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Abstract

S-wave velocities in the near-surface layers, especially in an earthquake-prone area,
become one of important parameters for seismic hazard evaluation. An S-wave velocity
profile can quantify the amplification and the resonant frequency of ground motion. This
study aims at providing shallow S-wave velocity profiles in the Bandung basin, Indonesia, to
characterize the soil amplification features for the seismic hazard evaluation in the basin

using a simplified method considering a limited availability of instruments in the area.

The existing methods to estimate an S-wave velocity (Vs) profile are based on
observations of the surface-wave phase velocities and microtremor horizontal-to-vertical
spectral ratios (H/V). We simplify a profile representation of an estimated profile by a linear
function of S-wave velocity, so that the model parameters become only the surface S-wave
velocity (V1), the velocity-depth gradient, and the bedrock velocity. In this study, we defined
a constant bedrock S-wave velocity with a velocity of 500 m/s. Therefore, an estimation of a
Vs profile can be modelled from the V1 and the velocity gradient. In addition to
accommodate the limitation of available instruments in Bandung, we propose a method to

estimate a profile using H/V data and V1 from field measurements.

The applicability of the proposed method was examined in the numerical tests using
soil profiles from the boreholes in the basin and compared the results with the obtained ones
from the conventional method. The numerical test results confirm the applicability of the
proposed method. The estimated profiles from the proposed method having a good agreement
to the borehole profiles with average relative differences around or less than 20% and

providing similar results with the profiles obtained using the conventional method.

We then estimated the actual profiles using the conventional and the proposed methods
in the Bandung basin by deploying microtremors array measurements and VI1-H/V
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measurements. We examined the appropriateness of the linear profile representation in the
basin from the agreement between the observed phase velocities from the array
measurements and the theoretical ones of the estimated profiles from the conventional
method. The observed phase velocities from the array measurements show that 23 of 25 sites
of the observed phase velocities can be well explained by the theoretical phase velocities
using the linear velocity increases. It indicates the appropriateness of the profile
representation using the linear function in the Bandung basin. The phase velocity comparison
also confirms the suitability of the assumption of the bedrock velocity of 500 m/s.
Furthermore, we provided 29 additional S-wave velocity profiles in the basin using the
proposed method. Finally, we use the estimated Vs profiles from the array and the V1-H/V

measurements for the site characterization of the site amplification in the Bandung basin

The results of applying the methods to the data in the Bandung basin suggest that the
time-averaged S-wave velocities in the top 30 m (Vs30) are below 150 m/s at sites located in
the lake deposit (the central-eastern part of the basin). The soil amplification factors in the
lake deposit region are higher than six at frequencies below 1 Hz, due to the existence of the
low velocity layers with thick sediment deposits. Meanwhile, at the sites situated in the
volcanic deposit region, especially in the northwestern part of the basin, the site amplification
factors are characterized by fundamental peak frequencies of 2 to 8 Hz with amplitudes
below six due to the present of the thin sediments with the high velocities layers. Our results
of the Vs30s from the field measurements indicate lower values than the previous Vs30 map
of the basin by Handayani et al. (2009) that derived from an empirical relation to the surface
geology condition. These results also reveal a higher seismic hazard potential in the Bandung

basin than the previous study.
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1.1 Background of research

The assessment of local site effects on seismic ground motions has become one of
important steps in earthquake hazard assessment. Several destructive earthquakes in the
past have demonstrated that the local site conditions substantially influence the
amplitudes and the characteristics of strong ground motion which generated the severe
damage (e.g., Tsuda et al., 2006; Zeng, 1996). Lessons learned from the past large
earthquakes such as the 1985 Mexico City earthquake and the 1994 Northridge
earthquake show that variation of damage area may occur even far from an epicenter of
an earthquake due to the presence of shallow soft sediments that could cause an
amplification of the ground motion (i.e., local site effect) (Boore, 2003; Glass, 1989;
Hauksson et al., 1995). An S-wave velocity profile has been known as one of important
parameters for the site amplification of seismic waves during an earthquake
(Govindaraju & Bhattacharya, 2012; Quispe et al., 2014; Tsuda et al., 2006). Therefore,
the estimation of shallow S-wave velocity profile becomes vital, particularly in

earthquake-prone areas.

Indonesia is located in one of the highest seismicity zones in the world due to
existences of several plate boundaries as shown in Figure 1.1. The Indo-Australian plate
subducted the Sunda plate along the western coast of Sumatra island to the southern part
of Java island and ended on the Banda sea that close to Papua island (Katili, 2018). Also,
we can observe the two subduction-zones in the northeastern of Indonesia, namely the
subduction zone by the Philippine sea plate along the Philippine trench in the northern of
Molucca sea, and the subduction of the Caroline plate beneath the Indo-Australia plate in
the northern part of Papua island (Hall, 2002). Because of this tectonic setting, the
country has experiences of numerous earthquakes, e.g., the 2004 Sumatra earthquake

with a moment magnitude (Mw) 9.3 on Sumatera Island, the 2006 Yogyakarta



earthquake (Mw 6.3) in Central Java, and the 2018 Sulawesi earthquake (Mw 7.5) in
Central Sulawesi. Based on the earthquake catalog from the United States Geological
Survey (USGS, 2020), there were 6961 earthquakes occured in the country with Mws
greater than 4.5 in 2010 to 2020. 1598 of them have Mws of 5.0 to 5.9, and 108 events
have with Mws of 6.0 to 6.9. 9 events have Mws more than 7.0. The intensities during
298 events were estimated as the Modified Mercalli Intensities (MMI) more than 4,

which means that the events generated slight to significant shaking on the surface.

Many big cities in Indonesia including Bandung have high earthquakes hazard as
they are located near the plate boundaries and active faults. Bandung is the capital city of
West Java province and recognized as the third populous city in the country with a
population of around 2.5 million (Bandung City Statistics, 2021). The city is situated on
the Bandung basin. The concern of the seismic risk in the city has been raised due to the
existence of an active 24 km-long Lembang fault in the northern part of the basin
(Afnimar, 2014; Afnimar et al., 2015; Brahmantyo, 2005; Syalsabilla et al., 2020). Since
the Bandung basin region is regarded as a national strategic area for business and trade
centers, we should consider threads from the seismic hazard for the intensive use of a
space in the area (Surahman, 2000). Moreover, Bandung is in the first rank in the
National Priority Location for earthquake and ground movement disaster (BNPB, 2014).
Thus, the assessment of potential seismic hazards in the Bandung basin becomes more

urgent for future urban planning in the country.

As an effort of the seismic hazard assessment for the Bandung basin, it is
important to have the basic data on physical models of the subsurface condition
especially the S-wave velocity data that control the soil amplification. Therefore,

providing the S-wave velocity profiles of the sediments in the basin becomes an essential



task to understand the soil amplification characteristics as efforts of the seismic hazard

mitigation in the Bandung basin.
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Figure 1.1 Map of tectonic setting and several existing plates in Indonesia (Hall, 2002)

1.2 Geology and seismicity of Bandung basin

The topographical map of the Bandung basin can be shown in Figure 1.2. The
basin has a flat elevation of 665 m above the sea level at the center and is surrounded by
Late Tertiary and Quaternary volcanic regions, reaching altitudes more than 1000 m
(Dam et al., 1996). The Lembang fault is one of the prominent geological features in the
area with a clear geomorphological expression of the tectonic activity around the
Bandung basin. Geomorphologically, the Lembang fault is formed with a north-facing

fault scarp with a slope steeper than 40 degrees (Meilano et al., 2012).
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Figure 1.2 Topographical map of the Bandung basin. Thin solid and dashed black lines

correspond to the administrative border of Bandung city and location of Lembang fault,
respectively. Location of the Bandung basin is shown in a rectangle in the upper map

The surface geological map of the Bandung basin (Dam & Suparan, 1992) is
shown in Figure 1.3. The Bandung basin consists of two main features of the rock types
of the geological units in the map. The first feature is the lake deposit or lacustrine
sediment in the centeral part of the basin that is characterized by a flat area with an
elevation of 665 m. The second feature is various volcanic deposits and products that
surround the lake deposit, and reaching elevations more than 1000 m. The schematic
north-south cross-section of the Bandung basin in Figure 1.4 indicates that the basin is
mostly composed of the lake deposits and it is overlied by the volcanic rocks as the

bedrock. Lake deposit in the basin is characterized by thick organic silt and clay (Dam et



al., 1996; Desiani & Rahardjo, 2017). Meanwhile, the volcanic products and deposits
that surround the lake deposit are composed of tuff, basalt, andesite, dacite, breccia, and

lava.

The seismicity in this area is dominated by moderate to strong earthquakes from
the subduction zone in the southern part of Java Island, e.g., the 2009 West Java
earthquake (Mw?7.0) with an epicenter distance of 160 km from the Bandung basin
(Afnimar et al., 2015). The event was felt in the Bandung basin with an intensity of 5
(MMI), which corresponds with moderate shaking. Moreover, another potential of an
earthquake source in the basin is coming from an existence of a 24 km-long Lembang
fault in the northern part as an active fault. The seismicity around the Lembang fault is
generally infrequent and very low in magnitude (Afnimar et al. 2015). However, there is
evidences of the fault movement with a slip rate of 6 mm/year from geodetic
observations (Meilano et al., 2012) that shows a high potential of the seismic risk caused
by the fault. From the empirical relationship of an earthquake magnitude with a surface
rupture length (e.g., Wells & Coppersmith, 1994), it could be assumed that the Lembang
fault is capable of producing an M6.5 — 7.0 class event in a worst-case scenario (Daryono

etal., 2019).
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Figure 1.3 Simplified surface geological map of the Bandung basin from modification of
Dam and Suparan (1992)
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Figure 1.4 Schematic North-South cross section of the Bandung basin region, modified
from Delinom (2009). The Bandung basin is situated on Quaternay volcanic formation.

1.3 Reviews of previous studies

1.3.1 S-wave velocity profiles in Bandung basin
Several investigations have been conducted regarding S-wave velocity profile
information in the Bandung basin. First, Handayani et al. (2009) simulated a horizontal

peak ground acceleration (PGA) in the basin from an earthquake in the Lembang fault



using an empirical attenuation relationship proposed by Boore et al. (1997). Figure 1.5a
shows their PGA map. A high PGA region is represented by red color and it
concentrates in the epicentral region and also in the eastern part of the basin. However,
a calculation of the empirical relationship requires the averaged S-wave velocities in 30
m depth (Vs30) which are not available in the basin. Therefore, they referred an
established Vs30 relation with geological units in California (Wills et al., 2000) to
classify ranges of the Vs30 based on the surface geological units in the Bandung basin
as shown in Figure 1.5b. A low Vs30 range can be seen for the lake deposit area that is
represented by yellow color with a velocity range of 180 to 360 m/s. On the other hand,
the volcanic region represented by pink colors has a velocity range from 500 to 1000
m/s. Unfortunately, their study does not mention in details about the distribution of
Vs30s in the basin for the calculation of the PGA map. This indicates limited Vs profile

information in the basin.
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Figure 1.5 a) Peak ground acceleration map and b) averaged S-wave velocity at the top
30 m (Vs30) in the previous study by Handayani et al. (2009).

A recent study of the S-wave velocity profile information in the Bandung basin

has been provided by Pranata et al. (2019) in a collaboration with the Australian



a)

National University who provide the broadband seismometers to apply the ambient
noise tomography technique. They obtained an S-wave velocity structure of the upper
crust beneath the Bandung basin to depths of 10 km from an inversion of the observed
Rayleigh wave group velocities in a period range of 1 to 8 seconds. Examples of the
group velocities distribution in the basin for periods of 1 and 8 seconds are illustrated in
Figure 1.6. They found a relatively low velocity zone in the western part of the
Tangkuban Perahu volcano which is associated with fluid or partial melt of the volcanic
products that are trapped in the underneath of the volcanic system. Moreover, they
found low velocity anomalies below the western part of the lacustrine deposit at 5 to 10
km. However, since the lowest period of the observed Rayleigh wave group velocity is
1 second, the obtained S-wave velocity profiles have a low resolution in the shallow
part (< 1 km) of the basin.

The above previous studies suggest the lack of the shallow S-wave velocity profile
information in the Bandung basin which is necessary to understand the characteristics

of soil amplification in this area.
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Figure 1.6 Rayleigh wave group velocities in the Bandung basin area using ambient
noise tomography by Pranata et al. (2019) at period of a) 1 second, and b) 8 second. The
colormap in the background illustrate the group velocity variation. Gray thick, black
thick and thin lines correspond to city boundary of the Bandung, the Lembang fault, and
countour lines of the same topographic elevation.



1.3.2 Overview of conventional S-wave velocity profile estimations

An S-wave velocity (Vs) profile is generally obtained from a seismic
measurement on the field either using invasive or non-invasive methods. The invasive
methods require a borehole to insert sensors (sources or receivers) in the soil, e.g.
cross-hole, down-hole, and P-S logging. Cross-hole method is capable to measure S-
wave velocity directly by inserting source and receiver(s) in the same depth. The
velocity is calculated on the basis of travel time between source and receiver(s).
Therefore, the method can provide a reliable and accurate profile. However, the

method is quite expensive due to requirement of a borehole.

In other hand, non-invasive methods gain popularity because it is conducted only
at the surface and can provide Vs profile in the wide area which is cheaper than the
invasive method. Among available non-invasive methods, the surface wave and the
microtremor measurements are commonly used as the conventional methods to obtain
the Vs profiles (Foti et al., 2014; Foti et al., 2011; Lontsi et al., 2016; Park et al.,
2005). In principle, these measurements are intended to obtain the Rayleigh wave
phase velocity in a wide frequency range that indicates a variation of frequency-
dependent surface wave velocity. This observed phase velocity can be inverted to
obtain a Vs profile. In an inversion process, a Vs profile is commonly represented by a
horizontally-layered model (1D Vs profile). An S-wave velocity and a thickness of
each layer are determined to obtain the theoretical phase velocity that fit the observed

phase velocity.

In the surface wave measurement, the multichannel analysis of surface wave
(MASW) method by Park et al., (1999) is commonly used. The method utilizes a line
array of geophones to measure the surface waves that artificially generated using an

impact source. The method also require to set a large distance of the line array using
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many instruments with typically 24 geophones or more to obtain a wide frequency

range of observed phase velocity.

In the microtremor measurement, it utilizes the microtremor that naturally
emerged from human or natural activity like traffic, construction activity, ocean waves
and atmospheric pressure variation (Okada, 2003; Jafari et al., 2005). Several signal
processings are available for analysis of microtremor records to obtain the phase
velocity, such as frequency-wavenumber (f-k) (Capon, 1969) and the spatial
autocorrelation (SPAC) (Aki, 1957) methods. The measurement is usually conducted
by setting an array consist of more than three idential microtremors sensors to apply

the methods.

Event though the above methods are conventionally used to provide shallow S-
wave velocity profile, we may face a difficulty to implement the methods in the
Bandung basin due to limitation of available instruments. Such large number of
geophones and expensive broad-band microremors sensors are not commonly available
in Indonesia. This situation also cause a lack of the shallow S-wave velocity
information in the country. Therefore, another approach of S-wave velocity profile

estimation is required to overcome the limitation of available instruments.

1.3.3 Usage of velocity-depth function for S-wave profile
To accommodate the observed data that can be obtained from the reduction of
required instruments for Vs profile estimation, we need to simplify the representation
of Vs profile from a layered model to a single layer over a half-space model by using
the velocity-depth function. A profile representation with the velocity-depth function

can reduce the number of the model parameters to become only 2 parameters, namely a
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surface S-wave velocity and a velocity gradient. With a smaller number of the model
parameters, the inversion can be simplified and making the Vs profile estimation
easier.

A usage of Vs profile representation by velocity-depth function is based on the
fact that the S-wave velocities of a soil deposit increase gradually with depths due to
continuous sedimentation and compaction which is old sediments have a relatively
higher velocity than young sediments. Early usages of the velocity-depth function for
profile representation (e.g., Slotnick, 1936; Al-Chalabi, 1997; Vrettos, 1996) had been
conducted to derive a time-depth relation of subsurface condition in a seismic
exploration method using P or S waves (e.g., seismic reflection, and seismic
refraction). Moreover, the usage of a velocity-depth function in Vs profile estimation
has been considered by several studies (Scherbaum et al., 2003; Wathelet et al., 2004).
In Scherbaum et al. (2003), they estimated the surface S-wave velocity and the
thickness as the model parameters by applying a grid search method to evaluate the
optimal model parameters that having the lowest misfit between the observed data and
the theoretical ones. They utilize a wide frequency range of phase velocity or
horizontal-to-vertical spectral ratio (H/V) amplitude as the observed data. However,
the usage of the observed H/V amplitude in the profile estimation is not
straightforward since the amplitude of the H/V is controlled by contribution of
Rayleigh and Love waves, which may vary at each site (Dal Moro 2014).

The velocity-depth functions have also been used to establish empirical relations
between thicknesses of sediment and observed H/V peak frequencies. Ibs-von Seht and
Wohlenberg (1999) conducted a study in the western Lower Rhine Embayment in
Germany in an effort to map the sediment thicknesses from observed H/V spectra. The

study used a fixed surface velocity and a fixed velocity gradient of the velocity-depth
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function from a priori information. This method was also applied by Parolai et al.
(2002) and D*“Amico et al (2008) to assess the thickness of the sediment in the areas
they investigated. However, this method could not accommodate a local velocity
variation of soil conditions from site-to-site as it caused errors in anticipating the soil
amplification.

There are various kinds of velocity-depth functions in Vs profile representations
have been used to represent sediment profiles from borehole observations. For
example, a linear velocity increment is observed in the profiles of Holocene Bay mud
sediments in Oakland, California (Holzer et al., 2005), and in soil deposits at Shimousa
deep borehole observatory Japan (Yamamizu et al., 1983). In other studies, a power-
law of velocity increment is observed in profiles of Tertiary sediments in the Cologne
area, Germany (Parolai et al., 2002) and Quaternary-Tertiary sediments in the Almaty
basin, Kazakhstan (Parolai et al., 2019). However, Wang et al. (2018) show an
advantage of the profiles represented by a linear velocity increment that have a better
estimation of the fundamental peak frequencies than profiles represented by a power-

law velocity increment based on the evaluation using Kik-net site”s profiles in Japan.

1.4 Objectives of the research

Due to the lack of the shallow Vs profiles information in the previous studies, the
main objective of this study is to provide shallow S-wave velocity profiles in the
Bandung basin for a seismic hazard assessment. However, the conventional methods
are difficult to be applied in the area due to the limitation of available instruments.
Therefore, we propose a method of Vs profile estimation in this study that can
overcome the limitation of available instruments based on utilization of a linear

function in the Vs profile representation. We also conduct numerical tests to examine
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the features of the proposed method. Furthermore, we analyze the site amplification
features from the estimated shallow Vs profiles as an effort to assess the potential

seismic hazard in the Bandung basin.

1.5 Thesis organization

This thesis presents shallow Vs profiles estimation in the Bandung basin using a
simplified method to accommodate the limitation of the available instruments. The
applicability of the proposed method is examined in the numerical tests. Moreover, we
evaluate the profile representation with a linear function in the basin using phase
velocities obtained by the conventional method before the implementation of the
proposed method to provide Vs profiles in the basin. The flowchart of the study is

illustrated in Figure 1.7.

Chapter 1 presents the background about the importance to obtain shallow S-wave
velocity profiles in the Bandung basin. The geological condition and seismicity in the
Bandung basin are described. Previous studies related to the S-wave velocity profiles in
the basin, the conventional Vs profile estimation methods, and the usage of velocity-
depth function for a profile representation is discussed respectively. Finally, the

objectives in this study are given in this chapter

Chapter 2 describes the methodology that we used in this study to estimate a Vs
profile. This chapter explains a usage of linear S-wave velocity function to simplify
profile parameters as the basis of the proposed method. We then describe the profile

parameters estimation of the proposed methods.

Chapter 3 demonstrates the numerical tests to investigate the applicability of the

proposed method by using synthetic data generated from borehole profiles in the
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Bandung basin. The comparison of the borehole profiles with the estimated Vs profiles
from the conventional method using phase velocity data and the proposed method is also
explained. In the end, characteristics of the proposed method are investigated with the

applicable limitation of the proposed method.

Chapter 4 illustrates a distribution of the observed Rayleigh wave phase velocities
in the Bandung basin from the conventional microtremor array measurements. The
comparison between the observed and the theoretical phase velocities of a profile
assuming a linear velocity increase is discussed to evaluate an appropriateness of the
profile representation with a linear function of velocity in the area. The Vs profiles

estimated using the observed phase velocities are also explained.

Chapter 5 shows the implementation of the proposed method in the actual field
measurement in the Bandung basin. The variation of the observed surface S-wave
velocities, H/Vs, and the estimated Vs profiles in the basin are described. Furthermore,
we discuss results of the comparison between the Vs profiles estimated from the
conventional and the proposed methods. We also investigate the smallest number
required in the estimation of the surface S-wave velocity. A guidance to apply the

proposed method in other area is also explained in the end of the chapter.

Chapter 6 describes site characterization of site amplification features in the
Bandung basin from the estimated Vs profiles in Chapters 4 and 5. Comparison of the
estimated site amplifications from the obtained Vs profiles using the conventional
method and the one estimated from the proposed method is discussed. Based on the
similarity in several site amplification proxies, characteristic of the site amplification in
the basin is explained. We also calculate the horizontal peak ground acceleration (PGA)

in the basin considering Vs30s of our results by using an empirical attenuation
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relationship as conducted in the previous study (Handayani et al., 2009). We then

describe the comparison of PGA values between the previous study and our results.

Chapter 7 presents conclusions and possible future tasks of the study.
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Figure 1.7 Flowchart of this study
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Chapter 2 Methodology

2.1 Overview of the proposed method

2.2 Profile representation using a linear S-wave velocity function
2.3 Examination of linear S-wave velocity representation

2.4 Model parameters estimation
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2.1 Overview of the proposed method

The new proposed method of Vs profile estimation utilized a linear Vs profile
representation because a better resonant frequency can be provided than a power-law
profile representation. Furthermore, the number of the profile parameters becomes only
two with this Vs profile representation. Consequently, the proposed method could provide
a simple Vs profile estimation. Figure 2.1 illustrates the overview of the proposed
method. The procedure of the proposed method consists of three main steps. At first, we
assume a profile with the linear function of S-wave velocity. Next, the appropriateness of
the linear profile representation can be examined using available P-S logging or observed
phase velocities in an investigated area. If the observed data can be well approximated by
the linear profile representation, we can conduct Vs profiling at sites in whole an area by
estimating the two profile parameters from field surveys. The detailed description of the

three steps is provided in the following subchapters.

Linear profile

representation P-S logging
B or
\;‘ Obs. phase
T velocities
Examination

of linear profile
representation

Vs profile
estimation

Figure 2.1 Flowchart of the proposed method for estimating a Vs profile
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2.2 Profile representation using a linear S-wave velocity function

We represent an estimated Vs profile in the proposed method using the linear
function of S-wave velocity in depth as expressed in Equation 2.1 (Slotnick, 1936; Wang

& Wang, 2016).

V1+bz, for0<z<zp
Vs(z) = { .. (2.1)

Vs, for z > zg

_vp-V1

Z
B b

where Vs(z) is an S-wave velocity at depth z. V1, b, and Vg are surface S-wave velocity,
velocity gradient, and bedrock S-wave velocity. Zp is a bedrock depth which is derived
from the linear function. In actual representation, we discretized the linear profile into

numerous thin layers, each with a thickness of 0.1 m.

Based on equation 2.1, the profile parameters are a surface S-wave velocity (V1), a
velocity gradient (b), and a bedrock S-wave velocity (Vg). In this study, the bedrock S-
wave velocity is given considering a priori information from geological or geophysical
surveys. Therefore, a Vs profile can be provided by only estimating the V1 and the
velocity gradient. Similar model parameters have also been used in the previous studies of
the Vs profiles estimation (e.g. Scherbaum et al. 2003; Wathelet et al. 2004) even though

their estimated profiles are represented using a power-law function.

2.3 Examination of linear S-wave velocity representation
Since a type of the velocity-depth functions to represent an estimated profile will be
depend on a region (i.e. sedimentation process, ages, and soil types), the appropriateness
of the linear profile representation in an investigated area must be confirmed before

applying the proposed method. We examine the linear profile representation using
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available borehole profiles or a wide frequency range of observed phase velocities in an
investigated area. The evaluation is conducted by finding the lowest misfit profile
parameters (i.e. a pair of V1 and gradient) to the available borehole profiles or observed
phase velocities through a grid-search procedure. The misfit (¢) is calculated using

equation 2.2 if we only have observed phase velocities.

£ = (Z(Cobs(f[) - Ctheo(f[))z) /n (2.2)

where ¢ is the misfit. C,ps (f}), and Cye, (f;) are the observed and the theoretical phase
velocities at the i-th frequency and 7 is the number of the observed phase velocity. If we
have a borehole profile, the phase velocities in Equation 2.2 can be replaced by S-wave
velocity of the borehole profile for each depth. The profile representation using a linear
function is appropriate if the lowest misfit pair of the V1 and the gradient could explain

most of the features of the borehole profiles or observed phase velocities.

2.4 Model parameters estimation

After we confirmed the appropriateness of the linear profile representation through
the examination, we can further provide the Vs profiles by only estimating the V1 and the
gradient. The V1 and the gradient can be estimated conventionally by using a wide
frequency range of observed phase velocities (e.g. Scherbaum et al. 2003; Wathelet et al.
2004). However, a wide frequency range of the phase velocity is not easy to be obtained
when available instruments are limited in number. Hence, we utilize an observed phase
velocity at a high-frequency for the V1, and the gradient is estimated from an observed

microtremor H/V in the new proposed method to overcome the limitation of available
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instruments. The procedure of the model parameters estimation in the proposed method is

illustrated in Figure 2.2.

We assume that the V1 is the same as observed fundamental mode Rayleigh wave
phase velocities at the high-frequency end of its dispersion curve. Therefore, the V1 can
be measured using an active seismic measurement. A few geophones are set along a
short surveying line to observe the phase velocity of the Rayleigh wave at high
frequency from an impact source. The measurement becomes simpler by utilizing fewer
geophones than used in conventional seismic or surface-wave methods in which phase
velocity was observed in a wide frequency range. Since we intend to observe a phase
velocity in a high-frequency range in the measurements, the observed phase velocity is
insufficient to apply the conventional phase velocity inversions. We also take into
consideration that the observed Rayleigh wave phase velocity at high-frequency range
could be contaminated by a higher wave mode, which may cause the observed values to
become larger than those of the fundamental mode (Tokimatsu et al., 1992; Foti el al.
2018). Therefore, we used alternatively the minimum value of an observed phase

velocity as the V1 for the fundamental mode of a Rayleigh wave.

Next, the velocity gradient is determined from an H/V observed from a 3-
component microtremor record. The procedures to calculate the H/V are started with
choosing several time segments of most stationary part from the observed 3-component
microtremors that are uncontaminated with transient noises. Then, the Fourier amplitude
spectra for each time segment are computed at all the components. The H/V for each time
segment is calculated using equation 2.5, which took a quadratic mean of the two

horizontal spectra (Arai & Tokimatsu, 2000).

JNS(F)Z+EW(f)?
UD(f)

H/V(f) = ..(2.5)
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where NS(f), EW(f), and UD(f) are Fourier amplitude spectra of microtremor records in
the north-south, east-west, and up-down components. The final H/V was obtained from

averaging of the entire H/Vs for all the time segments.

We determine the velocity gradient using a peak frequency of the observed
microtremor HVSR. We used the peak frequency of the observed H/V in this study
instead of its amplitude as was conducted in Scherbaum et al. (2003) to consider only the
fundamental mode of Rayleigh wave ellipticity (Yamanaka et al., 1994; Konno and
Ohmachi 1998; Féh et al., 2001) and for a more robust estimation of the gradient. A grid
search procedure was applied to determine the gradient based on an agreement in the peak
frequencies between the observed H/V and the theoretical ellipticity for the linear-
velocity model with the measured V1 and the given bedrock velocity, considering the

fundamental mode of the Rayleigh wave.

The new proposed method offers a simpler procedure than the conventional
microtremor array measurements for a shallow Vs profile estimation. The instrument for
the V1-H/V measurement only requires inexpensive geophones with a natural frequency
of 4.5 Hz and a three-component microtremor sensor. On the other hand, the conventional
microtremor array survey requires several expensive broad-band instruments.
Furthermore, the array survey needs several measurements with different sizes of arrays
to obtain observed phase velocities in a wide frequency range. Therefore, the new
proposed method can provide a Vs profile with less measurement and data processing

effort than the conventional methods.
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Figure 2.2 Illustration of the proposed method using a surface S-wave velocity (V1) and
a peak frequency of microtremor H/V (f0). V1 is estimated from the the high-frequency
end or the minimum values of the observed fundamental mode Rayleigh wave phase
velocity using a short length active seismic measurement. The velocity-depth gradient ()
is determined from the agreement of the peak frequencies between the theoretical
ellipticity of fundamental mode Rayleigh wave and the observed H/V. We assumed a
profile is represented by a linear model with an assumed bedrock velocity (V5).
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3.1 Objective

In this chapter, we aim to examine the applicability of the proposed method through
numerical tests. Since we want to apply the method for profile estimation in the Bandung
basin, we collected the borehole profiles in the basin to generate synthetic phase velocities
and synthetic H/Vs. Then, the proposed method is applied to synthetic data. The
appropriateness of the estimated Vs profiles from the proposed method is evaluated by
comparing with the borehole profiles and the Vs profiles obtained using the conventional
method. We further analyze the effects of the other velocity functions, different bedrock
velocities, and contamination of random noises in the observed data to the estimation of a

Vs profile. In the end, we discuss the limitation of the proposed method.

3.2 Borehole profiles in Bandung basin
We utilized three borehole profiles those only contain soil-type data from
geomorphological and sedimentological studies (Dam & Suparan, 1992; Dam et al., 1996)
because P-S logging data are not available in the Bandung basin. The locations and the
descriptions of the boreholes are shown in Figures 3.1 and 3.2. All the boreholes are
situated on the lake deposits. One borehole is located in the western part, and two are

located in the central part of the basin.
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Figure 3.1 Locations of the boreholes in the Bandung basin on the surface geological map.
The legend of the geological map can be seen in Figure 1.3.
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Figure 3.2 Soil columns of boreholes in the Bandung basin. Borehole 1 is taken from Dam
and Suparan (1992), while boreholes 2 and 3 are taken from Dam et al. (1996).
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In Figure 3.2, we observed that the soil layers are dominated by thick Quaternary
lacustrine deposit that was characterized by organic silt and clay, from the surface to
depths of 46 m, 48 m, and 50 m in the boreholes 1, 2, and 3 (Dam and Suparan, 1992;
Dam et al., 1996). Intercalation of the volcaniclastic sediments produced by eruptions of
the northern volcano were also observed in depths of 12 to 28 m, 31 to 38 m, and 38 to 43

m at borehole 1, 2, and 3, respectively.

We then converted the soil column profiles to S-wave velocity profiles by
employing an empirical equation proposed by Ohta & Goto, (1978). S-wave velocity is
derived from N-value, depth, soil type, and geological age with the equation established
from 300 boreholes located mostly on the sedimentary rock in Japan. We utilized Equation
VII in their study, which only involves the parameters of depths and soil type information

to derive S-wave velocity profiles. The equation is:
Vs(z) =78.98 "2 SF ...(3.1),

where SF is a soil type factor. The values of the factor are listed in Table 3.1. Since the
empirical equation gives a null velocity at a depth of 0 m, we set the depth value (z) of the
empirical equation equal to 1 to calculate an S-wave velocity at depths from 0 to 1 m. We
also use the soil factor of 1.0 at these depths, considering that all of the soil columns are

composed of clay. Therefore, the S-wave velocity at these depths is 79 m/s.

Table 3.1 Soil type factors of the empirical equation in Eq. 3.1 (Ohta and Goto, 1978).

Soil type SF
Clay 1.000
Fine Sand 1.260
Medium Sand 1.282
Coarse Sand 1.422
Sand and Gravel 1.641
Gravel 2.255
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Before we convert the soil column to the S-wave velocity using the empirical
equation, we simplify the representation of the soil column considering its soil
classification, as shown in Figure 3.2. We considered that the borehole profiles consist of
two main layer-boundaries. The first layer boundary is set between the lacustrine
sediments and the volcaniclastic sediments at depths of 12 m, 31 m, and 38 m in
boreholes 1, 2, and 3, respectively. The S-wave velocities of the lacustrine sediment are
from 79 m/s to 171 m/s, 230 m/s, and 246 m/s in boreholes 1, 2, and 3. Regarding the
volcaniclastic sediment layers, we set the soil type factor in the empirical equation with
1.352 as the average value between ,,medium sand” and ,,coarse sand”. The second layer
boundary is set at the top of the gravelly sand at depths of 46 m, 48 m, and 50 m in
boreholes 1, 2, and 3. At these depths, we assumed the gravelly sand layers as the
bedrock layers with S-wave velocities of 508 m/s, 515 m/s, and 521 m/s in boreholes 1,
2, and 3, respectively. The bedrock velocities were obtained from the empirical equation
using the depth of the gravelly sand layers in each borehole and a soil type factor of
1.948 as the average value of the factor between 'sand and gravel' and 'gravel'. The

corresponding S-wave velocity profiles are summarized in Table 3.2.

Table 3.2 S-wave velocity profiles of the soil column in the Bandung basin used for the
numerical test

S-wave velocity (m/s) | The thickness of layer (m i )
Layer y (Mfs) ver (m) De;nsnsy Soil type
Br.1] Br.2 [Br.3| Br.1 | Br.2 | Br.3 | (9/cm)
First 78.98 731 12 30.8 38 1.5 Clay
Second 106.78 2037 34 172 | 12 17 | Mediumto
coarse sand
Bedrock | 508 | 515 | 521 - - ; 1.8 Gravelly
sand

* Br. = Borehole, z = depth

28



3.3 Synthetic data
The S-wave velocity profiles are further used to generate the synthetic phase
velocities and ellipticities of the fundamental mode of Rayleigh waves in Figures 3.3 and
3.4 to apply the conventional and the proposed methods. The calculations of the phase
velocities and the ellipticities are based on Haskell (1953). P-wave velocities (Vp) were
derived from S-wave velocities (Vs) using an empirical relationship from Kitsunezaki et

al. (1990), as shown:

Vp=1.11Vs+1290 ... (3.2)

with the unit of Vp and Vs in m/s. The surface S-wave velocity (V1) required for the
proposed method is decided from the convergent value of the fundamental mode
Rayleigh wave phase velocity at a high-frequency end. We set the frequency range of the
synthetic phase velocity from 0.5 Hz to 40 Hz considering typical frequency range of
observed phase velocities from microtremor array measurements in previous studies (e.g.
Satoh et al. 2001; Karagoz et al. 2015). We observed in Figure 3.3 that the phase velocity
at a frequency of 40 Hz is convergent to a velocity of 78 m/s which is close to the V1 of

the borehole profiles.

In this study, we assumed the synthetic observed phase velocity by contaminating
the theoretical phase velocities of the borehole profiles with £10% random noises. The
synthetic observed Vs for boreholes 1, 2, and 3 were taken from the synthetic observed
phase velocities at a frequency of 40 Hz with velocities of 80 m/s, 83 m/s, and 72 m/s,
respectively. Moreover, the synthetic ellipticity peak frequencies for the boreholes 1, 2,
and 3 are 2.6 Hz, 1.5 Hz, and 1.4 Hz, respectively. We then contaminated the ellipticity
peak frequencies of the borehole profiles with random noises of +£10% as the observed

H/V peak frequencies. The synthetic observed H/V peak frequencies of the boreholes 1,
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2, and 3 are 2.9 Hz, 1.7 Hz, and 1.5 Hz, respectively. The usage of £10% random noises

in the phase velocity and the ellipticity peak frequency is to illustrate an existence of

observational errors. The synthetic observed phase velocities in a wide frequency range

were used for the conventional method. Furthermore, the synthetic observed V1s and the

H/V peak frequencies were used for the proposed method.

Phase Velocity (m/s)

600 - , .

d ) 100% b) 100% Z'C)O 1008

500 5\9--5.230§; . m.éaoz; %*@-_iao._?_;

E 1 4 3 1 4 3 A

400 ¢ N 20 30 a0 & 20 30 40 &
Freq (Hz) Freq (Hz) Freq (Hz)

300 ¢
200 r V1=80m/s r V1=83m/s FV1=72m/s
— Synthetic —Synthetic —Synthetic
100  © Obs.PhsVel. Tyg ooo-—d [ C Obs. Phs Vel. JR— [ © Obs. Phs Vel. O9gug-—--1
Borehole 1 Borehole 2 Borehole3 = =%
0 Ll . L P | L | I I
1 10 1 10 1 10
Freq (Hz) Freq (Hz) Freq (Hz)

Figure 3.3 Theoretical phase velocity at a) Borehole 1, b) Borehole 2, and ¢) Borehole 3.
Solid black lines and circles correspond with the synthetic fundamental mode of Rayleigh
wave phase velocity from the borehole profiles in Table 3.2 and the synthetic observed phase
velocity from the contamination of £10% random noises to the synthetic phase velocity,
respectively. The inset figure shows a high-frequency range of the phase velocity. The
observed V1 is decided from the observed convergent phase velocity at a frequency of 40 Hz.
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Figure 3.4 Ellipticity peak frequencies in a) Borehole 1, b) Borehole 2, and c¢) Borehole 3.
Solid black line and reversed triangle mark indicate the synthetic fundamental mode of
Rayleigh wave ellipticity from the borehole profiles in Table 3.2 and their ellipticity peak
frequency, respectively. Diamond mark corresponds to the observed H/V peak frequency
after contamination of +10% random noise to the peak frequency of the synthetic ellipticity.
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3.4 Estimated profiles

3.4.1 Profile estimation with conventional method

In the conventional method, the V1 and the gradient were estimated using a wide
frequency range of phase velocity through a grid search procedure. The search limits
and the parameter increments for V1 and the gradient were defined as listed in Table
3.3. The fundamental mode of Rayleigh wave phase velocity was calculated for each
V1 and gradient pair assuming the bedrock velocity of 500 m/s to evaluate its misfit.
Figure 3.5 illustrates the contour map of the misfits for all V1 and gradient pairs. The
V1 and the gradient of the lowest misfit (star mark) were chosen for the optimal Vs
profile. The obtained V1 and gradient at boreholes 1, 2, and 3 are listed in Table 3.4.
We observed that the theoretical phase velocities of the optimal Vs profiles at all
borehole cases could fit well the synthetic observed phase velocities suggesting the

appropriateness of the estimated profile represented with the linear function.

Table 3.3 Search limit of model parameters in the grid search to obtain the Vs profile
based on the phase velocity data

Parameter | Search limit | Parameter increment
V1 (m/s) 60-250 AV1=1
B 1-40 Ab=1

Table 3.4 Estimated V1 and b using the conventional method in numerical tests

Profile Estimated V1 (m/s) | Estimated b
Borehole 1 74 10.0
Borehole 2 85 7.0
Borehole 3 85 6.0
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Figure 3.5 Estimation of the surface S-wave velocity (V1) and the velocity gradient (b) in the
conventional method using phase velocity data through a grid search procedure at a)
Borehole 1, b) Borehole 2, and ¢) Borehole 3. The upper figures show the misfit contour for
all V1-b pairs for the search limit in Table 3.3. The star mark indicates the V1-b pair that
gives the lowest misfit to the observed phase velocity, as shown in the phase velocity
comparison in the bottom figure. The circle and the dashed line are the observed phase
velocity and the theoretical phase velocity of the lowest misfit model parameter (V1 and b),
respectively.

3.4.2 Profile estimation with proposed method
The profile estimation using the proposed method was conducted by estimating
the gradient because the V1 has been assumed from the observed phase velocity at
frequency of 40 Hz, and an S-wave velocity of 500 m/s for the bedrock velocity is
given. The gradient is obtained from a comparison of the peak frequencies between the
theoretical ellipticity and the observed H/V. Since the gradient controls the thickness of
a profile, a smaller gradient corresponds to a thicker thickness of the profile (see Zg in

eq. 2.1). Therefore, the ellipticity for a profile with a small gradient shows the peak at a
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low frequency. This suggests that the relation between the gradient and the peak

frequency of the ellipticity is proportional.

We illustrate the results of the gradient estimation for all the boreholes in Figure

3.6. We first calculated the theoretical fundamental mode Rayleigh wave ellipticity

using an initial gradient. If the initial gradient gives a higher peak frequency of the

theoretical ellipticity than the observed one, we gradually decrease the gradient until the

peak frequency of the theoretical ellipticity agrees with the observed one. The estimated

gradients are 12.6, 7.4, and 7.3 for the boreholes 1, 2, and 3, respectively.
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Figure 3.6 Estimation of the velocity gradient (b) at a) Borehole 1, b) Borehole 2, and c¢)
Borehole 3 from an agreement of the peak frequency of the theoretical ellipticity of the
estimated profile to the peak frequency of ellipticity of the borehole profile. Diamond marks
indicated the contaminated peak frequencies of the theoretical ellipticities of the borehole
profiles. Blue, green, and black dashed lines correspond to the theoretical ellipticities with
small b, large b, and appropriate b.

3.4.3 Comparison of the estimated Vs profiles with the borehole profiles

A comparison of the estimated and borehole Vs profiles is shown in Figure 3.7.

The Vs profiles in the figure contain the obtained one using the conventional method,

the estimated one by the proposed method, and the borehole profile. Figure 3.7 also

shows that the gradients and Vs of the profiles from the conventional and the proposed

method are similar.
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We observed that the both estimated Vs profiles from the conventional and the
proposed methods at borehole 1 show a good approximation to the velocity variation of
the first layer of the borehole Vs profile. However, the velocities of the both estimated
Vs profiles at depths 20 to 46 m are higher than those of the borehole Vs profile.
Meanwhile, the velocity variation of the both estimated Vs profiles at boreholes 2 and 3
well approximate the velocity variation of the first and the second layers of the
borehole Vs profiles. However, the both estimated Vs profiles could not accurately
estimate the bedrock depths of all the borehole Vs profiles. The estimated Vs profile at
borehole 1 has a shallower bedrock depth; meanwhile, the estimated Vs profiles at

boreholes 2 and 3 have deeper bedrock depths than the borehole Vs profiles.

Furthermore, we evaluate the quantitative comparison of the profiles by
calculating the average relative difference (R) in Equation 3.3 as was used in Xia et al.

(2000).

n k=1

w (v —v
R= IOOZ{‘ A } .. (3.3)
Von

where Vj,, and V, are S-wave velocities of the borehole profile and the estimated Vs
profile at the £-th depth. N is the number of samplings of S-wave velocity at every 1 m.
Here, the depth range involved in the R-value calculation is started from the surface
(z=0) to the top of the bedrock layer (z=zp) since we assumed the bedrock layer of the

borehole Vs profiles as a half-space layer with a constant velocity.

Agreement of the estimated profile to the borehole profile can be categorized into
three groups depending on the R value as described by Xia et al. (2000). The R value at
around 10% or less indicates an excellent agreement. The second category of the R

value in between 10% to 20% is defined as a good agreement. A fair agreement is
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determined if the R value is greater than 20%. The R values of the estimated Vs profiles
using the conventional method are 17%, 10%, and 10% for boreholes 1, 2, and 3,
respectively. On other hand, the R values of the estimated Vs profiles with the proposed
method are 31%, 13%, and 16% for boreholes 1, 2, and 3, respectively. The estimated
Vs profile at borehole 1 is categorized as fair agreement with an R-value more than
20%. While the estimated Vs profiles at boreholes 2 and 3 are classified as good

agreement with R values less than 20%.

We confirm from this comparison that the conventional or the proposed methods
with a linear function profile representation could be applied to estimate the 1D S-wave
velocity profiles. We also confirm the appropriateness of the profile representation with
the linear function in the tests because the theoretical phase velocities of the estimated
Vs profiles could well approximate the observed phase velocities as shown in Figure
3.5. Moreover, we show that the estimated profiles from the proposed method are
similar to the obtained ones using the conventional method, indicating that the proposed

method could estimate a similar profile with the conventional method.
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Figure 3.7 Profile comparison between the borehole and the estimated profiles at a) Borehole
1, b) Borehole 2, and c) Borehole 3. Solid gray, dashed black, and dashed gray indicate the
borehole profile, the Vs profile obtained using the conventional method, and the Vs profile
estimated using the proposed method, respectively. The R-values of each estimated Vs profile
is indicated at each plot.

3.5 Discussion
3.5.1 Difference in estimated bedrock depths

We consider the relation of the peak frequency of a theoretical ellipticity (f0) as
the ratio of averaged Vs profile from the surface to the top of the bedrock and the total
thickness or the bedrock depth (H) of a profile in Equation 3.4 (Konno & Ohmachi,
1998; Ibs-von Seht & Wohlenberg, 1999; Tuan et al., 2011) to investigate the
difference of the bedrock depth between the estimated Vs profile from the proposed

method and the borehole Vs profile, as shown in Figure 3.7.
f0 =Vs/4H... (3.4)

Since the profiles in the proposed method are estimated from the agreement of the

peak frequency of the observed H/V, the estimated Vs profiles and the borehole profiles
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may have similar peak frequencies. However, both Vs profiles are different in the
profile representations. The estimated Vs profile is represented by a linear function.
Meanwhile, the S-wave velocities of the borehole profiles are represented by the
layered models with the power-law velocity increment in each layer. The different

profile representation might cause the differences in the bedrock depths.

We further compare the average Vs from the surface to the top of the bedrock
between the both profiles in Table 3.5 to confirm the cause of the bedrock depth
difference. The average Vs is often used to represent the Vs of “a multi-layered over
half-space” into “a layer over half-space” for analysis of the resonance frequency of a
profile (Tuan et al., 2011). We calculate the average Vs (AVS) of the linear model and

the layered model as follow:

Vl + Vbedrock

AVS (linear model) = >

(3.5)

where V|, and Vyearock are the surface S-wave velocity and the bedrock velocity of the

linear model, respectively.

n

i=1 Vil
AVS (layered model) = 5t h (3.6)

where Vi, h;, n are the S-wave velocity of the i-th layer, the thickness of the i-th layer

above the bedrock, and the total number of the layers above the bedrock, respectively.

The comparison in Table 3.5 shows that the estimated Vs profiles represented by
linear function have a larger AVS than the borehole profiles. Therefore, it confirms the
difference in the bedrock depth comparison between the estimated and the borehole

profiles as shown in Figure 3.7.
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Table 3.5 Comparison of average S-wave velocity from the surface to the top of the
bedrock layer (AVS) between the borehole profile and the estimated Vs profile using

the proposed method
Site AVS of l_)orehole AVS of estimated Vs profile
Vs profile (m/s) by proposed method (m/s)
Borehole 1 257 290
Borehole 2 233 292
Borehole 3 226 286

3.5.2 Effects of different bedrock velocities

We have assumed the bedrock velocity with an S-wave velocity of 500 m/s in the
prior numerical test. In this section, we investigate the results of the profile estimation
using different bedrock velocities. Figures 3.8 and 3.9 show the results of the
theoretical ellipticities and the estimated Vs profiles with the bedrock velocities of 500
m/s, 600 m/s, and 700 m/s. We observed that the gradients of the estimated Vs profiles
are slightly different from each other even though the theoretical ellipticity of each
estimated profile has the same peak frequency in the ellipticity comparison. These
phenomena can be explained by considering the relation of the peak frequency of a
theoretical ellipticity that controlled by the ratio of an average S-wave velocity and the
thickness of a Vs profile (Eq. 3.4). The variation of the bedrock velocity could cause a
change in the average velocity from the surface to the top of the bedrock layer of the
estimated Vs profile. Consequently, the thickness of the sediments over the bedrock
that controlled by a gradient must be adjusted to produce a similar peak frequency of a
theoretical ellipticity. Therefore, we found slight differences in the estimated gradient

by changing the bedrock velocity as shown in Figure 3.8.

We also evaluate the effect of the different bedrock velocities by comparing the
R-values of the estimated Vs profiles, as shown in Table 3.6. The R-value was

calculated between the borehole profiles and the estimated Vs profiles having the
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bedrock velocities of 500 m/s, 600 m/s and 700 m/s. From the R-value comparison, we
observed that an increase of the bedrock velocities cause an increase of the R-value.
The R-values of the estimated profiles in Table 3.6 show that the influence of different
bedrock velocities may be significant for the estimated profile with additional R value
30% for a case with 200 m/s bedrock velocity difference (from 31% to 61%) as shown
for Borehole 1 case. However, we observed that the influence of different bedrock

velocities is insignificant for the estimated profiles at shallower depths.
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Figure 3.8 Estimation of the velocity gradient from the agreement of theoretical ellipticity
peak frequency to the synthetic observed H/V peak frequency using various bedrock
velocities at a) Borehole 1, b) Borehole 2, and c¢) Borehole 3. The diamond mark corresponds
to the synthetic observed H/V peak frequency at each Borehole site. Blue, black, and green
dashed lines correspond to the theoretical fundamental mode Rayleigh wave ellipticity of the
estimated Vs profile using bedrock velocities of 500 m/s, 600 m/s, and 700 m/s, respectively.
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Figure 3.9 Comparison of estimated Vs profiles using a variation in bedrock velocities. The
estimated Vs profiles using the proposed method with bedrock velocities of 500 m/s, 600 m/s,
and 700 m/s are shown by blue, black, and green dashed lines, respectively. The borehole Vs
profiles are corresponded by solid gray lines. Model parameters of the estimated Vs profiles
are listed in Figure 3.8.

Table 3.6 R-values between the borehole and the estimated Vs profiles using different
bedrock velocities.

Site Averaged relative difference between the borehole
and the estimated profiles
Vg=500m/s Vg=600m/s Vg=700m/s
Br.1 31% 48% 61%
Br. 2 13% 20% 25%
Br.3 16% 21% 25%

3.5.3 Effects of other velocity functions

In this section, we investigate the usage of different velocity-depth functions in the
Vs profile estimation. We use the same V1s and H/V peak frequencies from the borehole
profiles in section 3.3 for the profile estimation. The velocity functions that we consider
in this analysis are the power-law function in Equation 3.7 (Parolai et al., 2002; Parolai et

al., 2019) and the exponential function in Equation 3.8 (Bullen, 1965).

Vs(z) = V1 (1+2)” ... (3.7)
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Vs(z) = V1 exp (b3 2)... (3.8)

where b, and b; are velocity-depth gradients for power-law and exponential functions,

respectively.
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Figure 3.10 Estimation of the velocity gradient at a) Borehole 1, b) Borehole 2, and c¢)
Borehole 3 from the agreement of the peak frequencies between the observed H/V and the
theoretical ellipticities using various velocity-depth functions. The diamond mark
corresponds to the synthetic observed H/V peak frequency. Blue, black, and green dashed
lines indicate the theoretical fundamental mode Rayleigh wave ellipticity using the linear,
power-law, and exponential functions, respectively.

Figure 3.10 shows the gradient estimations from the agreement of the peak
frequencies between the observed H/Vs and the theoretical ellipticities using the various
functions. We observed that the theoretical ellipticity of the power-law function has
lower peak amplitude than the other functions, while the theoretical ellipticity of the

exponential function has similar peak amplitude with the theoretical ellipticity of the
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linear function. Since the variation of the peak amplitude ellipticities are controlled by
the velocity contrast (Konno & Ohmachi, 1998), we will investigate the velocity contrast
between the layers above the bedrock and the bedrock layer after estimating the Vs

profiles for each function.

The estimated Vs profile for each borehole is shown in Figure 3.11. The estimated
Vs profile using the power-law function overestimates the velocities of the first and the
second layers of borehole 1. The velocities of the power-law model overestimate the
velocities of the first layer for the boreholes 2 and 3, while the velocities of the second
layer for the borehole profiles could be well approximated by the power-law model.
Moreover, the estimated Vs profile using the exponential function could well
approximate the velocities of the first layer for all the boreholes, whereas a large
discrepancy is observed between the velocities of the exponential model and the

velocities of the second layer for all the boreholes.

From the estimated Vs profiles for the individual functions, we calculated the
average S-wave velocity from the surface to the top of the bedrock layer (AVS) of the
estimated Vs profile for each borehole using Equation 3.6 to investigate the lower peak
amplitude of the power-law function as shown in Table 3.7. We observe that the AVS
values of the power-law function profiles having the highest value with AVS of around
350 m/s compare to those of the Vs profiles of the linear and the exponential functions.
This indicates the velocity contrast between the layers above bedrock and the bedrock
layer with a velocity of 500 m/s for the power-law function is smaller than the other

functions that cause the low peak amplitude in the theoretical ellipticty.

Next, we evaluated the R-values of the estimated Vs profiles using the power-law
and the exponential functions. We observed that the R-values of the power-law model

are 30% at borehole 1, 28% at borehole 2, and 21% at borehole 3, which are similar R-
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values with that of the Vs profiles estimated using the linear function, especially in cases
of the borehole 1 and 3. However, the estimated profiles using the power-law function
have a large discrepancy in the velocities of the borehole profiles in the shallow part as a
disadvantage of profile representation using a power-law function. Moreover, the R-
value of the exponential model is 44% at borehole 1, 28% at borehole 2, and 38% at
borehole 3. A large R-value for the exponential model is due to the exponential model
has a large discrepancy with the velocities of the second layer in the borehole Vs
profiles. We conclude that Vs profile representation using the linear function is the
lowest R-value among all the function types and has a good approximation to the

borehole profiles.

a) 1b)| 1)t ]
1 _ _ —Borehole profile
- 7 - ] ~ 1 | —Estimated Vs profile
£ ] s | 4 s (- using linear function
Z ] 5 < 3 | 1 |- Estimated Vs profile
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8 E | ' "-.. | ' - —Estimated Vs profile
] E i Yl - y | ] using exp. function
——Borehole 1 —Borehole 2 .l —Borehole 3
80} -—R=31% . F-—R=13% | 1 F-—R=16% }]| 1
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100 L | | Ll 1 1 Ll 1 -
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Figure 3.11 Comparison of estimated Vs profiles using various velocity-depth functions. The
estimated Vs profiles from the V1-H/V data using the a) linear, b) power-law, and c)
exponential functions are corresponded by solid black lines, dashed lines, and dashdotted
lines, respectively. The Vs of borehole profiles are corresponded by solid gray lines. Model
parameters of the estimated Vs profiles are listed in Figure 3.10.
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Table 3.7 Comparison of averaged S-wave velocities from the surface to the top of the
bedrock layer of estimated Vs profiles using various velocity-depth functions.

AVS of estimated AVS of estimated AVS of estimated profile
Site profile using linear | profile using power- using exponential
function (m/s) law function (m/s) function (m/s)
Borehole 1 290 350 229
Borehole 2 292 362 232
Borehole 3 286 356 220

3.5.4 Effects of random noises in observed data

As we only contaminated the synthetic V1s, and the ellipticity peak frequencies
with 10% random noise for the observed data in the numerical tests using the borehole
profiles, we further examine the effect of several random noise levels in the observed
data to the profile estimation using the proposed method. We set random noise levels
with variations of 0%, 5%, 10%, 15%, and 20% of the surface S-wave velocity (V1) and
the ellipticity peak frequency (f0), as showing in Figure 3.12 for borehole 1. We then
compare the R value of the estimated profile with those of the borehole profiles for each

random noise level.

a) :-‘P: 200 Borehole 1 b) 10 Borehole 1
E_| ’ : ]
> 300 1 2
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(o] -~
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o & 15%, V1=68m/s - 15%, f0=3.0Hz
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Figure 3.12 Variation of a) V1, and b) observed peak frequency of elllipticity using various
level of random noise in Borehole 1. Black, green, gray, blue, and pink markers correspond to
the observed data contaminated with random noise of 0%, 5%, 10%, 15%, and 20%,
respectively. Please notice that the y-axis in the phase velocity graph is represented by
logarithmic to clearly show the variation of V1.
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Figure 3.13 shows examples of the profile comparison between the borehole and
the estimated profiles in borehole 1 by using the various random noise levels. The
profiles represented by solid lines in Figure 3.13a are estimated by including the random
noises only for the V1s and we keep that the f0 is uncontaminated with a frequency of
2.6 Hz. Meanwhile, the estimated profiles in Figure 3.13b considered the random noises
in the f0s and we set the V1 without the noise as a velocity of 79 m/s. We observed that
an influence of the random noise level on the fOs causes a higher deviation in the
estimated gradient than an effect of the random noise on the V1. As shown in Figure
3.13, the effect of contamination of the random noise on V1 caused the deviation of the
estimated gradient from 11.7 for the uncontaminated case to 10.3 for the random noise
with 20%. On the other hand, a high deviation in the estimated gradient is observed for
the contamination of the random noise on f0 from 11.7 to 9.5 with the random noise of

20%.

Since the variation in the fO causes a higher deviation in the estimated gradient of
Vs profile than the variation in the V1, we can observe that the variation in the R-values
caused by the random noise in f0 is higher than an influence of the random noise on the
V1. The variations of the R values due to contamination of random noises with 5% to
20% in V1 indicate less than 5% from the uncontaminated case (Figure 3.13a). On the
other hand, the contamination of random noises below 20% of f0 reaches the deviation
of the R values below 10% relative to the uncontaminated case (Figure 3.13b). These
results indicate that the noises with 15% in the parameter of f0 and 20% for the V1 are
acceptable in the proposed method because the deviation of R-value is below 10%

compared to the uncontaminated case.
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Figure 3.13 Estimated profiles in Borehole 1 case by including various random noise in the
parameters of @) surface S-wave velocity (V1) and b) ellipticity*s peak frequency (f0). The
V1 and {0 of uncontaminated case are using a velocity of 79 m/s and a freqeuncy of 2.6 Hz.
Black, green, gray, blue, and pink lines correspond to the estimated profiles by including a
random noise of 0%, 5%, 10%, 15%, and 20%, respectively to a) V1 data or in b) f0 data.
Gray dashed line illustrate the borehole profile.

Furthermore, we describe the variation R values in Tables 3.8 to 3.10 to summarize
the effect of the random noise levels on the f0 and V1 of the estimated profiles in
boreholes 1, 2, and 3. In uncontaminated case, we observed the R-values of the estimated
profiles in boreholes 1, 2, and 3 are 26%, 10%, and 11%, respectively. These results
indicate that the profiles from the proposed method are in good approximation to the
synthetic borehole profiles in the Bandung basin. Moreover, high R values of the
estimated profiles in the borehole cases are found if the contamination random noises
provide a higher observed f0 and a lower observed V1 than the uncontaminated fO and
V1 because a high velocity gradient of estimated profile is obtained. We observed the
highest R value with 37% in the case of borehole 1 with a high fO of 3.0 Hz (the case

with 15% random noise) and a low V1 of 68 m/s (the case with 15% random noise).
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R-values (%)

Random noise

0 0 0 1) 0
in Borehole 1 | in obs. f0 0% % | 10% 1 15% | 20%
: 10 (Hz
Random noise (Hz) 26 | 25 | 29 | 3.0 | 21
in obs. V1 V1(m/s)
0% 79 26 23 31 33 16
5% 75 28 26 33 35 17
10% 85 25 22 30 32 14
15% 68 29 27 35 37 20
20% 92 24 21 28 30 13

R-values (%)

Random noise

0 0 0 0 0
in Borehole 2 | in obs. f0 0% | 5% | 10% | 15% | 20%
: 0 (Hz
Random noise s 16 | 17 | 14 | 13
in obs. V1 V1(m/s)
0% 79 0 ] 10 121 9 | 10
5% 81 o 110 12 | 8 | 10
10% 83 o | 10 12 | 8 | 10
15% 89 o | 9 | 11 | 9 | 10
20% 3 o | 9 | 10 9 | 10

R-values (%)

Random noise

0 0 (1) o (1)
in Borehole 3 | in obs. f0 0% % | 10% | 15% | 20%
: 1O (Hz
Random noise FEDV a5 | 14 | 15 | 12 | 17
in obs. V1 V1(m/s)
0% 79 11 10 13 10 18
5% 75 11 11 16 10 21
10% 72 12 12 16 11 21
15% 68 14 13 19 12 24
20% 65 16 14 19 12 24

Table 3.8 R values distribution from various random noise levels on the observed V1 and {0
in Borehole 1.

Table 3.9 R values distribution from various random noise level on the observed V1 and 0
in Borehole 2.

Table 3.10 R values distribution from various random noise level on the observed V1 and 0
in Borehole 3.

47



3.6 Investigation of difficult cases in assumption of linear velocity function

In this section, we apply numerical tests using several synthetic profiles that have a
different represention with the linear velocity function to investigate difficult cases for
applying the proposed method. The following synthetic Vs profiles are used as shown in

Figure 3.14.

1. Two-layer profile with high velocity contrast.

2. Three-layer profile with velocity increasing with depth.

3. Three-layer profile containing a thick second layer.

4. Three-layer profile with velocity inversion in a soft second layer.

5. Profile represented by two linear velocity gradients (i.e., bi-linear model).
6. Profile with power-law velocity gradient.

7. Profile with exponential velocity gradient.

We define a profile consist of a layer with velocity of 100 m/s and thickness of 20
m over a half-space layer in the first case (Figure 3.14a). In the second and the third
cases (Figures 3.14b and 3.14c), we define profiles represented by two-layers over a
bedrock using S-wave velocities of 100 m/s and 220 m/s for the first and second layers.
The thicknesses of the first layer are set using 10 m, while the second layer thicknesses
of the second and third profiles are set using 20 m and 100 m, respectively. The effect of
a thick constant velocity layer is evaluated in the third case. We also set a profile that
contains an inverse velocity layer in the forth case (Figure 3.14d). The velocities of the
first and the second layer are 200 m/s and 150 m/s. Moreover, the profile represented by
two linear velocity gradients is defined in the fifth case (Figure 3.14e). We set the
gradient of the shallow part is higher than the deep part. The model parameters in the

profile of two linear gradients consist of first gradient (b1), second gradient (b2), surface
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S-wave velocity (V1), bedrock S-wave velocity (Vb), and middle S-wave velocity
(Vmid). Vmid is defined as an intersection point of the two gradients. The synthetic
profiles represented by the power-law and the exponential functions in the sixth and
seventh cases (Figures 3.14f and 3.14g) are set by having a thickness of 50 m with V1 of

100 m/s. The bedrock layer of all the synthetic profiles is set by using velocity of 500

m/s.
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Figure 3.14 Synthetic profiles used in numerical tests for investigation of the difficult cases.
a) Two-layer profile with high velocity contrast, b) three-layer profile with velocity
increasing with depth, c) three-layer profile containing a thick second layer, d) three-layer
profile with velocity inversion in a soft second layer, e) profile represented by two linear
velocity gradients, f) profile represented by the power-law function, and g) profile
represented by the exponential function.
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We then use all the synthetic profiles to generate the synthetic ellipticities as
illustrated by solid lines in Figure 3.15. We utilize the peak frequencies of the synthetic
ellipticities and the surface S-wave velocities (V1s) of the synthetic profiles to estimate
the Vs profiles using the proposed method. We did not contaminate the synthetic peak
frequencies of the ellipticity with the random noise in these cases to investigate the
features of the proposed method. The theoretical ellipticities to estimate the gradients are

shown by black dashed lines in Figure 3.15.

The profile comparison between the synthetic profiles and the estimated ones using
the proposed method can be seen in Figure 3.16. We observed the distinct profile
difference on the cases of two-layer profile (case 1), the profile with the thick second
layer (case 3), and the profile with an inverse velocity layer (case 4) as correspond with
high R-values more than 20% in Table 3.11. The velocity variation of the estimated
profile that represented by linear velocity gradient is difficult to approximate a constant
velocity layer in the two-layer case (Figure 3.16a), the thick second layer with a constant
velocity (Figure 3.16c), and especially to the inverse velocity layer (Figure 3.16d).
However, the estimated profile in the case of three-layer profile with velocity increase
with depth (Figure 3.16b) could approximate the velocity variation in of the first and the
second layers of the synthetic profile. In the profile with two linear gradients (Figure
3.16e), we observed that the gradient of the estimated profiles using the proposed
method are similar to the first gradient of the synthetic profile. The estimated profile
could not anticipate the second gradient in the deeper part of the synthetic profile.
Furthermore, the profile comparison in the power-law model (Figure 3.16f) shows that
the velocity variation of the estimated profile is slightly lower than the synthetic profile
in the shallow depths of 0 m to 30 m. Moreover, the velocity variation of the synthetic

exponential model (Figure 3.16g) in the shallow depths of 0 m to 30 m is well
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approximated by the estimated profile, whereas the distinct profile difference in the

comparison is observed in the deep depths of more than 30 m.

The comparison of the synthetic and the theoretical phase velocities of the
estimated profiles using the proposed method are shown in Figure 3.17 as confirmation
of the estimated profiles. We observed that the theoretical phase velocity has a difficulty
to match a constant synthetic phase velocity at frequencies of 3 to 6 Hz in Figure 3.17a
and a plateau feature of the synthetic phase velocity at frequencies of 1.3 to 3 Hz in
Figure 3.17c. The plateau feature is characterized by a constant phase velocity of 200
m/s that correspond to the existence of the thick layer of the synthetic profiles. The
plateau feature in the phase velocity is clearly observed when a profile contains a
significant thick layer with a constant velocity. Therefore, we did not observe the plateau
feature in Figure 3.17b even though the second layer thickness of this model is 20 m
which is twice of the first layer thickness. A large discrepancy in the phase velocity
comparison is also shown in Figure 3.17d due to a present of the inverse velocity layer.
In addition, the phase velocity comparison for the cases of the bi-linear models and the
exponential model in Figures 3.17¢ and 3.17g, we did not observed any large
discrepancies between the theoretical phase velocities of the estimated profiles and the
synthetic phase velocities, even though in their profile comparisons (Figures 3.16e and
3.16g) indicating the discrepancies at the deep depths. Moreover, the large discrepancy
in the phase velocity comparison is observed in the power-law model case in Figure
3.17f. The theoretical phase velocity of the estimated profile has a lower velocity in
frequencies of 4 to 40 Hz than the synthetic phase velocity of the power-low model. This
discrepancy corresponds to the profile difference in the shallow depth of 0 to 30 m in

Figure 3.16f. Therefore, these results indicate that the estimated profile using the
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proposed method has a good accuracy to estimate the shallow part of the synthetic

profile, if the large discrepancies are not observed in the phase velocity comparison.

We conclude the proposed method, which assuming the estimated profile using the
linear function, has difficulties to approximate the synthetic profile that represented by
power-law function, and the profile containing a thick constant velocity layer, or a high
velocity contrast layer, or an inverse velocity layer. These difficult cases are identified
by a large discrepancy in a phase velocity comparison. Therefore, these results confirm a
requirement of observed phase velocities at representative sites of an investigated area if
the borehole (P-S logging) data are unavailable to examine the usage of the profile
representation using the linear function before the further usage of the proposed method

in the Vs profiling.
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Figure 3.15 Fundamental mode of Rayleigh wave ellipticities comparison for the cases of a)
two-layer profile with high velocity contrast, b) three-layer profile with velocity increasing
with depth, c) three-layer profile containing a thick second layer, d) three-layer profile with
velocity inversion in a soft second layer, e) profile represented by two linear velocity
gradients, f) profile represented by the power-law function, and g) profile represented by the
exponential function. Solid gray and dashed black lines correspond to the synthetic ellipticity
of Rayleigh wave fundamental mode of the synthetic profile, and theoretical ellipticity of the
estimated profile using the proposed method.
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Figure 3.16 Comparison between the synthetic and the estimated profiles using the proposed
method in the cases of a) two-layer profile with high velocity contrast, b) three-layer profile
with velocity increasing with depth, c) three-layer profile containing a thick second layer, d)
three-layer profile with velocity inversion in a soft second layer, e) profile represented by two
linear velocity gradients, f) profile represented by the power-law function, and g) profile
represented by the exponential function. Solid gray and dashed black lines are the synthetic
profile, and the estimated profile using the proposed method, respectively.
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Figure 3.17 Phase velocity comparison for the cases of a) two-layer profile with high
velocity contrast, b) three-layer profile with velocity increasing with depth, c) three-layer
profile containing a thick second layer, d) three-layer profile with velocity inversion in a soft
second layer, ¢) profile represented by two linear velocity gradients, f) profile represented by
the power-law function, and g) profile represented by the exponential function. Solid gray
and dashed black lines correspond to the synthetic phase velocity of Rayleigh wave
fundamental mode of the synthetic profile, and theoretical phase velocity of the estimated
profile using the proposed method.
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Table 3.11 Evaluation of R values between the synthetic and the estimated profiles in
investigation of difficult cases

R value of the profile
Synthetic profile estimated using the

proposed method (%)
Two-layer profile 44

V1=100m/s, h1=20m
Three-layer profile
V1=100m/s, V2=220m/s, 20
h1=10m, h2=20m
Three-layer profile
V1=100m/s, V2=220m/s, 22
h1=10m, h2=100m
Three-layer profile
V1=200m/s, V2=150m/s, 68
h1=20m, h2=30m
Two linear velocity gradients

profile 9
V1=100m/s, Vmid=300m/s
b1=10.0, b2=4.0
Power-law gradient profile 13
bpower-laW:0-41
Exponential gradient profile 10

bexy=0.032
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Chapter 4 Array measurements of microtremors in
Bandung basin

4.1 Objective

4.2 Location of microtremor arrays

4.3 Estimation of phase velocity

4.4 Evaluation of linear velocity increase assumption

4.5 Estimated Vs profiles
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4.1

4.2

Objective

In this chapter we explained results of the microtremor array measurements as the
conventional method to delineate observed phase velocities in the Bandung basin. We
describe the array measurements on the field, the distribution of the observed phase
velocities, and the estimated Vs profiles. We furthermore confirm the profile
representation using the linear function with the observed phase velocities and evaluate

the suitability of the defined bedrock velocity for the estimated profiles in the basin.

Locations of microtremor arrays

We conducted microtremor array measurements at 29 sites in the Bandung basin to
acquire the Rayleigh wave phase velocities. We could conduct the array measurements
since there is an international collaboration between Tokyo Institute of Technology and
Bandung Institute of Technology under the SATREPS project with theme of ,,Multi-
disciplinary Hazard Reduction from Earthquakes and Volcanoes in Indonesia™
Therefore, all the instruments required in the array measurements were provided from
Tokyo Institute of Technology. There are two-measurement campaigns in 2009 with
measurements at 15 sites and in 2011 at 14 sites. The locations and coordinates of the
array measurement sites are shown in Figure 4.1 and in Table 4.1. The observation sites
are mostly distributed in the basin region. 9 sites are located on the volcanic region and
20 sites are situated on the lake deposit. At each site, microtremors were temporarily
observed using seven vertical microtremor sensors arranged into two arrays. Each array
has a configuration of two equilateral triangles with a common central station. The
instruments used in the measurements are the vertical V243S accelerometers produced
by Mitsutoyo Corporation. The logger manufactured by Hakusan Corporation, with a 24-
bit analogue-to-digital (A/D) converter, can digitize acceleration data at every 0.01s. The

sampled data from each logger were transmitted to a laptop PC in real time across a
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wireless LAN, to store and monitor the records. Coherent microtremors data at

frequencies lower than 30 Hz can be well recorded with this observational system. This

system is the same used in Grutas & Yamanaka, (2012), Karagoz et al., (2015), Ozmen

et al., (2017), and Zaineh et al., (2012). Figure 4.2 shows an example of the two array

configurations with triangle side lengths of 16-8 m and 4-2 m to measure the vertical

microtremors at L1. The lengths of the triangle sides for the arrays at each site are

between 1 and 16 m as listed in Table 4.1. It takes around 1.5 to 2 hours to observe the

microtremor data at each site, including 15 to 20 minutes to configure the instruments

for the one triangle side length array.

Table 4.1 List of site names, coordinates, triangle array side lengths, estimated Vls,

estimated gradients, and Vs30s of the microtremor array measurements.

Triangle Fund. | Ampl. | Avg.
_ Long Lat Surface array V1 Gradi- Vs30 peak | factor | ampl.
Site (Deg) (Deg) geology* side (mis) ent (mis) freq. of (0.4-
lengths (1/sec) (H2) fund. 10
(m) Peak Hz)
L1 107.54831 | —6.98700 LD 16-2 113 4 166 1.1 5.5 4.0
L2 107.63569 | —6.98217 LD 16-2 96 4 148 1.0 5.9 4.2
L3 107.69817 | —6.98383 LD 16-2 73 2 100 0.4 6.8 4.5
L4 107.73278 | —=7.00911 LD 16-2 94 2 122 0.5 6.0 4.2
L5 107.76392 | —6.96250 LD 16-2 78 5 140 1.1 6.6 4.5
L6 107.68456 | —6.93011 LD 12-1.5 82 5 144 1.2 6.5 4.4
L7 107.80275 | —6.97319 LD 16-2 162 2 190 0.7 4.4 3.5
L8 107.551 | —6.95297 VD 12-1.5 - - - - - -
L9 107.62064 | —6.94414 VD 16-2 - - - - - -
L10 | 107.65167 | -6.91114 VD 16-2 78 16 243 3.6 6.6 3.7
L11 | 107.72972 | —6.94278 LD 16-2 60 3 98 0.6 7.6 5.0
L12 | 107.58125 | —7.01783 LD 16-2 80 6 153 1.4 6.5 4.4
L13 | 107.66058 | —7.02250 LD 16-2 60 5 120 1.0 7.5 5.0
L14 | 107.77358 | —7.00544 LD 16-2 - - - - - -
L15 | 107.60972 | —6.88978 ov 12-1.5 105 23 321 6.1 5.7 3.0
S1 107.62413 | —6.85388 ov 16-2 115 18 303 4.9 5.4 3.0
S2 107.52402 | —6.86121 VD 12-1.5 125 13 275 3.8 52 3.1
S3 107.56903 | —6.92402 VD 16-2 103 27 337 7 5.7 2.9
S4 107.56071 | —6.97098 LD 8-1 67 39 336 8.3 7.1 3.0
S5 107.60851 | —7.01028 LD 16-2 70 7 151 1.5 7 4.5
S6 107.59328 | —7.05080 LD 12-1.5 102 7 188 1.8 5.8 3.9
S7 107.54739 | —7.04067 LD 12-1.5 91 13 234 3.2 6.1 3.6
S8 107.52989 | —7.01270 ov 12-1.5 199 15 369 6.5 3.9 2.6
S9 107.66465 | —6.95280 LD 12-1.5 97 19 289 4.8 5.9 3.2
S10 | 107.72142 | -7.02625 LD 12-1.5 88 4 139 0.9 6.2 4.4
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Triangle Fund. | Ampl. | Avg.
_ Long Lat Surface array V1 Gradi- Vs30 peak | factor | ampl.
Site (Deg) (Deg) geology* side (mis) ent (m/s) freq. of (0.4-
lengths (1/sec) (Hz) fund. 10
(m) Peak Hz)
S11 | 107.75982 | —7.06068 LD 16-2 62 13 196 2.7 7.4 4.2
S12 | 107.76817 | —7.03273 LD 16-2 115 3 156 0.8 5.4 4.0
S13 | 107.72718 | —6.97072 LD 16-2 - - - - - -
S14 | 107.74171 | —6.93433 YV 12-1.5 164 21 370 7.5 44 2.6

*Surface geology: LD: Lake deposit, VD: Volcanic deposit, OV: Old volcanic product, YV: Young

volcanic product.
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Location of measurement points
A 1st campaign in 2009 (15 points)

107.7
Longitude

107.8

A 2nd campaign in 2011 (14 points)

Figure 4.1 The location of microtremor array measurement points on the surface
geological map of Bandung basin which represented by triangles. The red and blue
triangles represent the measurement points of joint campaigns in 2009 and 2011
between Tokyo Institute of Technology and Bandung Institute of Technology under
SATREPS project with the theme of ,Multi-disciplinary Hazard Reduction from
Earthquakes and Volcanoes in Indonesia“. The legend for the surface geological map
can be seen in Figure 1.3. Lines 1 — 5 correspond to the cross-sections of the
estimated Vs profiles in Figure 4.6.
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Figure 4.2 Example of the array configuration in microtremor observation (left), and
a documentation of an array deployment (right) in one of the site. The photo shows
the array with spacing 4-2 m. The array consists of seven vertical microtremor
sensors and the loggers (covered by plastic bags) for observation of Rayleigh wave
phase velocity.

4.3 Estimation of phase velocity

We applied the spatial autocorrelation (SPAC) method (Okada, 2003) to retrieve
phase velocity of Rayleigh waves from the vertical microtremors. The recorded
microtremors were divided into time segments with a length of 81.92 seconds after
removing parts with artificial noises generated locally from some disturbances such as
vehicles moving nearby the sensors during the measurements. An example of a
microtremor records segment is shown in Figure 4.3(a). Then, each segment was
converted into the frequency domain (w) to calculate the SPAC coefficient, p(w,r) using

equation 4.1.

1< Re(Syr (@, 1))
J)== ) ———, 4.1
=) ot P

where n is the number of station pairs with same inter-station distance, », and

Re(Sy,(w,7)) is the real component of the cross-spectra of the microremor records
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between the station pairs. Sy(w) and S, (w) are power-spectra of the records used for
Sor(w,7) calculation. After these calculations for all the segments, the SPAC
coefficients for the same distances were averaged. We used 8 to 15 segments to obtain
averaged SPAC coefficients in our analysis. Figure 4.3(b) shows an example of the
SPAC coefficients obtained at L6 with triangle side lengths of 12 and 6 m. A high SPAC
coefficient is observed at a frequency of 1.2 Hz. The obtained averaged SPAC
coefficients are used further to extract the observed phase velocities the relation of the

SPAC coefficient and the Bessel function of the first kind and the order zero (Jy(x)).

p@.) =Jo(sos),  (42)

c(@)

(a) L6 12-6m (b)

SPAC Coef.

02F

Dy 10
Freq (Hz)

Figure 4.3 (a) An example of the vertical-component records, and (b) Obtained SPAC
coefficients at L6 from triangle arrays with a side length of 12 and 6 m.

Observed phase velocities from the microtremor array measurements at the 29
sites are shown in Figure 4.4. The figure contains 5 panels showing the variation of

phase velocities in the basin along the cross-section lines in Figure 4.1.

We observe most of the sites along Line 1 have a high phase velocities above 250

m/s in a high frequency range above 5 Hz except for L1 located on the central part. A
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highest value of the phase velocity can be observed at S8 because the site is situated on

the Beser formation which is the oldest volcanic rock in the basin (Bronto et al., 2006).

The phase velocities in Line 2 are high over 280 m/s at frequencies higher than 9
Hz at S1, L15, and L9 located on the volcanic deposits in the northern part of the basin.
Meanwhile, a trend of the phase velocities below 120 m/s at frequency higher than 10 Hz
and velocities higher than 200 m/s at frequencies of 2 to 4 Hz are observed at L2, S5,

L12, and S6 located on the lacustrine sediments.

The observed phase velocities on the lacustrine and the volcanic deposits can also
be seen at Lines 3, 4, and 5. The phase velocity at a frequency of 10 Hz shows that the
sites located on the volcanic deposits have a higher value such as at L10 and S14 than
those on the lacustrine deposits such as L4 and L14. High phase velocities are obtained at

L13, S10, and S11 in the southern edge of the basin.

We further use all the observed phase velocities to evaluate the appropriateness of
the linear velocity increase assumption in the Bandung basin. However, we notice that
the feature of the observed phase velocities at L8, L9, L14, and S13 having a narrow
velocity variation below 50 m/s in the entire frequency range. Such type of observed
phase velocities will be difficult to constrain model parameters for the solution in an
inversion because the velocity gradient of an estimated profile cannot be well resolved

with such limited data. Therefore, we conduct the evaluation at the remained 25 sites.
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Figure 4.4 Observed phase velocities from the microtremor array surveys in the Bandung
Basin. The phase velocities are grouped in Lines 1 to 5. The locations of Lines 1 to 5 are
shown in Figure 4.1.

4.4 Evaluation of linear velocity increase assumption

The procedure to evaluate the appropriateness of the Vs profile representation
using the linear function in the Bandung basin has been described in the section of 2.3
and 3.4.1. We show the phase velocity comparison between the observed phase velocity
and the theoretical one using of the lowest misfit in Figure 4.5. We observed that the
theoretical phase velocities of the lowest misfit models at 23 of 25 sites (except at L1,
and L2 sites) could fit the observed phase velocities indicating an appropriateness of the
Vs profile representation using the linear function in the Bandung basin. Slight
discrepancy between the theoretical and the observed phase velocities can be found at
frequencies of 4 to 5 Hz at L1 and L2 sites. The observed phase velocities show the

plateau features at these frequencies indicating an existence of a thick layer with a
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constant velocity. Such features of the models cannot be well fitted by the linear
represented profile as described in the section 3.6 of numerical tests. We also show the
appropriateness of the defined bedrock velocity of 500 m/s in the basin because the
theoretical phase velocities of the estimated profiles could explain sufficiently the
observed phase velocities in a low frequency range at most of the sites, such as phase

velocity comparisons at L15, S1, S2, and S3 in a frequency range of 8 to 10 Hz.
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Figure 4.5 (continued)
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Figure 4.5 Phase velocity comparison (above) between the observed phase velocities from
the microtremor array survey and the theoretical phase velocity of the lowest misfit model
using grid search evaluation (bottom). Square mark and dashed line in the above figure are
observed phase velocity and theoretical phase velocity of the lowest misfit model parameter
(V1 and b), respectively. Star mark and countour map indicate the V1-b pair that gives the
lowest misfit to the observed phase velocity and distribution of misfit value between the
observed phase velocity and the theoretical phase velocity of each V1-b pair.
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4.5 Estimated Vs profiles

The V1 and the gradient of the lowest misfit model from the observed phase
velocities in the section of 4.4 are decided as the estimated Vs profiles. All the estimated

Vs profiles are shown in Figure 4.6.

We observed in Line 1 that the estimated Vs profile has thick sediments only at L1
which is located on the lacustrine deposit in the central part of the basin. For the
estimated Vs profiles at the other sites in Line 1 such as S2, S3, and S8 that located in
volcanic deposits and S7 that located at edge of basin are characterized with thin
sediments. Furthermore, the estimated Vs profile at S4 that located at the boundary

between the volcanic and the lacustrine deposits has also thin sediments.

For the estimated Vs profiles in Line 2, we can observed a thin sediment at S1 and
L15 that located on the volcanic deposit in the northwestern part of the basin. Then, the
sediments become thicker in the central (L2 and S5) and the southern (L12 and S6) parts

of the basin.

In the north-south Lines of 3 to 5 in the central to the eastern parts of the basin, the
Vs profiles having the thickest sediments in each line are observed at L3, L4, and L7,
indicating that lacustrine sedimentation is more dominant in the central and the eastern
parts than the western part of the basin. We also observe the Vs profile at S9 has a
similar feature to that of S4 located in the boundary between the volcanic and the
lacustrine deposits. Even though S9 located on the lacustrine deposit, the Vs profile

contains a thin sediment similarly with the sites located on the volcanic deposit.
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Figure 4.6 Distribution of estimated S-wave velocity profiles in Lines 1 to 5 from
microtremor array measurements in the Bandung basin. Distribution of estimated S-wave
velocity profiles in Lines 1 to 5 from microtremor array measurements in the Bandung basin.
Lines 1 to 5 are located from the western to the eastern part of the basin as shown in Figure
4.1. Black, blue, and green lines correspond to location estimated profiles in the northern, the
central, and the southern parts of the basin.
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Chapter 5 Application of the proposed method for Vs profiles in

Bandung basin

5.1 Objective
5.2 Locations of measurement sites
5.3 Implementation of V1-H/V measurements
5.3.1 Active seismic measurements for surface S-wave velocities
5.3.2 Observation of H/Vs from single-point microtremor measurements
5.4 Results of V1-H/V measurements
5.4.1 Observed surface S-wave velocities
5.4.2 Determination of velocity gradient from observed H/V peak
frequencies
5.4.3 Estimated Vs profiles
5.5 Discussion
5.5.1 Comparison of profiles from phase velocities with the obtained ones
from surface S-wave velocity and H/V
5.5.2 Effects of instruments reduction on estimation of V1

5.5.3 A guidance to apply the proposed method in other area
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5.1 Objective

After confirmation of the profile representation using the linear function and the
usage of 500 m/s for the bedrock velocity in the Bandung basin from the observed phase
velocities, we applied the proposed method in the Bandung basin through the actual field
measurements. We describe the actual field measurement to retrieve the observed V1 and
H/V spectrum. Distribution of the observed Vs, the H/V spectra, and the estimated Vs
profiles in the Bandung basin will be discussed. We also perform the comparison of the
profiles estimated from the conventional and the proposed methods at five sites to

evaluate the appropriateness of the estimated profiles using the proposed method.

5.2 Locations of measurement sites

The field measurements to observe Vl1s and H/Vs in the Bandung basin are
conducted at 31 sites. The coordinates and locations of the measurement sites are
displayed on the surface geological map of the basin in Figure 5.1 and listed in Table
5.1, respectively. Total 8 sites are located on the volcanic region in the northwestern
part, while 23 sites are located on the lacustrine deposits in the western, the central, and
the eastern parts of the basin. Since we have 5 sites (P3, P15, P19, P21, and P30) that are
located in the same microtremor array measurement sites, we can make a profile

comparison for the estimated Vs profiles from the two types of data.
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Table 5.1 List of site names, coordinates, observed H/V peak frequencies and its standard
deviation (stdev), observed Vs, estimated gradients, and Vs30s from V1-H/V measurements.

H/V | % of Ampl. | Avg.
Surf. HV peak | H/V Gradi- Fund. factor | ampl. | Dist.
. Long Lat peak V1 Vs30 | peak
Site (Deg) (Deg) Geol. fre freq. | peak (m/s) ent (mis) | fre of 0.4- | (m)
g g * (ng stdev. | freq. (1/sec) (ng fund. 10 **
(Hz) | stdev. peak Hz)
P1 107.6194 | -6.8693 ov 3.2 0.2 6 110 10.0 228 2.7 5.5 3.5 -
P2 107.6166 | -6.9079 VD 1.2 0.2 15 200 4.0 255 1.8 3.9 3.1 -
(1;3) 107.5692 | -6.9244 VD 7 1.1 15 140 21.0 347 6.8 4.8 2.8 42
P4 | 107.5641 | -6.9058 | VD 10 0.3 3 120 27.0 354 7.8 5.3 2.8 -
N
P5S | 107.6083 | 69527 | VD | > | X X | 80 - - - - - -
clear
P6 107.6209 | -6.9445 VD 6.5 0.6 9 130 19.0 326 5.7 5.1 2.9 -
P7 107.6439 | -6.9522 LD 7 0.9 13 95 27.0 328 6.8 6.0 3.0 -
P8 | 107.6417 | -6.9714 | LD 4 0.45 11 125 12.0 266 3.5 5.2 3.2 -
P9 | 107.6529 | -6.9880 | LD 0.8 | 0.09 10 108 2.5 142 0.7 5.6 4.1 -
P10 | 107.6345 | -7.0030 | LD 09 | 0.04 5 81 4.0 132 0.9 6.5 4.5 -
P11 | 107.7075 | -7.0232 LD 1.4 0.13 9 100 5.0 164 1.3 5.8 4.1 -
P12 | 107.7089 | -7.0364 LD 5 0.3 7 84 21.0 285 5.0 6.4 33 -
P13 | 107.7554 | -7.0322 | LD 2.5 0.1 4 90 10.0 205 2.4 6.2 3.8 -
P14 | 107.7258 | -7.0114 | LD 0.7 | 0.07 10 100 2.5 134 0.6 5.8 42 -
(PL145) 107.7328 | -7.0091 LD 0.7 0.08 12 70 3 109 0.6 7.0 4.8 3
P16 | 107.7741 | -7.0058 LD 0.5 0.03 7 70 2.5 103 0.5 7.0 4.7 -
P17 | 107.7922 | -7.0338 LD 10 1.3 13 158 32.0 402 11.4 4.5 2.4 -
P18 | 107.7304 | -7.0464 | LD 2.8 0.2 7 100 10.0 216 2.6 5.8 3.7 -
;)8199) 107.6643 | -6.9529 LD 8 0.4 5 120 22.0 332 6.3 5.3 2.9 40
P20 | 107.6929 | -6.9631 LD 0.6 0.06 10 100 2.0 128 0.5 5.8 4.1 -
(PLz61) 107.6854 | -6.9304 | LD 0.9 0.1 12 105 3.0 145 0.8 5.7 42 100
P22 | 107.7174 | -6.9477 LD 0.8 0.07 8 110 2.5 144 0.7 5.5 4.1 -
P23 | 107.7547 | -6.9561 LD 2 0.14 8 120 5.0 185 1.4 5.3 3.8 -
P24 | 107.5915 | -6.8858 | VD 5.5 0.5 10 115 15.0 281 42 5.4 3.2 -
P25 | 107.5081 | 69851 | D | "' [ x | x [ 92 | - - - - : -
clear
P26 | 107.5890 | -7.0001 LD 0.6 0.06 10 87 2.5 121 0.6 6.3 4.4 -
P27 | 107.5906 | -7.0394 LD 1.3 0.15 13 83 6.0 156 1.4 6.4 43 -
P28 | 107.5669 | -7.0159 | LD 1.3 0.2 14 150 5.0 216 1.7 4.7 3.4 -
P29 | 107.5343 | -6.9734 | LD 5 0.28 5 100 18.0 286 4.6 5.8 3.2 -
(5’(5)) 107.6097 | -6.8898 | OV 7 0.8 11 150 20.0 352 6.8 4.7 2.7 5
P31 | 107.7272 | -6.9707 | LD 0.5 | 0.02 3 70 2.5 103 0.5 7.0 4.7 -

*Surface geology: LD: Lake deposit, VD: Volcanic deposit, OV: Old volcanic product, YV:
Y oung volcanic product
**Distance of measurement points between array and V1-H/V surveys
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B Location of V1-H/V measurements (31 sites)
B Similar sites with conventional method (5 sites)
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Figure 5.1 Location of the active seismic and single-point microtremor (V1-H/V)
measurements on the surface geological map of the Bandung basin. Blue rectangles represent
the measurement points. Red rectangles illustrate the similar measurement sites to the
microtremor array survey. The legend for the surface geological map can be seen in Figure
1.3. Lines 1 — 5 correspond to cross-sections of estimated Vs profiles in Figure 5.8.

5.3 Implementation of V1-H/V measurements
5.3.1 Active seismic measurement for surface S-wave velocity

We utilized seven geophones that commonly available in Bandung to apply the
seismic refraction survey. The geophones were arranged in a line array with 1 m
spacing to implement an active seismic measurement for V1 at each site. The line array
is expected to record seismic wave with wavelengths of 2 to 6 m to obtain high-
frequencies phase velocities considering the active seismic measurement guidelines
(e.g. Foti et al., 2018). A vertical impact source was generated using a sledgehammer at
a distance of 5 m from the end of the line array to avoid the near-field effects. We
recorded the waveforms with sampling of 2 kHz. The observed waveforms in the time-

space (t-x) domain were transformed into a frequency-wavenumber spectrum G(f,k),
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using the frequency-wavenumber (f-k) transformation with the 2D Fourier transform

(eq. 5.1) to observe the Rayleigh wave phase velocity.

+00 400
G(f, k) = f f g(t,x)e 2+ O dydt ... (5.1)

where g(t,x) is the waveform records. A transformation of G(f,k) to frequency-phase
velocity (f-c) domain is conducted by dividing the frequency with wavenumber. We
then could identify the dispersive trend of observed Rayleigh wave phase velocity (i.e. a
dispersion curve) from the high amplitude of an f~c spectrum. Finally, the V1 could be

decided from the minimum value of the observed Rayleigh wave phase velocity.

5.3.2 Observation of H/V from single-point microtremor measurements

After conducting the active seismic measurement to obtain the V1, we also set a
three-component sensor at a position close to the line array to perform the microtremors
measurement. We recorded microtremors with a sampling rate of 100 Hz for duration of
10 to 15 minutes. We selected several stationary microtremors segments without
transient noise with a length of 40.96 or 81.92 seconds to compute the H/V. We
calculated the Fourier spectra of the three components at each segment using a Parzen
window with a bandwidth of 0.1 Hz for their smoothing. The H/V was obtained by
calculating the ratio of quadratic mean of the two horizontal spectra to the vertical
spectrum. Finally, we averaged the H/Vs of all segments to obtain the final H/'V. An
example of instruments set up for actual V1-H/V measurement at P2 is shown in Figure
5.2. The total operation time of the active seismic and single point microtremor
measurements at each site was generally about 30 to 35 minutes with two operators,

which is one third of required time in the microtremor array measurement.
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gebphone

Figure 5.2 Configuration of instruments in short-length active seismic measurement (V1-
H/V) consists of seven geophones and a single 3-component seismometer.

5.4 Results of V1-H/V measurements
5.4.1 Observed surface S-wave velocities

Examples of the recorded waveforms from an impact source and its
corresponding f-c spectra are shown in Figure 5.3. These examples at P2, P8, and P19
sites are the representative phase velocity features from all of the observed f-c spectra
in the basin to identify a V1. We pick the observed phase velocity from the maximum
amplitude of the f~c spectra at each frequency as shown by gray circles. Moreover, the

f-c spectra and the observed Vs for the other sites are shown in Figure 5.4.

At P2, high amplitude of the spectrum shows a clear fundamental mode of
Rayleigh wave phase velocity at frequencies of 30 to 100 Hz. We obtained the V1 of

200 m/s from the observed minimum phase velocity at 100 Hz.

However at P8, an inversely dispervise trend of the observed phase velocity was

identified in high amplitudes of the spectrum at frequencies higher than 17 Hz. This
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trend indicates the domination of higher modes waves (Tokimatsu et al., 1992; Foti et
al., 2018). We take the V1 from the minimum value of the observed phase velocity to
consider only the fundamental mode of Rayleigh wave. The estimated V1 at P8 is 125
m/s at a frequency of 15 Hz. The inversely dispersive trends in the observed phase

velocities also can be observed at P3, P6, P9, P10, P11, P20, P21, P25, P27, and P29.

Meanwhile at P19, we can see high amplitude parts of the spectrum at frequencies
of 5 to 50 Hz that correspond to the fundamental mode of Rayleigh wave phase
velocity. We also observed highest amplitudes of the spectrum at velocities of 400 to
500 m/s at frequencies of 70 to 90 Hz that corresponding to the higher modes Rayleigh
wave phase velocity. To identify the V1 from a continuation of the fundamental mode
of Rayleigh wave phase velocity at frequencies higher than 50 Hz, we pick the
maximum amplitude of each frequency within a velocity range of 100 to 280 m/s
indicated by black dashed lines. The fundamental mode of Rayleigh wave phase
velocity is observed until a high-frequency end of 82 Hz. The phase velocity of 120 m/s
at a frequency of 82 Hz is used as the V1 at P19. The similar procedure to identify V1

at P19 is also conducted at sites of P1, P4, PS5, P6, P15, P26, P30, and P31.

We summarized the distribution of the observed Vl1s in the Bandung basin in
Figure 5.5. We observed that the Vs are relatively low below 120 m/s in the lake
deposit area in the central and the eastern parts of the basin except for P17 and P28 with
Vs around 150 m/s. On the other hand, the estimated V1s in the volcanic deposit area
in the northwestern part are higher than 120 m/s. The highest V1 is observed at P2 with

a value of 200 m/s.
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Figure 5.5 Distribution of observed surface S-wave velocities on the surface geological map
of the Bandung basin. The legend for the geological map can be seen in Figure 1.3.

5.4.2 Determination of velocity gradients from observed H/V peak frequencies

The observed H/V spectra with their standard deviations from the single-point
measurements are shown in Figure 5.6. Almost all the H/V spectra show the peak

frequencies clearly, suggesting existences of high velocity contrast in the shallow part
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between the layer of lacustrine sediment and the volcanic products bedrock. However,
the observed H/V peaks are not prominent at PS5 and P25, and we could not estimate the
profiles at these two sites. We also observed in Table 5.1 that the percentages of
standard deviations of peak frequencies of the observed H/Vs are mostly below 15%
which is acceptable considering the result of the numerical test using various random
noises. The distribution of the observed H/V peak frequencies in the basin is illustrated
in the Figure 5.7a. The figure shows that the H/V peak frequencies at the sites in the
volcanic deposit area and the basin edge are identified at frequencies higher than 5 Hz.
Meanwhile, the sites situated on lake deposit in the central and the eastern parts of the
basin have the H/V peak frequencies at lower than 2 Hz.

We use the peak frequencies of the observed H/V spectra and the measured Vs
for determinations of the velocity gradients. The gradients are determined by searching
the peak frequency of theoretical ellipticities that agree with the observed H/V ones.
The measured V1 and a fixed bedrock velocity with 500 m/s were used in the
calculation of the theoretical ellipticities. The theoretical ellipticities of the estimated
profiles are illustrated by the dashed gray lines in Figure 5.6 and the distribution of the
estimated gradient in the basin is illustrated in the Figure 5.7b. We observed that the
distribution of the gradients in the basin is almost similar to the H/V peak frequency
distribution. High gradient values more than 10.0 indicated by blue color are
concentrated on the volcanic deposit area in the northwestern part and in the basin edge
region, whereas the gradients with low values below 4.0 indicated by orange color are

centralized on the lake deposit region especially in the central-eastern part.
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Figure 5.6 (continued)
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Figure 5.6 Observed H/V spectra from single-point microtremor measurements in the
Bandung basin for determination of velocity gradient (b). Solid black and gray lines indicate
observed H/Vs with their standard deviations. Gray dashed line represent theoretical
fundamental mode Rayleigh wave ellipticity of estimated Vs profile using estimated V1 and
b. Black reverse triangle indicates peak frequency of observed H/V. There are no b
estimations at P5 and P25 since H/V peak frequencies are not prominently observed at those

sites.

5.4.3 Estimated Vs profiles

The Vs profiles estimated at all the 29 sites are shown in Figure 5.8 along of five

north-south oriented lines from the west to the east of the basin. The locations of the
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lines can be seen in Figure 5.1. The stations located on the volcanic region (P4 and P3)
and on the edge of the basin (P29) in Line 1 are characterized by thin sediments with
high gradients above 15.0, while the profile on the lake deposit (P28) has relatively
thick sediments with a lower gradient. Even though the Vs profiles on the volcanic
region generally have high gradients above 10.0, we also observed small gradient of 4.0
at P2 in Line 2. Meanwhile, Vs profiles in the southern part of Line 2 on the lacustrine
deposit have thick sediments at P26 and thin sediments at P27 in the edge of the basin.
Moreover, the estimated Vs profiles in the central to the eastern part of the basin are
shown in Lines 3, 4, and 5. In Line 3, the Vs profiles at P7, P19, and P8 located close to
the volcanic deposit show thinner sediments than those of at P9 and P10 in the central
part of the basin. We can also observe the gradation of sediment thickness from thick
sediments at P21, P20, P14 in Line 4 and at P22, P31, P15, P16 in Line 5 to thin

sediments at P11, P12, P18 in Line 4 and at P13, P17 in Line 5.
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Figure 5.8 Estimated Vs profiles in the Bandung basin from the V1-H/V measurements.
Color of the estimated Vs profiles correspond to value of the observed H/V peak frequencies
in Figure 5.7a. Location of each line is shown in Figure 5.1.

5.5 Discussion

5.5.1 Comparison of the estimated profiles from phase velocities with obtained ones from

surface S-wave velocity-H/V

We compare the Vs profiles estimated from the observed phase velocities (the
conventional method) and the obtained ones from the VI-H/V data (the proposed
method) for confirmation of their similarity. We have eight microtremor array
measurement sites (L4, L6, L9, L14, L15, S3, S9, and S13) are the same as the
locations of the V1-H/V measurements. However, we cannot estimate Vs profiles at L9,
L14, and S13 due to the non-dispersive feature of the observed phase velocities as
explained in the section 4.3. Therefore, the Vs profile comparisons between the two
measurements are available at the five sites as shown in Figure 5.9. We also show the

phase velocity comparison at the sites in Figure 5.10.

The profile comparison at L4 shows the V1 estimated from the V1-H/V
measurement is a slight lower than that from the array measurement. The difference in

the V1s could be explained from the phase velocity comparison. We noted that the
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maximum frequency of the observed phase velocities from the array measurement is
limited at a frequency of 10 Hz with velocity of 100 m/s, whereas those from the active
seismic measurement is limited until a frequency of 50 Hz with velocity of 70 m/s.
Therefore, the V1 obtained from the active seismic measurement correspond to the
velocities of L4‘s profile in shallower depths than those obtained from the array
measurement. Moreover, we observe in the profile comparison that the velocities
between the both profiles are almost similar at shallow depths of 0 to 50 m. Large
discrepancy between the both profiles is only found at deeper parts below depths of 50
m due to accumulations of the slight difference of the gradients between the both
profiles become larger by increasing of the depths. However, the phase velocity
comparison at L4 shows that the both theoretical phase velocities are similar in the

entire frequency range.

The V1 comparison at L6 shows that the V1 estimated from the active seismic
measurement are slightly higher (105 m/s) than that from the observed phase velocity
(82 m/s). However, the phase velocity comparison is similar because the estimated V1
from the active seismic measurement coincide with the observed phase velocity at the
high-frequency end from the array measurement. The both estimated profiles have a
similar velocity increases at shallow depths to 30 m. However, the large discrepancy is
seen in the depths deeper than 30 m because of the gradient difference between the two
estimated profiles. This discrepancy also can be observed in the theoretical phase

velocity comparison at frequencies lower than 3 Hz.

We observed the common characteristics of the profile comparison at L15, S3,
and S9 with the similar velocity increases. The Vl1s estimated from the array
measurement are lower values than those from the active seismic measurement due to
the lack of convergent values of the observed phase velocity from the array
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measurement at the high-frequency ends. In the gradient comparisons, we observed the
gradient estimated using the proposed method at L15 and S3 sites are lower than those
obtained from the array measurement. Therefore, we still found agreements in the
theoretical phase velocity comparisons of the two estimated profiles at frequencies of
10-15 Hz at L15 and at frequencies of 10-20 Hz at S3, even though the V1s from the

active seismic measurements are higher than those from the array measurements.

However, we show that the gradient estimated from the V1-H/V measurement at
S9 has a slight higher value (22.0) than that from the array measurement (19.0). In the
phase velocity comparison at S9, the theoretical phase velocity of the estimated Vs
profile using the proposed method has a higher phase velocity than the theoretical one
using the array measurement in the entire range of frequencies. We also notice a
discrepancy of the phase velocities observed from the array measurement (circles) and
from the active seismic survey (triangles) at frequencies of 25 to 28 Hz. The phase
velocity from the active seismic survey has a higher velocity of 160 m/s than the phase
velocity from the microtremor array measurement with velocity of 120 m/s. The
discrepancy in the phase velocity comparison indicates the difference of the shallow
part of the profiles estimated from the two types of measurement. We realize that the
V1-H/V measurement point at S9 is located at a distance of a 40 m apart from the
location of the site in the previous array survey, because of new construction around the
array measurement point as shown in Figure 5.11. The difference of the measurement
points may explain the difference in the shallow part of the profiles obtained from the

two types of the measurements.

We can evaluate the agreement of the estimated Vs profiles from the proposed
method by calculating the R values. We observed that all of the sites having R-values
below 20% indicating the good agreement of the Vs profiles using the proposed

85



method. This also consistence with the results in the numerical test suggesting a
similarity of the profiles estimated with the conventional method (phase velocity) and
using the proposed method (V1-H/V). We also observe that the shallow Vs profiles
estimated using the proposed method have a good accuracy because the shallow S-

wave velocity at each site is constrained by the measured V1.
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Figure 5.9 Comparison of estimated profiles using the proposed method (V1-H/V) and the
conventional method (microtremor array measurements) at the five similar sites. Solid black
and dashed gray lines correspond to estimated Vs profile from V1-H/V measurement and
estimated Vs profile from microtremor array measurement, respectively. Estimated V1 and
gradient are shown for each profile together with average relative difference or R-value
between both of estimated profiles.
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Figure 5.10 Comparison of phase velocity at the five similar sites. Circles and triangles
correspond to observed phase velocities from the microtremor array measurement and the
active seismic measurement, respectively. Solid black and dashed gray lines are theoretical
phase velocities of the estimated profiles based on the observed V1-H/V and the observed
phase velocity from the array measurement, respectively. V1 and b of the estimated Vs
profiles for the theoretical phase velocities are shown in Figure 5.9.

Figure 5.11 Location of the array and the V1-H/V measurement points at S9. The point of
the V1-H/V measurement is move 40 m apart from the point of array measurement since a
new construction has been built.
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5.5.2 Effects of instruments reduction on estimation of V1

The aim of the proposed method is to provide an S-wave velocity easily with less
number and cheap instruments required. Thus far, we use seven geophones in the active
seismic measurement to obtain the V1. Therefore, we further investigate a possibility to
reduce the number of geophones in estimating the V1. We analyzed the F-K spectrum
obtained by using number of geophones less than 7. The investigation is conducted at P2,
P14, and P28 sites where the Vs are easily recognized from the phase velocity at high-
end frequency. We also consider these sites for the investigation due to the observed
dispersion curves are dominated by the fundamental mode of Rayleigh wave as shown in

Figure 5.4.

Figure 5.12 shows several F-K spectra estimated based on the number of
geophones used. For the F-K spectra obtained by using less than 7 geophones, we
involved the waveforms recorded at the nearest geophones from the source to keep a
distance of the source and the first geophone with length of 5 m. We should notice that a
high amplitude of the F-K spectrum at each frequency indicate a high correlation of the
phases in the involved waveforms. Therefore, a high amplitude of F-K spectrum can be

used as indicator for the reliable observed phase velocity at a frequency.

Based on the high amplitude of F-K spectrum, we can identify the Rayleigh wave
phase velocity of the fundamental mode in each F-K spectrum for estimation of V1. The
identified phase velocities for each F-K spectrum are varied in the frequency range and
the velocity. For example, the fundamental mode of the Rayleigh wave phase velocity
using 3 geophones at P2 is observed from the lowest frequency of 45 Hz, with velocity of
240 m/s to the high-end frequency of 68 Hz with velocity of 160 m/s as the estimated V1,

whereas the fundamental mode of Rayleigh wave phase velocity estimated from 7
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geophones having the lowest frequency at 30 Hz with velocity of 320 m/s to the high-end
frequency at 94 Hz with velocity of 200 m/s as the estimated V1. The difference in the
lowest frequency of the observed phase velocity is due to the longer wavelength can be
covered by longer array using 7 geophones than that using by the 3 geophones, while
variation of the V1 is due to lateral heterogeneity of the shallow subsurface condition at
the first 3 geophones and the farther geophones. Figure 5.13 show a confirmation of
lateral heterogeneity at P2 by estimating the F-K spectrum using the 3 farthest geophones
to the source. We observed the phase velocity of 210 m/s at 68 Hz which is higher than
the one obtained by involving 3 geophones close to the source with velocity of 160 m/s.
On the other hand, the result at P14 indicate a less lateral heterogeneity in the shallow
subsurface than at P2. We obtained that the estimated V1 using 3 geophones has velocity
with 90 m/s which is lower than the V1 obtained by using 7 geophones with velocity of
100 m/s. Moreover, the Vs using 4, 5, 6 of geophones have a similar V1 to the 7

geophones around 100 m/s.

We summarized the variation of estimated V1s considering the number of
geophones at P2, P14, and P28 in Figure 5.14. Even though the estimated V1 with 3
geophones may deviate 20% to that obtained by using 7 geophones due to the lateral
heterogeneity of the shallow subsurface condition along the line array, the results indicate
the appropriateness of the estimated V1 from 3 geophones. Therefore, we can reduce the
measurement effort to apply the proposed method by utilizing 3 geophones for the

estimation of V1.
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Figure 5.12 (continued)
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Figure 5.12 Estimated F-K spectra from the recorded waveforms using various number of
geophones at @) P2, b) P14, and c) P28 sites. Grayscale color indicates the amplitude of F-K
spectrum. Gray and black circles indicate the observed phase velocity and the estimated V1,
respectively.
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Figure 5.13 F-K spectrum at P2 estimated by using the 3 farthest geophones to the source.
Grayscale color indicate the amplitude of F-K spectrum. Gray circles indicate the observed
phase velocity based on highest amplitude of F-K spectrum at each frequency.
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Figure 5.14 Variation of estimated V1 based on the number of geophones. Green, black,
and blue marks indicate the estimated V1 based on the number of geophones at P2, P14,
P28, respectively.

5.5.3 A guidance to apply the proposed method in other area

We observed that the estimated Vs profiles from the proposed method in the
Bandung basin are appropriate because the observed phase velocities from the array
measurements can be well approximated using the linear model representation. These
results indicate an important of available a priori information such as observed phase
velocities in a wide frequency range or borehole (P-S logging) data at representative sites
in an investigated area to confirm the appropriateness of the profile representation with
the linear function before further application of the proposed method. However, we
should consider several cases of the observed phase velocities in an investigated area for
confirming the appropriateness of the linear function for the profile representation. The
proposed method can be applied if most of the observed phase velocities are sufficiently

satisfied by the linear profile representation. Moreover, we may adjust the profile
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representation using other functions such as the power-law function or the exponential
function if most of the observed phase velocities cannot be satisfied by the linear profile
representation. Furthermore, if an investigated area contains several observed phase
velocities that can be represented by the linear function and by another function, we
should identify the boundary of the region that can be represented by the linear function
or another function, such as the dependency of function types with surface geological
conditions. If the boundary is difficult to identify, the investigated area is categorized as
the difficult case to apply the proposed method.

We should notice the simplicity of the profile representation that only consists of a
single gradient in the proposed method. Therefore, we have difficulty to estimate a
bedrock depth. We should also consider several difficult cases to apply the proposed

method that have been described in the section 3.6 of numerical tests.
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Chapter 6 Site characterization in Bandung basin
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6.1 Objective

We further use the Vs profiles estimated from the conventional method and the
proposed method for the characterization of site amplifications in the Bandung basin in this
chapter. We first compare Vs30s and the site amplification factors of the Vs profiles
estimated from the five same sites. We then discuss the distribution of the Vs30s, and the
distributions of several site amplification proxies in the basin. In the last part of this
chapter, we discuss a comparison of Vs30s and peak ground accelerations (PGAs) from the

previous study and using our results.
6.2 Comparison of amplifications estimated from conventional and proposed methods

6.2.1 Vs30s

The time-averaged S-wave velocities in the top 30 m (Vs30) comparisons between
the profiles estimated from the conventional method and the proposed method are listed
in Table 6.1. The Vs30 is generally used as a site classification for engineering purposes,
such as the National Earthquake Hazards Reduction Program (NEHRP) site
classification (Building Seismic Safety Council, 2004). The Vs30 is also used as a proxy
of the site effect in a strong-motion attenuation relationship such as in Boore et. al.

(1993; 1997). The Vs30 is calculated by:

Vs30 = 30 =

30 6.1)
TT(o-30) ii S
Vs,

i=1

where TT(0-30) is the travel time from the surface to a depth of 30 m. d;, Vs;, and n are
the thickness of the i-th layer, the S-wave velocity of the i-th layer, and the total

number of layers to a depth of 30 m.
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We observe that the Vs30s of the profiles estimated from the proposed method
have differences less than 10% to those of the Vs profiles from the conventional method

indicating an appropriateness of the Vs30s estimated using the proposed method.

Table 6.1 Comparison of the Vs30s of the Vs profiles estimated using the conventional
microtremor array surveys and those estimated by the proposed method.

Vs30 of the Vs profile | Vs30 of the estimated Vs
Site | from the conventional profile from the
method (m/s) proposed method (m/s)
L4 122 109
L6 144 145
L15 321 352
S3 337 347
S9 289 332

6.2.2 Site amplification factors

We also compare the calculated 1D site amplification factors for the Vs profiles
estimated from the conventional method and the proposed method in Figure 6.1. Here the
site amplification factors are calculated as the 1D reverberation of vertical incident SH-
wave in a layered-model (Kramer, 1996). The amplification factor is defined as a ratio of
wave amplitudes on the surface to that of the incident waves in the bottom layer.
Therefore, the amplification factor becomes two at low frequency due to the free stress
condition on the surface. Since Q-values for the Vs profiles are not determined in this
study, we assume that Q-value of each layer is equal to one-fifth of its S-wave velocity in

meter per second.

In the site amplification factor comparison in Figure 6.1, we observe that the
fundamental peak frequencies of the site amplifications for both profiles are similar
because the estimated Vs profiles using the proposed method are derived from the
agreement with the observed H/V peak frequencies. Moreover, we also note similar

fundamental peak amplitudes in the site amplification comparison. This similarity is
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caused by the fact that the estimated Vs profiles from the proposed method and the
conventional method have similar velocity contrasts between the bedrock and the top S-
wave velocity that control the peak amplitudes of the site amplification factors
(Stambouli et al., 2017; Trifunac, 1990). Since the V1 and the bedrock velocity are
provided in the proposed method, our Vs profile can well anticipate the peak amplitude
of the amplification. We also confirm the similarity of the averaged site amplification
factors for the both profiles in a frequency range of 0.4 to 10 Hz as shown in Table 6.2.
The frequency range that we considered in the calculation of the averaged site
amplification factor is decided from the calculation of the spectrum intensity (Hudson &
Housner, 1958). The differences of averaged site amplifications for both profiles are

around 10%.
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Figure 6.1 Site amplification comparison of estimated profiles from the microtremor array
and the V1-H/V measurements at the five similar sites. V1 and b of the estimated Vs profiles
for calculation of the site amplification factors are shown in Figure 5.9.
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Table 6.2 Comparison of the averaged site amplification factor in a frequency range of 0.4 to
10 Hz of the Vs profiles estimated from the conventional method with those estimated from
the proposed method.

Averaged site Averaged site
Site amplification factor amplification factor
(0.4-10 Hz) from the (0.4-10 Hz) from the
conventional method proposed method
L4 4.2 4.8
L6 4.4 4.2
L15 3.0 2.7
S3 2.9 2.8
S9 3.2 2.9

6.3 Distributions of Vs30 and site amplification factor proxies

We here discuss the distributions of the Vs30s and the site amplification proxies in
the basin. Figure 6.2 illustrates the distributions of the Vs30s, the fundamental peaks
frequencies, the fundamental peak™s amplitudes, and the averaged site amplification
factors in the basin. For the individual shape of the site amplification factors at each

geological unit can be seen in Figure 6.3.

In the distribution of the Vs30s (Figure 6.2a), higher Vs30s of above 250 m/s are
observed in the northern part and in the edge of the basin of the southwestern (S8) and
the northeastern parts (S14). We also found various distribution of Vs30s in the lake
deposit area. Vs30s with higher values of 150 to 200 m/s are observed in the central-
western part, whereas Vs30s in the central-eastern part are less than 150 m/s. We also
observed several sites in lake deposit part having high Vs30s with velocities of above
250 m/s in the border region in the central and the western parts. Moreover, a high Vs30
more than 300 m/s is observed at P17 in the south-eastern part. The high Vs30 sites
located in the lake deposit part which is close to the volcanic region indicate that the
profiles consist of a thin lake deposit layer over the bedrock layer. As summaries of the

Vs30 distribution in the basin, we found the averaged Vs30 for each geological unit in
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Table 6.3. The averaged Vs30s in areas covered with the lake deposit, volcanic deposit,
old volcanic product and young volcanic product are 184 m/s, 298 m/s, 313 m/s, and 370
m/s, respectively. Considering the NEHRP site classification, the averaged Vs30s at lake
deposit, volcanic deposit, and old volcanic product are categorized as “stiff soil”, while

that at young volcanic product corresponds to “very dense soil and soft rock”.

The variation of the 1D site amplifications in the basin is represented by the
distributions of the amplification proxies such as the fundamental peak frequency of the
amplification, the fundamental peak amplitude, and the averaged amplification at
frequencies of 0.4 to 10 Hz. The distributions of the fundamental peak frequencies and
amplitudes can be shown in Figures 6.2b and 6.2c. We found low fundamental peak
frequencies around 0.6 Hz and high peak amplification with factors around 7 in the north
and central-eastern parts of the lake deposit area (P15, P16, P31, L3, and L11). We also
found relatively large amplification factors of above 6 at the south-central part (L13 and
P10), the central-western part (S4), and the south-western part (L12, S5, P26 and P27) in
the lake deposit area because these sites have low V1s below 95 m/s. At the sites situated
in the volcanic deposit region especially in the north-western part of the basin, the
distribution of the fundamental peak amplifications are characterized by high
fundamental peak frequencies from 2 to 8 Hz and amplification factors below 6 due to

high Vs for the estimated profiles in this region.

The characteristics of the averaged site amplification in the basin (Figure 6.2d) are
similar to that of the Vs30 features in the basin. We observed that the high amplification
is occurred in the lake deposit area with averaged factors of above 4. Especially the
averaged factors in the central-eastern part of the basin almost reach 5. The low averaged
amplifications below 3.5 can be found in the volcanic deposit in the northwestern part
and in the basin-edge region.
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Figure 6.2 Distribution map of (a) Vs30, (b) Fundamental peak frequency of the site
amplification factor, (c) Fundamental peak amplitude of the site amplification, and (d)
Averaged site amplification factor in a frequency range of 0.4 to 10 Hz from all the
measurement points in the Bandung basin. Legend of geological map can be seen in Figure
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Figure 6.3 Site amplification factor of estimated Vs profile at the array and the V1-H/V
measurements in each geological unit in the Bandung basin. Site amplification factor at L4, L6,
L15, S3, and S9 are shown in Figure 6.1 and excluded in this figure. The top figure illustrated the
location of each measurement point.
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Table 6.3 Average and standard deviation of the surface S-wave velocities, and several time-
averaged S-wave velocities for the measurement points located at each geological unit in the
Bandung basin. The analysed time-averaged S-wave velocities consist of the averaged S-
wave velocity in the top 30 m, 20 m, 10 m, and 5 m.

coolo Number | Vs30 = Std | Vs20 £ Std | Vs10 < Std | Vs5 £ Std | V1 £ Std
W | ofsites | (mis) (m/s) (m/s) (m/s) (m/s)
Lake deposit | 37 18475 | 161=64 | 13244 | 11533 | 96=25
Voleanic 7 208+41 | 255+38 | 199+30 | 167+29 | 13034
deposit
Old volcanic 4 313 + 55 270 + 52 212 + 43 180+39 | 144 + 36
product
Young voleanic | 370 327 255 212 164
product

Furthermore, we evaluate a relation between the Vs30s and the site amplification
factors in the Bandung basin. Figure 6.4 shows the relationship of Vs30s and the
averaged amplification factors at frequencies of 0.4 to 10 Hz for each geological unit.
We also compare the averaged site amplifications with the V1s and other time-averaged
S-wave velocities, such as the average Vs to depths of 5 m, 10 m, and 20 m (Vs5, Vsl0,
Vs20) to investigate the potential of these velocity parameters as proxies for the site
amplification in the basin. The appropriateness of each velocity parameters to expect the
amplification is evaluated by calculating a linear regression between the velocity
parameters and the averaged amplifications. We observed high coefficient correlations
(CR) of the regression lines with a value of more than 0.9 for the velocity parameters of
Vs30, Vs20, Vs10, and Vs5 in the lake deposit and the old-young volcanic product areas.
Meanwhile in the volcanic deposit area, the high CR value with value higher than 0.9
can be only observed for the parameters of Vs20s and Vs10s. The highest and the lowest
CR values are obtained from Vsl0s, and V1 parameters, respectively. This result
suggests that information of the S-wave velocity profiles at depths shallower than 30 m
is sufficient for expecting the site amplifications in the Bandung basin. Consequently,

the usage of the proposed method become appropriate because the method could provide
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an accurate shallow Vs profile as mentioned in the numerical tests and also in the Vs30
comparison to the conventional method. The results of the high correlations between the
Vs10s and the site amplifications in the basin is needed to be confirmed in the future task

by considering actual site amplification observation.
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Figure 6.4 Relationship of the surface S-wave velocity, the time-averaged S-wave velocities
in the top 5 m, 10 m, 20 m, and 30 m with the average site amplification factor in frequency
of 0.4 to 10 Hz at the sites located on a) lake deposit, b) volcanic deposit, and ¢) old and
young volcanic products as represented by circle, filled square, and cross marks, respectively.
Gray, orange, green, blue, and black dashed lines correspond to the regression lines obtained
by using the surface S-wave velocity, the average S-wave velocities in the top 5, 10, 20, and
30 m, respectively. The coefficient correlation (CR) for each regression line are shown on the
upper part of each figure

104



6.4 Comparison with the previous PGA map

In this section, we compare our results with the previous study from Handayani et
al., (2009). The previous study provided the horizontal peak ground acceleration (PGA)
map in the basin using an attenuation relationship equation. However, the required Vs30
for the equation was derived from an empirical Vs30-surface geological relation.
Therefore, we can compare our estimated Vs30s with their Vs30s, and perform PGA

comparison using the Vs30 in each study.

The comparison of the Vs30s on the surface geological map of the basin are
illustrated in Figures 6.5. The Vs30 used in their study is defined from the surface
geology condition as shown in the bottom part of Figure 6.5. The area covered with lake
deposit is classified by group D with a Vs30 range from 180 to 360 m/s, whereas the
volcanis deposit areas are classified by groups B, BC, and CD with a Vs30 range of
higher than 760 m/s, 555 to 1000 m/s, and 270 to 555 m/s, respectively. We observe that
our results provided more various Vs30s than the previous Vs30s in lake deposit area,

and lower Vs30s than the previous Vs30s in the volcanic deposit areas.

For the quantitative comparison, we make a cross plot of the our estimated Vs30s
and the previous Vs30s as shown in Figure 6.6. The x-axis corresponds to the assumed
Vs30s in the previous study, while the y-axis represents the our estimated Vs30s. In the
plot, our estimated Vs30 at each site was put in the middle value of each Vs30 category
in the previous study. The averaged Vs30s and its standard deviation for each Vs30
category is 184 + 75 m/s, 369 m/s, 307 + 46 m/s, and 294 + 51 m/s for groups D, CD,
BC, and B, respectively. On the other hand, the Vs30 ranges for groups D, CD, BC, and
B in the previous study are 270 £ 90 m/s, 412.5 £ 142.5m/s, 777.5 + 222.5 m/s, and

higher than 760 m/s, respectively. This result confirms that our estimated Vs30s are
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lower than the Vs30s defined in previous study, especially a large difference is observed

in the Vs30 comparison at the groups BC and B.

[J V1-H/V measurements (29 sites)
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Figure 6.5 Comparison of Vs30s in this study and the previos study by Handayani et al.
(2009). The triangle and square marks with colorscale on the right side are the obtained
Vs30 from the microtremor array (conventional method) and the V1-H/V measurements
(proposed method) in this study. The background colors as described in the colorscale on
the bottom side are Vs30 classification in Handayani et al. (2009) derived from the surface
geological condition in the basin.
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Figure 6.6 Cross-plot of Vs30 comparison between our result and the previous study by
Handayani et al (2009). Black, blue, orange, and green colors correspond to the Vs30
classification of group D, CD, BC, and B that used in Handayani et al. (2009), respectively.
Error bar in horizontal axis correspond to the range of Vs30 used in Handayani et al. (2009)
for each categories. Cross marks indicate the Vs30 comparison between our result and the
middle value of the Vs30 range for each category in Handayani et al. (2009). There is no

error-bar on Vs30 range of group B due to it only has a minimum value (see Figure 6.5).
Solid gray line indicate similiar Vs30 value between our result and the previous study.
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We further utilize our estimated Vs30s to calculate the PGA values in the basin by
using the same attenuation relationship equation to the previous study. The PGA map in

the previous study was established by using the attenuation relationship proposed by

Boore et al. (1997):
log Y =b; + b, (M - 6) + bs (M-6)> + bs log r + by (log Vs30 —log V4) ... (6.2)

where Y is a horizontal acceleration with unit of g. M is the moment magnitude of an

earthquake. r = Vd? + hZ is distance in km, with d is epicentral distance, 4 is fictitious
depth. Vs30 is averaged S-wave velocity at depths of 0 to 30 m. by, by, bs, bs, h, by, Va
are the coefficients that have been determined in Boore et al. (1997) and summarized in
Douglas (2001) with values of b;=-0.105, b,=0.229, bs=0, bs=-0.778, h=5.57, b,=-0.371,
VA=1400 for the peak ground acceleration case. The previous study simulated an
earthquake along the Lembang fault with a moment magnitude (M) of 6.0. In order to
compare with the previous result of the PGA distribution, we set all the parameters in the

empirical equation using the same value, except the parameter of Vs30.

The comparison of the PGA map in Handayani et al. (2009) and the estimated PGA
value using the estimated Vs30s at the measurement points is shown in Figure 6.7. In
general, characteristics of PGA value distributions are controlled by the epicentral
distances and the Vs30s of the soil condition. We observe a high PGA in the region that
close to the source point and the PGA decreases by increasing the distance to the source.
Moreover, a higher PGA value can be observed in the area with a low Vs30 than that

located in a high Vs30 region.

Since Vs30s in the previous study's map are set depending on the surface
geological condition, we observed a gradual decrement of the PGA values in the

previous study which is proportional to the epicenter distances in the volcanic region in
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the northern part and at the lake deposit area in the central part of the basin. Even though
spatial variation of the Vs30s for each category in the previous study is not described,
the gradual decrement of the PGA values in the previous study may indicate the usage of
a constant Vs30 for each geological region. We also observed a sudden increment of the
PGA value in the previous map in boundaries area of the volcanic region and the lake
deposit in the central part due to changing of the Vs30s from a high value in the volcanic
region area to a low Vs30 in the lake deposit area. The high PGA region having the lake

deposits is observed in the north-central part with a PGA of 0.2 g.

In the other hand, the distribution of our PGA values at the measurement points is
not strongly depended on the epicentral distances due to the various values of the
estimated Vs30s in our results even in the same surface geological condition. For
example, we observed the different PGA values at P2 and P4 sites even though they are
located in the volcanic deposit area with similar epicentral distances. The similar case
can be found at S4 and P20 sites that located in the lake deposit region. The PGA at P20
is higher than that at S4 even though their epicentral distance is almost same. The most
prominent differences in the PGA map comparison show that the PGA values in our
study are higher than those of the previous PGA map. This is due to our estimated Vs30s
lower than that used in the previous study. We found the higher PGA values in our result
than the previous one at all the measurement points in the volcanic region. We also
found in the volcanic region that the high PGA zone with values higher than 0.2 g
indicated by orange to red colors are concentrated in areas close to the epicenter in the
previous study. However, our result shows that the high PGA values with values higher
than 0.2 g are still found in the far regions such as at S2, P24, P30, P2, and L10 sites.
Furthermore, we found in our results that the PGA values higher than 0.18 g area are

seen at P26 in the western part, at L2, P9, P10 in the central part, and at P21, P22, P20,
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L3, L11, P31 in the eastern part. On contrary, the PGAs higher than 0.18 g are only
found in the north-central part covered with the lake deposit in the previous map. Other
prominent differences can be observed in the central part at longitudes of 107.65 and
latitudes of -6.95. The previous PGA map shows a reduction of the PGA from 0.2 g in
the central part to 0.15 g value in the southern part. However, our results indicate an
increment of the PGA from 0.15 g at P7 and P8 in the central part to 0.18 g at L2 in the

southern part.

Furthermore, the quantitative comparison of the PGA map is illustrated by a cross-
plot in Figure 6.8. Our results provide wider PGA distributions than the previous PGA
distribution, since the spatial variation of the Vs30s is accommodated by actual
observations with the proposed method. Moreover, we observe that most of our
estimated PGAs overestimate with values 1.3 times higher than those of the previous
study. Therefore, we also disclose a higher potential of the seismic hazard in the basin as

compared to the previous study.
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Figure 6.7 Comparison of the PGA values from our study and the previous study in
Handayani et al. (2009). The triangles and squares marks are correspond with the PGA
values considering the Vs30 of the estimated Vs profile from the array and the V1-H/V
measurements. The background color corresponds with the PGA values obtained in the
previous study in Handayani et al. (2009). White circle mark correspond the epicenter of
the earthquake.
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Figure 6.8 Cross-plot of PGA comparison between our result and provided in Handayani et
al (2009). Orange, pink, green, and yellow marks indicate the PGA comparison located at B,

BC, CD, and D groups of the Vs30 categories in Handayani et al. (2009), respectively. The
dashed line indicates similar PGA value between our result and the previous study.
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Chapter 7 Conclusions and future tasks
7.1 Conclusions

7.2 Future tasks
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7.1 Conclusions

We have proposed a simplified method to estimate 1D S-wave velocity (Vs)
profiles in the Bandung basin, Indonesia, using observed surface S-wave velocities (V1)
and a peak frequency of microtremor H/Vs. In the proposed method, we represent a
profile using a linear velocity function with a depth over a bedrock layer that has a given
constant S-wave velocity. Therefore, the profile can be parameterized with a V1 and a
velocity gradient of the velocity function. Since a VI is provided from a field
measurement, a profile is uniquely estimated by determining a gradient from an
agreement of the peak frequencies between an observed H/V and a theoretical ellipticity
of the fundamental mode Rayleigh wave. Since the data acquisition for the proposed
method requires less number of the instruments, the method can be conducted in shorter
measuement time than the conventional method.

We have evaluated the applicability of the proposed method through the numerical
tests using the borehole profiles in the Bandung basin. The estimated Vs profiles from the
proposed method are in a good agreement to the borehole profiles with the average
relative differences (R-values) below 20%. The appropriateness of the Vs profiles
estimated from the proposed method is also confirmed because those profiles are similar
to the ones obtained from the conventional method using phase velocity data. The
different assumption of the bedrock velocities causes a slight difference in the estimated
Vs profiles. A bedrock velocity difference of 200 m/s to the true bedrock velocity causes
an additional R-value below 20% to the estimated profile. However, we observed that the
influence of the different bedrock velocities is insignificant for the estimated profiles at
shallower depths. Contamination of noise in the ellipticity peak frequency has more
significant influence to the errors of the estimated profile than noise contamination in the

V1. We also show the limitation of the proposed method in the numerical tests. The
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proposed method could not retrieve an appropriate bedrock depth. It is also indicated that
the method has a difficulty to retrieve the true model having a thick layer with a constant
velocity. We can identify the existence of such thick constant velocity layer from the
plateau feature of the observed Rayleigh-wave phase velocity. The unappropriateness of
the profile representation using the linear function can be understood by the phase
velocity comparison between the observed phase velocity and the theoretical one from the
estimated profile. Therefore, available phase velocity sample can be used to judge the
applicability of the method.

The appropriateness of the proposed method in the Bandung basin has been
evaluated using the observed Rayleigh-wave phase velocities from the conventional
microtremor array measurements. We observed that the observed phase velocities at 23 of
25 sites can be well explained by the theoretical phase velocities using the linear profile
representation. We also found the appropriateness of the bedrock velocity in the basin
using 500 m/s from the evaluation of the observed phase velocities.

We then applied the proposed method at 29 sites in the basin with the actual V1
and H/V measurements. The profiles from the proposed method have a good agreement
with the profiles obtained from the conventional method with R values less than 20%. We
found that the profiles estimated from proposed method have a good accuracy to provide
the Vs30s because the appropriateness of the linear velocity function with a depth can be
well satisfied in the basin. The proposed method also can provide a profile with an
accurate fundamental peak frequency of the site amplification because the estimated
profile is derived from the agreement in the observed H/V peak. Moreover, the profile
from the proposed method can well anticipate the fundamental peak amplitude of the site
amplification since the velocity contrast between the bedrock and the surface are provided

in the proposed method.
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The estimated Vs profiles from the array explorations and the VI1-H/V
measurements were used to delineate the site amplification factor features in the basin.
The low Vs30 zone having values below 150 m/s and the fundamental peak frequencies
below 1 Hz are found in the central-eastern part of the basin covered with the lake
deposits. Meanwhile, higher Vs30s with values above 250 m/s with the site amplification
characterized by peak frequencies of 2 to 8 Hz and amplification factor below 6 are
observed in the volcanic region in the northern part and in the edge of the basin. We also
found that our estimated Vs30s are lower than those assumed in the previous study in
Handayani et al (2009). Therefore, our results reveal a higher potential of the seismic
hazard in the Bandung basin than the previous study.

In order to apply the proposed method at the other areas, the appropriateness of a
Vs profile representation using the linear function of S-wave velocity depth distribution
must be confirmed from observed Rayleigh-wave phase velocities, or borehole profiles at

a few representative sites in the area before the further usage of the proposed method.

7.2 Future tasks

We consider several future tasks from the results of this study. There are some
regions in the Bandung basin that are not covered by the measurement points, such as the
western part of the basin and the surrounding area of the Lembang fault. Therefore, we
consider increasing the V1-H/V measurements to provide Vs profiles of the basin
structure for the purpose of ground motion predictions. Futhermore, we found in this
study that the Vs10 can be used for the site amplification proxies in the basin. Hence,
further investigation to confirm the usage of Vs10 as amplification proxies is considerd

by using actual site amplification observation.

We also consider to apply the proposed method in other areas, especially in areas

that having P-S logging data to evaluate the appropriate profile representation. Since
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many regions in Indonesia are lacking in the shallow S-wave velcoity profiles
information, the future study to apply of the proposed method in other regions in

Indonesia will be considered.

We consider to broaden the application of the proposed method from the current
limitation. For example, the feature of the proposed method for bedrock depth estimation

will be investigated.
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