tics of the clarity concept include the sharp amplitude
of the HVSR peak and its relative value with respect
to the HVSR value in other frequency bands, the
standard deviation of the HVSR amplitude, and the
standard deviation of HVSR peak frequency from
individual averages.

At approximately 30 KiK-NET stations, the
resulting HVSR curves exhibit two or multiple peaks.
These are considered rare cases in this study.
Examples are shown in Fig. 8. According to theoret-
ical and numerical investigations, these cases occur
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Examples of high, medium, and low HVSR peak frequencies (i.e. > 3 Hz, 3—-1 Hz, and < 1 Hz, respectively) at some KiK-NET stations (thin
gray lines are the individual average HVSR curves, while the solid black line is the final average HVSR curve)

due to two or more large impedance contrasts. These
impedance contrasts represent deep and shallow
structures at different scales. In this study, some
cases of two peaks are used in the present analyses
due to ease of interpreting these peaks, whereas other
cases are rejected due to significant difficulties in
relating these peaks to their proper impedance
contrast interfaces.

Figure 8 shows an examples of HVSR curves
with unidentified peak frequencies,
excluded from further analyses in the present study.
There are many reasons for rejection in such cases.
Some HVSR curves may exhibit a broad peak or a
multiplicity of local maxima. Other HVSR curves
show large standard deviations in the HVSR peak

which are

frequencies of the individual averages. These cases
strong affect the identification of clear HVSR peak
frequencies. In this study, HVSR curves at 360 KiK-
NET stations are excluded from the analyses because
of their unclear HVSR peak frequencies.

The distribution of both the accepted and the
rejected KiK-NET seismic stations is not influenced
by different geological, sedimentological, topograph-
ical, or structural The
earthquakes in the present analyses fall into the deep-

environments. selected
and near-field categories. Consequently, conditions of
one-dimensional wave propagation oscillating in the
vertical direction assuming plane-parallel are adopted
throughout the analyses. Therefore, the lateral geo-
logical differences or inhomogeneities do not affect
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Figure 8
Examples of KiK-NET stations with two or multiple HVSR peak frequencies (upper), and rejected or unidentified HVSR peak frequencies
(lower) (thin gray lines are the individual average HVSR curves, while the solid black line is the final average HVSR curve)

the resulting fundamental resonance frequencies.
However, the accepted 324 KiK-NET seismic sta-
tions can be considered to represent simple
geological conditions of one-dimensional velocity
models, whereas the rejected 360 KiK-NET seismic
stations represent more complex geological
conditions.

HVSR peak frequency bands of > 3 Hz, 3-1 Hz,
and < 1 Hz consist of 69, 17, and 14%, respectively,
of the total accepted HVSR peak frequencies at the
324 KiK-NET stations. This indicates that most of the
sites in Japan have large impedance contrasts that
occur for shallow structures, whereas deep structures
having strong impedance contrasts are very limited.
However, the measured HVSR peak frequencies from
the 324 KiK-NET stations can be considered suffi-
cient enough data to establish robust frequency—
bedrock depth relationships in Japan.

5.2. Frequency—Depth Relationship

Based on different lithological conditions, the 324
KiK-NET stations in this study are classified into two
major categories: sedimentary and non-sedimentary.

For sites classified as sedimentary, the interface
between the bedrock and the overlying layers lies
within sedimentary layers or at the contact between
sedimentary layers and basement rocks. For sites
classified as non-sedimentary, the interface between
the bedrock and the overlying layers lies within non-
sedimentary layers such as igneous or metamorphic
layers. The most interesting point is that the bedrock
depths reach 2000 m and 700 m in sedimentary and
non-sedimentary categories, respectively. Figure 9a
shows a nonlinear regression fit in the sedimentary
category to obtain the following equation:

h= 1713y (2)

Figure 9b shows three main parts in this nonlinear
regression that is previously shown in Fig. 9a. The
fundamental resonance frequency bands of > 3 Hz,
3—1 Hz, and < 1 Hz are dominant and characterize
the bedrock depths of < 30 m, 30-100 m, and > 100
m, respectively. Scattering in the fundamental reso-
nance frequencies at shallow bedrock depths
(< 100 m) is very high, whereas a reasonable fit
can be seen at bedrock depths > 100 m. The strong
deviations of the data points at shallow bedrock



Vol. 176, (2019)

Site-Specific Relationships between Bedrock Depth 4823

Fundamental resonance frequency (Hz)
1 10

@ 0.01 0.1
1

y=117.13x%1%7
R2 =0.9403

10

100

Bedrock depth (m)

1000

10000

(b) o001 0.1

10

y =113.73x1218
R?=0.9436

Bedrock depth (m)

1000

10000

100 £ R o

y =130.33x1242
R?2=0.6746

|y =136.71x1532
R?=0.6796

Figure 9
Fundamental resonance frequencies versus depth to bedrock in the sedimentary category. a Overall regression analyses. b Regression analyses
for the main three parts

depths (< 100 m) from the general trend of the linear
relationship are most likely a consequence of litho-
logical inhomogeneities. This first observation
indicates that the controlling part in the nonlinear
regression relationship is the deeper part (> 100 m).

The dominant lithology in the non-sedimentary
category consists mainly of tuff, pumice tuff,
andesitic lava, granite, rhyolite, gabbro, granodiorite,
basalt, gneiss, schist, and slate. Therefore, the non-
sedimentary category is categorized to two subcate-
gories depending on their origin. First, the igneous
subcategory includes lithologies such as tuff, pumice
tuff, andesitic lava, granite, rhyolite, gabbro, gran-
odiorite, and basalt. Second, the metamorphic
subcategory includes lithologies such as gneiss,

schist, and slate. Their resulting nonlinear regression
analyses are shown in Fig. 10. Figure 10a shows high
scattering in the fundamental resonance frequency
versus bedrock depth, while Fig. 10b shows a
reasonable fit. The nonlinear regression Eqs. 3 and
4 correspond to igneous and metamorphic subcate-
gories, respectively.

h = 105.14f;0a8’ (3)

h=132.67Tf s’ (4)

The squared parameters (Rs) for Egs. 2, 3, and 4
are 0.94, 0.62, and 0.90, respectively. Good correla-
tion is found in the fundamental resonance frequency
versus bedrock depth where the bedrock depth lies
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Fundamental resonant frequencies versus depth to bedrock in non-sedimentary subcategories. a Bedrock within igneous rocks. b Bedrock
within metamorphic rocks

within sedimentary or metamorphic layers. High
scattering prevails for the correlation where the
bedrock depth lies within igneous layers. This
observation indicates the strong effect of lithology
on the frequency—depth relationships.

Generally speaking, it is known that engineering
or geotechnical bedrock is characterized by shear
wave velocity of between 300 m/s and 700 m/s,
whereas seismic or seismological bedrock has shear
wave velocity of between 3000 m/s and 3500 m/s.
According to the site classification of NEHRP
(FEMA 222A 1994; FEMA 450 2004) and IBC
(2009), site class C is described as very dense soil and
soft rock, where shear wave velocities are 360 m/
s < V5 <760 m/s. Nath (2007) defined engineering
bedrock as having shear wave velocity of 400 m/s to
700 m/s for the purpose of seismic microzonation.
Miller et al. (1999) mapped bedrock by considering
shear wave velocity of > 244 m/s as a value for
bedrock using the MASW [Multichannel Analysis of
Surface Waves] survey. Delgado et al. (2000b)
considered shear wave velocity of > 250 m/s for
the Triassic carbonate rocks and Triassic to Creta-
ceous limestones as geotechnical bedrock. In a study
by Anbazhagan and Sitharam (2009), shear wave
velocity of 330 £ 30 m/s was considered for the
weathered rock and 760 £ 60 m/s for the

engineering bedrock. Sun (2014) considered shear
wave velocities of > 750 m/s for most soft rock in
Korea, which is the threshold value ng engineering
bedrock. Nath (2007) reported that seismic bedrock
corresponded to shear wave velocity of > 3000 m/s.
Kawase et al. (2011, 2018) conducted detailed studies
of one-dimensional shear wave velocity inversion
using a diffuse field approach at 100 K-NET and
KiK-NET stations using data for earthquakes and
microtremors. They identified seismological or seis-
mic bedrock, where shear wave velocity ranged
between 3000 m/s and 3400 m/s. Satoh et al. (2001)
carried out array microtremor and earthquake ground
motion measurements in Sendai, Japan, to obtain the
deep shear wave velocity structures inside the Sendai
basin. They considered that seismic bedrock reached
shear wave velocity of 3500 m/s.

In this study, the shear wave velocities determined
for the bedrock varied according to differences in
lithology. In the sedimentary category, the bedrock
has shear wave velocities between 240 m/s and
3040 m/s. Igneous bedrock has shear wave velocities
between 300 m/s and 3060 m/s, whereas metamor-
phic bedrock has shear wave velocities between
1000 m/s and 2900 m/s. In the present study, the
bedrock at the majority of the KiK-NET stations is
engineering bedrock, whereas at the other KiK-NET



Vol. 176, (2019)

Site-Specific Relationships between Bedrock Depth 4825

Fundamental resonance frequency (Hz)

0.1 1

10

100

Bedrock depth (m)

1000

10000

10

----- Ibs-von Seth and Wohlenberg,
1999(1)
Ibs-von Seth and Wohlenberg,
1999(2)
Delgado et al., 2000(a)
Delgado et al., 2000(b)
Parolai et al., 2002
Hinzen et al., 2004
Birgoren et al. 2009
Ozalaybey et al., 2011
Harutoonian et al., 2013
Fairchild et al., 2013

Del Monaco et al. 2013

@mmm This Study

Figure 11
Comparison between the present study nonlinear regression relationship (Eq. 2) and previously established relationships

stations it is seismic bedrock. Therefore, it is
practically useful to consider the bedrock depths
determined in this study as bedrock.

For fundamental resonance frequencies greater
than 10 Hz, the bedrock has a V,, / Vs range of 1.6—
7.75. This wide range of Vp/ Vs narrows as the
fundamental resonance frequency reaches a value less
than 0.1 Hz, where the bedrock has a V,, / Vs range of
1.6-2.2. Based on this criterion, the correlation of
fundamental resonance frequency versus bedrock
depth is rebuilt using only stations with a V,/V;
ratio of the bedrock in the range of 1.6-2.2. Better
fitting can be achieved with an Rs of 0.98. The new
nonlinear regression fit can be obtained in Eq. 5.

h = 116.62f;yss’ (5)

This criterion is also present in the non-sedimen-
tary category. Rebuilding the correlations of the
fundamental resonance frequency versus the bedrock
depth for the igneous subcategory using only stations
with a V},/V; ratio of bedrock in the range of 1.6-2.2
could not reproduce the correlations when compared
with the overall correlations shown in Fig. 10a. In the

metamorphic  subcategory, better fitting was
achieved, with an Rg of 0.96, and a new nonlinear
regression fit is obtained in Eq. 6.

h = 198.18f 034 (6)

Previous regression relationships were established
based on data taken from different sedimentary
environments. Therefore, the nonlinear regression
relationship of Eq. 2 is compared with previous
relationships for the purpose of fair comparison, as
shown in Fig. 11. It is clearly seen that the regression
relationship in the present study has three differences
in behavior when compared with previous relation-
ships. First, the previous relationships underestimate
the bedrock depths less than 30 m that correspond to
fundamental resonance frequencies greater than
3 Hz. Second, these previous relationships overesti-
mate the bedrock depths greater than 100 m that
correspond to fundamental resonance frequencies less
than 1 Hz. This underestimation at shallow depths
and overestimation at greater depths could be related
to the very local scale-based previous relationships.
The third behavior is the marginally good agreement
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Example of HVSR inversion at the FKSHI12 station. a KiK-NET and inverted velocity structures. b Observed, inverted, and forward
calculated HVSR curves

between the present study regression relationship and
the previous relationships around 1 Hz. This good
agreement can be understood based on Eq. 1. The
effect of the b parameter becomes negligible at 1 Hz,
while the a parameter strongly controls the calculated
depth. Therefore, thea parameter can be considered a
site-specific parameter and would actually be a
characteristic parameter for each region. As shown
in Table 1, the b parameters have low variability,
except for some cases (e.g. Fairchild et al. 2013; Del
Monaco et al. 2013). The best-matched previous
relationship with the present Eq. 2 is the relationship
established by Hinzen et al. (2004). It is important to
note that the maximum fundamental resonance fre-
quency used in the study by Hinzen et al. (2004) is
2.5 Hz. This second observation also strongly indi-
cates that the nonlinear regression relationship is
governed and guided by the deeper part. This
observation is very important, specifically in the case
of using the frequency—depth relationship as a
subsurface exploration tool. Based on this compar-
ison, it can be concluded that geological conditions at

the site have a strong influence on the resulting
frequency—depth relationship.

5.3. HVSR Inversion

In this section, 30 KiK-NET stations are selected
in order to infer the velocity structures using HVSR
inversion based on the diffuse field approach. The
inverted velocity structures may provide an indica-
tion of the reliability of the KiK-NET velocity
structures and the consequent inference of the
bedrock depths. KiK-NET velocity structures provide
the HVSR inversion process with an initial guess of
the velocity structures and also range constraints for
Vp and V; to feed into the inverted velocity structures.
Further, forward calculation of HVSR curves based
on the original KiK-NET velocity structures are
measured and superimposed on the observed and the
inverted HVSR curves.

Figure 12 shows an example of HVSR inversion
at the FKSH12 station. The inverted velocity struc-
tures are consistent with those provided from KiK-
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HVSR inversion performance. fy,, observed fundamental resonance frequency, fx;x fundamental resonance frequency obtained from forward

calculation using PS logging seismic velocity structures of KiK-NET, f;,,. fundamental resonance frequency obtained from HVSR inversion,

Aops, observed peak amplitude of HVSR, Ag;x peak amplitude of HVSR obtained from forward calculation using PS logging seismic velocity

structures of KiK-NET, A;,,. peak amplitude of HVSR obtained from HVSR inversion, Dg;x bedrock depth obtained from PS logging seismic
velocity structures of KiK-NET, Dy, bedrock depth obtained from HVSR inversion

NET, as shown in Fig. 12a. Observed, inverted and
forward calculated HVSR curves are thus superim-
posed in Fig. 12b.

Figure 13 presents an evaluation of the HVSR
inversion with respect to peak amplitudes, funda-
mental resonance frequencies and bedrock depths.
The observed fundamental resonance frequencies are
fitted to those produced from the inverted and
forward calculated HVSR curves as presented in
Fig. 13a. Overestimation of the HVSR peak ampli-
tudes, which are produced from forward calculation
of HVSR curves based on KiK-NET velocity struc-
tures, is clearly observed when compared with those

produced from the HVSR inversion in Fig. 13b.
Reasonable matching between bedrock depths iden-
tified from velocity structures of KiK-NET and
HVSR inversion is presented in Fig. 13c. Table 2
summarizes the HVSR inversion results for the
selected 30 KiK-NET stations, from high to low
fundamental resonance frequencies (i.e. shallow to
deep bedrock depths).

It is evident from the above analyses that the KiK-
NET velocity structures, measured based on the PS
logging suspension method, are reliable and may
provide an indication that the present established
frequency—depth relationships are also reliable. A
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Table 2

HVSR inversion performance

Station Fundamental resonance frequency (Hz) Peak HV amplitude Bedrock depth
ﬁ)bsA fKiK flnv. AObs, AKiK Alnv. DKiK Dlnv.
Shallow bedrock OITHO8 15.90 8.74 14.57 4 47 2 4.0 0.7
<30m YMTHO04 12.39 1.13 11.94 5 7 4 6.0 4.5
>3 Hz SAGHO02 9.90 10.41 9.78 6 8 5 8.0 7.1
HYGHO04 8.74 7.44 8.74 6 15 5 10.0 10.2
OITH11 7.39 12.76 7.39 6 5 5 4.0 10.2
SITHOS 6.41 6.57 6.17 6 22 6 12.0 13.5
SMNHO03 5.80 5.73 5.45 8 6 8 14.0 14.2
IBRH18 5.08 4.57 5.03 10 4 8 15.0 26.2
FKSH12 4.24 4.02 4.24 9 13 9 22.0 25.1
WKYHO07 3.27 2.75 3.48 4 17 4 27.0 34.5
Medium bedrock AICH16 2.42 2.52 2.46 7 17 7 44.0 44.6
30 m —» 100 m FKIH04 1.38 1.55 1.38 9 15 9 98.0 42.3
3Hz »> 1 Hz FKSH14 1.17 1.27 1.18 5 11 5 52.0 111.7
IBRH11 2.55 2.49 2.55 10 28 10 30.0 38.5
KOCHI2 2.92 2.82 2.96 3 6 3 76.0 86.8
RMIHO05 2.34 2.01 2.34 6 16 6 34.0 29.1
KSRH10 1.91 1.89 1.84 6 20 6 36.0 57.3
YMNHI11 2.65 2.52 2.65 6 12 6 315 30.3
YMGHI14 2.52 3.75 2.61 7 31 8 24.0 31.5
SOYHO09 2.61 2.06 2.46 4 4 5 30.0 18.2
Deep bedrock AICHO4 0.45 0.43 0.46 5 20 5 300 448.6
> 100 m AICH14 0.97 0.88 0.97 4 11 4 184 182.6
<1Hz AKTHI1 0.47 0.48 0.46 4 10 4 324 311.8
CHBH13 0.19 0.18 0.19 4 14 4 850 1061
FKOHO07 0.43 0.41 0.43 5 6 4.5 415 276
IBRH17 0.33 0.33 0.33 4 11 4 460 418.7
KYTHO8 0.68 0.57 0.69 42 11 4.5 350 250.6
MYGHO1 0.89 0.85 0.88 11 25 11 110 124.7
OSKHO02 0.15 0.13 0.15 4 12 4 1550 2034
SZOH25 0.48 0.49 0.49 4 8 4 328 295.2

new, more recent interpretation of the HVSR curves
is planned to be carried out on the present data to
reduce the non-uniqueness of the inverted velocity
structures. Diffuse field assumption links HVSR to
Green’s function retrieval through autocorrelation of
the seismic field to estimate the layered velocity
structure (e.g. Ducellier et al. 2013). The contribution
from Lontsi et al. (2015) allows the use of a full
microtremor HVSR spectrum for subsurface charac-
terization using inversion based on diffuse wavefield
theory. The authors optimized the inversion process
by using a coarse integration step combined with the
smoothing of the corresponding directional energy
density (DED) spectrum, instead of using a smooth
HVSR curve on a broad frequency range by consid-
ering a fine integration step, which is in turn time

consuming. Spica et al. (2018) also presented new
theoretical and empirical results on computation and
inversion of HVSR based on diffuse field assumption
for combinations of receivers at surface and depth at
the Groningen gas field. Therefore, adoption of these
recent methods is planned to allow faster conver-
gence towards reliable velocity structures at KiK-
NET, and consequently reliable inference of the
bedrock depths.

6. Conclusions
In this paper, a review of available nonlinear

regression relationships between bedrock depth and
fundamental resonance frequency is highlighted. New
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nonlinear regression regional relationships based on a
very dense network of seismic stations (KiK-NET)
have been established. The horizontal-to-vertical
spectral ratios (HVSR) of 10,000 weak earthquakes
(i.e. linear events) were calculated at 684 KiK-NET
stations in Japan, where geological, lithological, and
P-wave and S-wave velocity structures are available
from borehole drilling data for depths between 100 m
and 3500 m. This paper makes several observations
while analyzing the previous and the present non-
linear regression relationships. The stability of the
HVSR of weak earthquakes is confirmed as a pow-
erful geophysical tool for exploring bedrock depths in
different lithological units of KiK-NET data. The
frequency—depth relationship has a significant
dependence on the lithological condition of the
overlying layers/bedrock interface (i.e. sedimentary,
igneous, or metamorphic). Frequency bands of > 3
Hz, 3-1 Hz, and <1 Hz correspond to bedrock
depths of < 30 m, 30-100 m, and > 100 m, respec-
tively. The bedrock depths of < 30 m and 30-100 m
show high scattering when correlated with the fun-
damental resonance frequencies, although they
produce clear, unique, and single sharp HVSR fre-
quency peaks. This strong scattering indicates that the
impedance contrast of the overlying layers/bedrock
interface is not the prominent factor controlling the
frequency—depth relationship. Bedrock depths > 100
m show good and reasonable correlation. The general
trend of the frequency—depth relationship is signifi-
cantly controlled by the V,,/V; ratio of the bedrock in
the range of 1.6-2.2. The shear wave velocity of the
bedrock has a negligible influence on the frequency—
depth relationship. The present frequency—depth
nonlinear regression relationships are strongly site-
dependent. Therefore, it is suggested that these rela-
tionships be applied on other sites in Japan for further
verification and assessment of reproducibility.
Quantitative and reliable inferences between all the
available relationships are needed in order to draw
useful conclusions for finding reasonable data fitting
of the geotechnical characteristics of the bedrock.
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