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Abstract

This study quantitatively evaluates the applicability of the microtremor exploration method on irregular subsurface
structures by performing a benchmark test using simulated microtremor waveform data calculated by the three-
dimensional finite-difference method. The structure models used included a sediment-layered bedrock with an inclined
subsurface connecting 450-m deep shallow bedrock with 1350-m deep bedrock. Simulated microtremors were induced
by oblique forces on the surface equally aligned along the surrounding four model edges. For three models with
different inclined angles of 5°, 10°, and 90°, arrays expanding from 200 m to 1600 m in the shortest sensor distance
were deployed at thin-layered, thick-layered, and transition regions, respectively. The S-wave velocity was 1 km/s for
the sediment and 3 km/s for the bedrock, so this high-velocity contrast induced the excitation of the first higher mode of
the Rayleigh wave rather than the fundamental mode in a particular frequency range. Participants were requested to
submit Rayleigh-wave phase velocity results for nine cases from vertical components. Rayleigh-wave phase velocity
results from all participants showed a small deviation and reproduced the theoretical dispersion curves well from the
surface-wave field and those from the full-wave field, except the case where the array was located on a transition region
with an inclined angle of 90°. This benchmark test showed the potential applicability of the microtremor exploration
method up to the inclined angle of 10°, which was larger than a criterion of an inclined angle of 5°, as suggested in
previous studies.
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1. Introduction

Since the pioneering works by Aki [1] and others [2-4], the estimation of phase velocity from microtremor
array observations and its usage for underground structure estimation have been accepted by many
researchers, and its applications have accumulated [e.g., 5-9]. However, because the source of microtremors
is not clear, it is important to clarify the applicable range when using microtremors as an underground
structure exploration method. In contrast, as the applications of microtremor array measurements increase,
the number of studies on sedimentary grounds with irregularities in the basement has also increased [10-13].
To understand better the characteristics of microtremors obtained by field observation, it is becoming more
important to use numerical simulations of microtremors to perform array analysis under conditions where the
source and underground structure are known and to examine the reliability of the information on the
extracted underground structure [14-16].

The purpose of this research project is to examine and verify the effects of differences in data
processing processes on microtremor array analyses using simulated microtremor waveforms calculated for
an irregular ground structure model. We conducted two stages of numerical experiments. The first stage is
called a benchmark test. Microtremor simulation waveforms were synthesized for a simple irregular ground
model in which two layered bedrocks with different basement depths were connected by an inclined
subsurface. The participants were requested to estimate the phase velocities, and the details of the
underground structure model and site locations were presented to the participants in advance [17-20]. The
second stage is called a blind test where microtremor simulation waveforms were synthesized using a more
realistic three-dimensional velocity structure model: the Osaka sedimentary basin model. The participants
were requested to estimate the phase velocities and the S-wave velocity structure models, but the details were
not available except that the Osaka sedimentary basin model was used [21, 22]. In this article, we report the
results of the benchmark test.

As a previous study similar to the benchmark test introduced in our project, a blind prediction on
microtremor was performed as an event of the 3rd ESG International Symposium in 2006. The Effects of
Surface Geology on Seismic Motion (ESG) has been a part of the International Association of Seismology
and Physics of the Earth’s Interior and the International Association of Earthquake Engineering since 1987.
This is a joint research project and is still ongoing as a research project in an international framework. The
overview of the ESG blind prediction is described in detail by Cornou et al. [23] and summarized by Kudo
[24]. Although the ESG’s blind prediction was a preceding study of this research project, the simulation
waveform of the microtremor distributed to the participants was calculated using the analytical code of the
Green’s function developed by Hisada [25], and the underground structure model was a stratification
structure. In addition, microtremor observation waveforms obtained by field observation were also
distributed. This project focuses on the applicability of the microtremor exploration method considering an
irregular subsurface structure and simulation waveforms of microtremors distributed to participants to be
created using the three-dimensional finite-difference method [26]. After the ESG’s blind prediction, new
blind tests and reviews by researchers in Europe, the United States, and Australia induced vigorous efforts to
create guidelines for the use of microtremors [27-31].

2. Overview of the benchmark test
2.1 Target model and provided simulated tremor waveform

Fig. 1 shows the model of the irregular ground structure that is the subject of the benchmark test. This model
is a simple three-dimensional underground structure model in which two sedimentary layers with different
thicknesses of sedimentary layers are connected by an inclined base surface, and the model uses the
inclination angle 0 of the inclined base surface as a parameter. A simulated tremor (velocity) waveform
generated by exciting multiple points on the ground surface along the outer circumference of this model was
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calculated using the three-dimensional finite-difference method [26]. The model volume in the difference
method was 84 km in two horizontal directions and 25.5 km in the depth direction. The excitation points
(episodes) were arranged at equal intervals (5 km) around the model (7 km inside the edge) for a total of 56
points). There were three calculation cases: 6 = 5°, 10°, and 90°. A single excitation force was applied to
each excitation point, and the component ratio in the x-, y-, and z-directions was set to 1:1:2, respectively.
The frequency characteristic (amplitude) of the excitation force had a peak at 0.1 Hz, and the spectrum shape
was such that the amplitude decreased smoothly on the lower and higher frequency sides, and the phase was
random. The accuracy limit on the high-frequency side of the calculated waveform was assumed to be 2 Hz.

To calculate the simulated tremor waveform by the three-dimensional finite-difference method, the
time interval was set to 0.004 s and 132,500 steps (duration of 530 s). The grid interval x number of grids in
the difference method was 0.1 km x 840 for each horizontal direction and 0.05 km x 30 + 0.3 km x 80 for
the vertical direction. The output of the waveform was set every 20 steps, that is, 0.08 s. In addition, it took
about 80 s for the waveform to reach the steady state, so participants were informed that it was desirable to
use the waveform after that. The waveform output points were the two sites shown in Fig. 1 (Site A for the
shallower base layer and Site C for the deeper base layer) and the inclined base (Site B) connecting them.
The data at each site were composed of grid points (33 x 33 points as one data set) in a rectangular area
surrounded by 3.2 km x 3.2 km. The coordinates of the centers of Sites A, B, and C (in km) are (32, 42),
(42, 42), and (52, 42), respectively. In addition, for the purpose of optional analysis, for the Site B inclination
angle of 90°, the rectangular area is extended in the x-direction (direction perpendicular to the inclined plane),
and the grid points inside are set to 73 x 33 points.

In the presented procedure, nine sets of simulated microtremor waveforms were created for each of the
three cases with different angles of the base slope for the three sites, and they were distributed along with the
details of the creation conditions. Participants were asked to submit nine dispersion curves and the analysis
conditions for the calculation of the phase velocity in a specified Excel worksheet using each analysis

method.
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Fig. 1 — Three-dimensional model for simulated microtremor waveform
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2.2 Participant submissions

Array analysis methods used by participants include the SPAC method [1], extended SPAC method [33],
CCA method [34], and FK method [2, 32]. The methods were expected to be divided into two strains.
Therefore, participants were requested that the array layout (Fig. 2) used for analysis be used, Sq5P be used
for the SPAC method, and Grid9p be used for the FK method. Eleven participants used the SPAC method,
and six used the FK method. In the array analysis, the Rayleigh-wave phase velocity was estimated using the
vertical components, and the detailed data of the analysis conditions were submitted along with the
calculated phase velocity data. Participants are provided with three component waveforms. As an option, the
phase velocities of the Love waves are calculated using the SPAC method [35] or the FK method [36, 37]
using the horizontal component. In some cases, different array configurations were used. In this paper, we
report the analysis results of the phase velocity using the vertical components that are the requested
components (11 sets for the SPAC method and 6 sets for the FK method) and report the analysis results
submitted as an option at another opportunity.

Sg5p Grid9p
(SPAC Method) (FK Method)
o . o ¢ o,
R R
—@ @ @] —@ o =
R R
o ¥ —@ @ L S
«——r—> «—>—>
R R R R

R=200, 400, 800, 1600 (m)

Fig. 2 — Sensor layout for array analyses

2.3 Theoretical value of phase velocity

The theoretical values to be compared with the phase velocities submitted by the participants include
the phase velocity of the fundamental mode of the Rayleigh wave [38], the phase velocity considering the
higher-order modes of the Rayleigh wave [39], and the phase velocity of the surface wave. In addition, the
effective phase velocity [40] of the whole wave field considering both surface waves and body waves is used.
When calculating the simulated microtremor waveform by the finite-difference method [26], the physical
properties were smoothed near the boundary between the sedimentary layer and the base layer to stabilize the
numerical analysis. The thickness of the sedimentary layer immediately below the center was 1.5 grids
thinner than the values set in advance for modeling (Site A: 450 m, Site B: 900 m, Site C: 1,350 m). This
point was considered when calculating the theoretical value of the phase velocity for the model. Fig. 3 shows
the theoretical values of the phase velocity at each site. The phase velocity of the fundamental mode of the
Rayleigh wave at each site (referred to as RO from the Rayleigh wave of the Oth-mode) [38] and the phase
velocity considering the higher-order mode of the Rayleigh wave (from the Rayleigh wave of multiple-
modes), (called RM) [39] were calculated. The peak appears in the RM near the cutoff frequency of the first
mode, and only the fundamental mode exsits in the lower frequency side, so the dispersion curve had an
overhang shape. The peak frequency (frm) of RM was 0.70 Hz for Site A, 0.35 Hz for Site B, and 0.23 Hz for
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Site C. Strictly speaking, RM always exceeded RO on the high-frequency side where higher-order modes
appear, but when it was more than about 1.3 times frv, RM looked almost identical to RO. This frequency
named fro can be observed ataround 0.95 Hz for Site A, 0.48 Hz, and 031 Hz for Site C. In contrast, the
phase velocity (called FW from the full-wave field) calculated in consideration of the whole wave field [40]
showed a shape that envelops the RM, and its peak frequency appeared on the lower frequency side of frm,
and FW approached RO as the frequency decreased further. Fig. 3 illustrates frw, frv, and fro for each site.

The peak frequency (frw) of FW was 0.54 Hz for Site A, 0.26 Hz for Site B, and 0.18 Hz for Site C.
The predominant frequency (fo) for S-wave incidence by one-dimensional wave theory was 0.58 Hz for Site
A, 0.28 Hz for Site B, and 0.19 Hz for Site C, and frw was very close to fy within a factor of 1.08. The
maximum value of the phase velocity of the FW was almost constant regardless of the site and reached
nearly 4 km/s, which is much higher than the S-wave velocity (3 km/s) of the basement layer. The results
show that body waves are dominant in the composition of waves near the peak frequency of FW [40].

As described, the simulated microtremor waveform distributed in the benchmark test has a frequency
band that includes not only surface waves but also body waves, and the phase velocity calculated from the
microtremor array analysis is compared with theoretical ones in Fig. 3. It is of interest which kind of
theoretical value corresponds to phase velocity resutls estimated by paticipants.

Velocity (km/s)

Frequency (Hz)

Fig. 3 — Theoretical phase velocities for three sites

3. Phase velocity estimation results and considerations
3.1 Phase velocity by the SPAC method

Fig. 4 shows the phase velocities by the SPAC method. In this figure, the results of each participant are
drawn in light blue (labeled RAW). The average value and the average value + standard deviation are plotted
in red (labeled AVR and AVR + STD). Note that AVR and STD are evaluated when we have more than four
teams. Three theoretical values shown in Fig. 3 are also drawn in blue (R0), gray (RM), and ocher (FW). In
this figure, nine panels are arranged as 3 x 3. The upper, middle, and lower panes show the results for the
inclined angles of 5°, 10°, and 90°, respectively; while the left, center, and right panes show the results for
Site A, Site B, and Site C, respectively. Each panel has a label that combines the site and the inclined angle
of the subsurface (e.g., Site A/5°). Fig. 5 shows the coefficient of variation (the ratio of standard deviation to
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average value) based on the participants’ phase velocity results in Fig. 4. In this figure, the results of Site A,
Site B, and Site C are aligned from left to right. The features and findings observed from these figures are
described in the following paragraphs.

Figs. 4, and 5 show that the phase velocities obtained by the SPAC method tend to have smaller
variations as the frequency increases. Regarding the correspondence with the theoretical values, the results
are comparable to the theoretical values except for the case where the inclined angle of Site B is 90° (Fig. 4h).

The results of Site A (Fig. 4adg, Fig. 5a) are suitable for observing a relatively wide frequency range
from low frequency to high frequency. The figures show that the effect of the inclined angle of the model
seems to be trivial and that the estimated phase velocity shows good correspondence to FW.

In Site C, the effect of the inclined angle of the model is not clear (Fig. 4cfi, Fig. 5c), but Site C shows
slightly different results from Site A. The results of Site C show that the estimated phase velocities vary
greatly at low frequencies below fro and that the average values seem to correspond better to RO rather than
FW. In Site A, waves mainly come directly from the peripheral source placed on the thin sedimentary layer
region. In contrast, in Site C, the wave field seems more complicated, and it consists not only of waves
coming directly from the peripheral source placed on the thick sedimentary layer side but also refracted
waves or reflected waves because of the existence of the inclined subsurface.

When the inclined angle of Site B is 5° (Fig. 4b), the estimated phase velocity has good
correspondence with RM. In addition, when the inclined angle of Site B is 10° (Fig. 4¢), the estimated phase
velocity has a good correspondence with RO and shows a low peak at lower frequency than frm. Note that the
characteristics of the estimated phase velocities of Site B differ when the inclined angle increases from 5° to
10°. The results indicate that the phase velocity considering the higher mode of Rayleigh wave [39] becomes
noneffective as the inclined angle increases because the inclined angle of the subsurface affects the excitation
characteristics of higher-order modes. However, it is presumed that the fundamental mode of the Rayleigh
wave is sufficiently excited even at an inclined angle of 10°.

3.2 Phase velocity by the FK method.

Similar to the results for the SPAC method, the results with the FK method are plotted in Figs. 6, 7. Fig. 6
shows the phase velocity obtained using the FK method, and Fig. 7 shows the coefficient of variation. The
panel layouts in Fig. 6 are the same as those in Fig. 4. In the following paragraphs, the features and findings
observed from these figures are described.

In the case of the FK method, the number of participating teams was smaller than the SPAC method,
and the minimum frequency of the phase velocities was around 0.3 Hz. For this reason, the overall
characteristics observed in the results of the FK method are similar to those of the SPAC method, but the
results of the FK method generally show large variations.

Regarding the correspondence with the theoretical values, similar to the results of the SPAC method,
the results of the FK method are comparable to the theoretical values except for the case where the tilt angle
of Site B is 90° (Fig. 6h). At Site A, although the variation is large near frw, the results generally correspond
well with the FW (Fig. 6adg and Fig. 7a). The other two results of Site B do not show results around frw, but
they correspond well to FW as a whole (Fig. 6be). In Site C, there is no result near frw, but the results show
good correspondence with FW near frm on the high-frequency side (Fig. 6¢fi and Fig. 7¢).

3.3 Other findings

In this benchmark test, even when the inclined angle of Site B was 10°, the variation of the
participants’ results was small in both the SPAC method and the FK method when the frequency band was
slightly higher than frvm, and the correspondence to the theoretical value was good. Thus, the results of the
phase velocities obtained from the array analysis can be used in the estimation of the underground structure.
In previous studies, the approximation of the stratification structure was considered to be appropriate at an
phase velocities obtained from the array analysis can be used in the estimation of the underground structure.
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phase velocities obtained from the array analysis can be used in the estimation of the underground structure.
In previous studies, the approximation of the stratification structure was considered to be appropriate at an
inclined angle of about 5° [e.g., 41], but this guideline may be conservative. However, the results of the
SPAC method show that the excitability of the higher-order modes varies between the cases of 5° and 10° in
inclined angles (Fig. 4be). In contrast, a significant difference is not found in the results of the FK method
(Fig. 6be), and the cause should be studied as future work.

In addition, the SPAC and FK methods failed to extract useful phase velocities for estimating
underground structures when the inclined angle of Site B was 90°. To remedy this failure, the endpoints of
the array arrangement should be offset from the center point of Site B. Through the preceding analysis of the
benchmark test and optional analysis by participants, the minimum offset may depend on the array size or
the wavelength to be detected. When the subsurface of the bedrock is inclined, single-station observations
should be conducted prior to array measurements to grasp the systematic change of the predominant
frequency of the horizontal/vertical (H/V) spectrum ratio [10] and to arrange the array carefully.

4. Conclusion

In this study, aiming at clarifying the applicability of the microtremor exploration method on irregular
ground, the waveform calculated using the three-dimensional difference-method simulation was regarded as
simulated microtremor data, and the participants calculated the phase velocity from the microtremor array
analysis. The analysis model was a simple three-dimensional underground structure model in which two
horizontal strata were connected by an inclined subsurface structure. As a result, the results show that the
estimation result of the phase velocity can be safely used for estimating the underground structure using
either the SPAC or FK methods when the inclination angle is about 10°.

In a further study, it is necessary to examine how the estimation parameters can be constrained by
considering the phase velocity and the H/V spectrum simultaneously [42]. The phase velocity and the H/V
spectrum differ in the change of the error space with respect to the estimated parameters, and it is suggested
that the parameter space can be constrained more strongly by considering both [43]. In this project, following
the benchmark test introduced in this article, the blind test [21, 22] using the Osaka sedimentary basin model
was conducted, in which participants were asked to estimate not only the phase velocity but also the
underground structure. Details will be reported in a separate article.

Finally, we describe overall impressions obtained through this project and provide future perspectives.
This time, participants who are interested in microtremor array observation and its analysis analyze the same
waveform data, compare the analysis conditions and analysis results, and exchange the various know-how in
the data processing. For example, the details of analysis conditions, such as how to extract waveforms during
spectrum analysis and the types of time windows, also show the perspective of the creator of the analysis
code and the tradition inherited in the university laboratory. It seems to give clues to improve the results. In
addition, based on a study [20] by the team submitting the results of both the SPAC and FK methods, the
analysis results obtained from the FK method get close to those from the SPAC method by selecting the data
more than the minimum coherence level (e.g., 0.08 to 0.18). Furthermore, a participant report tells us that
horizontal components can be analyzed by a newly proposed FK method other than the previous method [36]
[37].

Conrcerned with this project, new research results were generated in the process of analyzing
microtremor simulation waveforms. For example, the phase velocity in the full-wave field was newly
proposed [40], referred to as FW in this article. While we tested to estimate the phase velocity using the
simulated microtremor waveform, we found that the phase velocities showed peak values faster than the S-
wave velocities of the bedrock near the S-wave predominant frequency. Making efforts to interpret them led
us to a new horizon to investigate the effect of body waves in such a frequency range. When we develop a
code for array analysis, we use a simple example waveform such that a plane wave having the phase velocity
of the fundamental mode of a Rayleigh wave in a stratified structure propagates from the horizontal direction.
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By acquiring an array record by full-scale microtremor simulation in which the microtremor vibration source
and underground structure were generated under clear conditions, as in this benchmark test, new results other
than the original purpose are expected. Other than the phase velocity in the full-wave field [40], the
evaluation of the rotational component from horizontal components and its usage in estimating the Love-
wave phase velocity were remarkable wokrs [44]. To share the information with more researchers and
technicians, we will publish various data and findings obtained through benchmark tests and blind tests.
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