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Abstract

The downstream area of Muara Bangkahulu River is now becoming one of the developing areas in Bengkulu City. In connec-
tion with the limited geological information in the study area, this paper identifies bedrock depth along the river’s downstream
segment. This study is initiated by collecting site investigation data, including soil profile and ambient noise measurement.
The inversion analysis using the Monte Carlo simulated annealing method generates a one-dimensional shear wave velocity
profile. The results indicate that areas located near the coastline which are developed as tourism areas are categorised as
having high-seismic vulnerability. In contrast, the trading market which is close to the river is categorised as having very
high seismic vulnerability. In addition, the study area is categorised as Site Classes C and D. A larger vulnerability level is
generally found in areas having low Vg, and Site Class D. The results indicate that soft rock or engineering bedrock is iden-
tified at a depth of 5 to 91 m depth, medium rock at a depth of 10 to 222 m, and hard at a depth of 40 to 289 m. Information

on bedrock depth could be implemented to simulate seismic wave propagation for further study.

Keywords Geological condition - Monte Carlo simulated annealing - Bedrock surface - Shear wave velocity

Introduction

Bengkulu City is known as the capital city of Bengkulu
Province, Indonesia. The city is located on the western coast
of Sumatra Island. The western coast of Sumatra Island is
also known as earthquake-prone in Indonesia (Kurnio et al.
2021). According to the seismotectonic, three primary earth-
quake sources surround Bengkulu Province, as presented
in Fig. 1. Three primary earthquake sources are the Suma-
tra Subduction, the Mentawai Fault, and the Sumatra Fault.
Mase et al. (2021a) mentioned that Bengkulu Province,
including the city, has at least experienced shakings from
two large earthquakes since the 2000s. Those earthquakes
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were known as the M, 7.9 Bengkulu—Enggano Earthquake
in 2000 and the M,, 8.6 Bengkulu—Mentawai Earthquake in
2007. With a magnitude greater than M,, 7, both earthquakes
resulted in massive, devastating damage in Bengkulu City
(Misliniyati et al. 2018). Even though the situation in Beng-
kulu City with seismic activity, the development of areas in
Bengkulu City shows a promising trend (Mase and Keaw-
sawasvong 2022).

One area significantly developing in Bengkulu City is
the downstream area of the Muara Bangkahulu River. Putrie
et al. (2019) mentioned that the population density in the
downstream area of the Muara Bangkahulu increases. The
necessity for the area’s development to support the popu-
lation in this area also increases. Therefore, the establish-
ment in this area is also relatively high. Mase et al. (2021b)
studied the local site condition and liquefaction potential in
the study area. They concluded that the downstream area
of Muara Bangkahulu is dominated by Site Classes C and
D. It indicates that the study area tends to have relatively
medium-high seismic vulnerability. In addition, lique-
faction also potential to occur in shallow depths, and the
effect of engineering bedrock for seismic ground response
analysis is still becoming an issue. In previous studies, the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10064-024-03591-3&domain=pdf
http://orcid.org/0000-0002-0470-0149

93 Page2of29

Bulletin of Engineering Geology and the Environment (2024) 83:93

100°0'0"E

Fig. 1 The seismotectonic
setting of Bengkulu Province
(modified from Mase et al.
2021a)
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information related to the bedrock surface in the study area
is still limited.

Identifying bedrock depth is essential for spatial devel-
opment in high-seismic areas (Martorana et al. 2018). Mis-
liniyati et al. (2019) suggested that bedrock identification is
essential for seismic ground response analysis. However, the
identification of bedrock could be more extensive to imple-
ment mechanically. N of 60 blows/ft from standard penetra-
tion test (SPT) and cone resistance (g,) of 250 kg/cm? from
cone penetration test (CPT) is generally used to determine
a stiff layer. This assumption still needs to be applied in
determining the bedrock layer. Miller et al. (1999) intro-
duced shear wave velocity (V,) as the parameter to identify
the bedrock surface. According to Miller et al. (1999), V;
of engineering bedrock should be larger than 760 m/s. For
engineering practice, the use of correlation between V and
site investigation is generally implemented (McGann et al.
2015; Kumar et al. 2022) The empirical analysis from CPT
and SPT to estimate V, from Imai and Tonouchi (1982)
exhibits V less than 760 m/s for N of 60 blows/ft and (q,.)
of 250 kg/cm?, in which those values do not represent the
bedrock depth.

For some cases on bedrock depth and its implementation
such as seismic ground response analysis, the extrapolation
method from the bottom of the borehole is employed to esti-
mate the bedrock depth as performed by Mase (2018). It is
also not appropriate since unknown geotechnical parameters
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from extrapolating depth are unknown. Therefore, the pre-
diction using other methods to estimate bedrock depth
should be implemented. From practical implementation,
developing empirical equations to estimate bedrock depth
based on V developed based on SPT and CPT still needs
to be significantly improved. In addition, the empirical pre-
diction of bedrock depth based on geophysical parameters
could be developed to support other prediction methods, as
suggested by Moon et al. (2019) and Manea et al. (2020). V;
profile can be obtained by several methods, such as spectral
analysis of surface wave (SASW), multichannel analysis of
surface wave (MASW), and inversion analysis for horizon-
tal-vertical spectral ratio (H/V). Generally, the inversion
analysis based on an H/V from ambient noise measurement
is selected because the method is easy to implement and
relatively low-cost.

Several studies of bedrock identification using V, have
been conducted. Moon et al. (2019) conducted a study
of bedrock depth evaluation using microtremor measure-
ment in Singapore. Tian et al. (2020) measured small-scale
microtremor observation arrays to identify V; above the
fresh bedrock. Farazi et al. (2023) measured ambient noise
to obtain a V profile to identify the engineering bedrock in
the Bengal Basin, Bangladesh. Mase et al. (2023a) studied
the geophysical investigation and bedrock identification of
the Singaran Pati District, Bengkulu City, Indonesia, using
the inversion analysis. Those previous studies generally
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stated that implementing bedrock depth using the inversion
analysis based on H/V is applicable.

This paper presents the geophysical characteristics,
seismic vulnerability, and site seismic resistance. This
paper identifies bedrock depth along the Muara Bangka-
hulu River at the downstream segment. The geophysical
exploration using ambient noise measurement is per-
formed in the study area. Furthermore, the inversion tech-
nique is implemented to depict the ground profile of the
investigated site. The interpolating method is employed
to map the bedrock depth. Three bedrock types are soft
bedrock (engineering bedrock), medium bedrock, and hard
bedrock (seismic bedrock), presented in micro-zonation
maps. This study can explain the specific results related
to the bedrock surface. The three-dimensional geological
models developed based on interpolation mapping are also
discussed. In general, the results can also be used in the
study area for further analysis, such as seismic ground
response analysis. In addition, the results can provide the
local government with recommendations for the spatial
plan development in the downstream area of the Muara
Bangkahulu River.

102°15'0"E

3°45'0"S

TELUK SEGARA
DISTRICT

Geological condition of the study area

Figure 2 presents the geological map of the downstream
area of the Muara Bangkahulu River and the position of
site investigations which is the studied area in this study. In
this study, two main districts crossing the river are inves-
tigated. The districts are the Sungai Serut District and the
Teluk Segara District. In general, the downstream area of
the Muara Bangkahulu River is dominated by two prominent
geological formations. The first is Alluvium (Qa), and the
second is Alluvium terraces (Q,,). Those formations gener-
ally comprise boulders, sands, silts, mud, gravel, and clay
materials. According to Sadeghi et al. (2018), the materials
composing the sedimented materials from the river stream
are generally uncompacted. The liquefaction potential could
be high if the materials, such as sandy soils, are under satu-
rated conditions (Sukkarak et al. 2021). In the analysis of
seismic ground response along the downstream area of the
Muara Bangkahulu River, Mase et al. (2021b) found that the
area along the downstream area of the Muara Bangkahulu
River could be vulnerable to liquefaction, especially at shal-
low depths.
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Fig.2 The geological map and the layout of the site investigation in the study area
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Figure 2 also shows the layout of the site investigation in
the study area. Figure 2 shows 42 site investigation points,
including 35 geophysical measurements and seven cone
penetration test (CPT) points conducted. Black circles sym-
bolise ambient noise measurements, and black triangles
symbolise CPT points. Notation of TS represents the sites
in Teluk Segara District and SS in Sungai Serut. C notation
represents CPT test points. Those sites are selected in the
study area to depict the geophysical characteristics in the
study area. The geophysical measurement uses a seismom-
eter to record the ambient noise of the investigated sites.
The ambient noise is then processed to generate a spectral
ratio curve. The inversion analysis uses the spectral ratio to
generate a one-dimensional ground profile. CPT data is used
as the guidelines to define the shallow surface ground in the
study area. In CPT points, ambient noise measurement is
also performed. It should be noted that CPT tests conducted
in this study are addressed to dig the information of subsoil
at shallow depths, especially for soil resistance. The CPT
tests are used to depict the first three layers for justification
in developing a starting guess model. The CPT results are
then further analysed to support the starting guess model
range composed by several previous studies such as Mase
et al. (2021a, 2021b, 2023b) and Misliniyati et al. (2018).
Therefore, the use of the supporting data from the CPT test
is expected to provide for detailed starting guess model for
inversion analysis to result in more accurate results.

Methodology
Ambient noise of microtremor measurement

One of the popular methods to observe geophysical charac-
teristics is the ambient noise of microtremor. This method
is also known as the passive method. According to Mirzao-
glu and Dykmen (2003), ambient noise (microtremor) is
the ground vibration measured using a seismometer sensor.
Okada and Suto (2003) mentioned that the ubiquitous, weak,
low-amplitude vibrations that may be recorded on the earth’s
surface are commonly called microtremors. Observations
using microtremors assume the shear wave is part of the
horizontal motion. Ground vibration generally has a shift
amplitude value of 0.1 to 1 micron with the magnitude of
the velocity amplitude in the 0.001-0.01 cm/s range. Ground
vibration could appear due to several causes, such as the
traffic, activity of machine factors, and several activities in
construction with the minimum quantity carried out con-
stantly (Kanai 1983).

In the measurement, the ambient noise method assumes
that shear wave velocity is a part of the horizontal motion.
Several important parameters, such as the natural fre-
quency of the site (f;) and peak amplitude of horizontal to
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vertical spectral ratio (H/V) or A,, can be generated. The
formulation to determine H/V corresponding to f, can be
determined based on the following equation (Nakamura
1989),

2 2
H(EW) + H(NS) €))]

H/V =
/ 2V?

Hpy and Hyg are the Fourier amplitude spectra of hori-
zontal in east—west (EW) and north—south (/VS) directions,
respectively. V is the Fourier amplitude spectral of vertical.

Nakamura (2008) also suggested that both A, and f;, can
be used to estimate the study area’s seismic vulnerability
index (K,). The formulation to estimate K|, is expressed in
the following equation,

A2
K, = A 2

From Eq. 2, K, strongly depends on a large A, and a
smaller f,. Akkaya (2020) mentioned that K, <3 indicates
low seismic vulnerabilities. The moderate seismic vulner-
ability level is indicated by 3 <K, <5. The moderate seis-
mic vulnerability level is indicated by 5 <K, <10. K, > 10
indicates a very high seismic vulnerability level.

Several researchers (Lachet et al. 1996; Kockar and
Akgiin, 2012; Fat-Helbary et al. 2019) mentioned that
ambient noise of the microtremor is applicable for gen-
erating the curve of H/V and f;,. The H/V curve is also
applicable to investigate local site conditions. Since the
method uses ambient noise as the source, the implemen-
tation is relatively sensitive to disturbing effects, such as
human activities, environmental settings, and other exter-
nal actions. Therefore, the measurement should be care-
fully performed, and the corrections during data process-
ing should be implemented to minimise unnecessary noise.

In this study, a seismometer of PAST Gemini with three
acceleration sensors is used to record ambient noise.
The three directional directions include east—west (EW),
north—south (NS), and up—down (UD) or vertical direc-
tions. In practice, the seismometer could measure both
weak and strong motions. The on-site measurement is
presented in Fig. 3. Figure 3a shows the installation of the
seismometer. Installing the seismometer should be per-
formed on soil with a flat surface. Figure 3b shows field
measurement, and Fig. 3c shows data processing. In this
measurement, the distance between the closest measure-
ment points is 300 to 500 m. In areas with limited access
and space for measurements, the distance to the nearest
point can range from 500 to 750 m. These considerations
are taken to accommodate varying site conditions. With
the distribution of site investigation presented in this study,
the geophysical characteristics could be well-depicted.
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Fig. 3 Measurement process. a
Installation of seismometer sen-
sor. b Setting for measurement
mode. ¢ Data processing

The measurement is initially by warming the digitisers for
about 5 min. This action is taken to reduce low-frequency
issues and minimise inappropriate noise for reliable data. A
minimum duration of 30 min is implemented in measure-
ment. After measurement, the time series of three micro-
tremor components is divided into time windows of equal or
varying length. The window length is inversely proportional
to the minimum frequency (Molnar et al 2018). The longer
time windows should be used to measure stable low fun-
damental frequency sites. Fourier spectra were calculated
for each time window and smoothed. The ratio between the
horizontal and vertical spectrum is then carried out. The data
processing is performed from the ambient noise to generate
a H/V curve. The guidelines from SESAME (2004) for the
reliable curve are followed in this study. After determin-
ing the reliable curve, a further analysis called the inver-
sion analysis is performed to generate a one-dimensional V|
profile. This study implements an inversion technique based
on Monte Carlo sampling simulated annealing proposed by
Garcia—Jerez et al. (2016). Several studies conducted by
Mase et al. (2020; 2022) and Qodri et al. (2021) showed
good model performance.

Garcia—Jerez et al. (2016)Garcia—Jerez et al. (2016)
suggested that five parameters are required for the analy-
sis of inversion using Monte Carlo sampling annealing.
Those parameters are the shear wave velocity (V,) (in
m/s), the pressure wave velocity (V) (in m/s), the thick-
ness of the soil layer (#) (in m), the density of soil (p) (in
kg/m3), and the ratio of Poisson () (no unit). Monte Carlo
simulation is performed for each parameter with minimum
to maximum ranges. Wathelet (2008) suggested that for
the inversion analysis, a priori knowledge of geological
conditions should be determined to minimise the uncer-
tainty during the simulation. In this study, the role of site
investigation data and geological conditions is essential
to expect a priori knowledge of subsoil properties in the
study area. The parameters are generally interdependent
for some parameters, such as V,, Vp, and Poisson’s ratio.
Salencon (2001) suggested that those parameters can be
correlated based on elastic theory. The analysis is started

Table 1 The distribution of starting guess model-based soil profiles
for the inversion analysis

Guidelines models Sites

Profile 1 (Table 2) C1, SS9, SS6, SS4

Profile 2 (Table 3) C2, SS10, SS1, SS3, TS29, TS25
Profile 3 (Table 4) C3, TS23, TS30, TS26

Profile 4 (Table 5) C4, TS27, TS31, TS28

Profile 5 (Table 6) C5, SS11, SS21

Profile 6 (Table 7) C6, SS20, SS2, SS12, SS22,

$S523, SS19, SS14

C7, SS16, SS8, SS5, SS15,
SS17, SS18, SS13, SS24, SS25

Profile 7 (Table 8)

by searching the initial guess model, whose parameters
are randomly selected within the range of soil properties.
The inversion analysis is conducted based on the range of
soil properties suggested in Table 1, 2, 3,4, 5, 6, 7 and 8.
The starting guess model profiles are presented in Fig. 4.
The starting guess model ranges are considered based
on previous studies conducted by Mase et al. (2021a and
2021b) and Misliniyati et al. (2018).

The inversion analysis is conducted until the H/V curve
from measurement is generally consistent with the H/V
curve from inversion. Herak (2008) suggested that the misfit
of inversion should be implemented to assess the reliability
of inversion results, as presented in the following equations,

m= Z {[H/Vmeasuremenl(f;‘) - H/ Vinversion(ﬂ')] Wi}2 (3)

Wi = [H / Vmeasurement(ﬁ')]E (4)

E>0 ®)

where, H/V . asuremen: 15 the measured H/V and H/V, ersion
is H/V from the inversion analysis. W, is the weight factor
defined by Eq. 3. Depending on W,, larger weights (for E>0)
are given to data around the frequencies where the observed

HVSR is large.
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Table 2 General range values of initial parameters for H/V inversion for C1, SS9, SS4, and SS6

Layer Soil type (USCS) Thickness (m) V, (m/s) V, (m/s) Density (p) kg/m3 Poisson’s ratio (v)
Layer 1 Clay (OH, OL, CL, CH) 0-15 100-400 300-500 1800-2100 0.400-0.495
Layer 2 Sand (SP, SM, SC) 0-15 200-500 400-600 1800-2100 0.200-0.400
Layer 3 Sand (SP, SM, SC) 0-15 225-600 400-700 1800-2100 0.200-0.400
Layer 4 Sand (SP, SM, SC) 0-15 300-600 400-800 1800-2100 0.200-0.400
Layer 5 Soft rock 0-50 760-1080 950-1350 2000-2300 0.100-0.200
Layer 6 Medium rock 0-50 1080-2000 1350-2500 2000-2300 0.100-0.200
Layer 7 Hard rock ~ 2000-3000 2500-4000 2000-2300 0.100-0.200

Table 3 General range values of initial parameters for H/V inversion for C2, SS10, SS1, SS3, TS29, and TS25

Layer Soil type (USCS) Thickness (m) V, (m/s) Vv, (m/s) Density (p) kg/m3 Poisson’s ratio (v)
Layer 1 Clay (OH, OL, CL, CH) 0-15 100-400 300-500 1800-2100 0.400-0.495
Layer 2 Clay (OH, OL, CL, CH) 0-15 200-500 400-600 1800-2100 0.400-0.495
Layer 3 Sand (SP, SM, SC) 0-15 225-600 400-800 1800-2100 0.200-0.400
Layer 4 Sand (SP, SM, SC) 0-15 300-700 400-800 1800-2100 0.200-0.400
Layer 5 Sand (SP, SM, SC) 0-30 400-760 500-940 1800-2100 0.200-0.400
Layer 6 Soft rock 0-50 760-1080 950-1350 2000-2300 0.100-0.200
Layer 7 Medium rock 0-50 1080-2000 1350-2500 2000-2300 0.100-0.200
Layer 8 Hard rock ~ 2000-3000 2500-4000 2000-2300 0.100-0.200

Table 4 General range values of initial parameters for H/V inversion for C3, TS23, TS30, and TS26

Layer Soil type (USCS) Thickness (m) V, (m/s) v, (m/s) Density (p) kg/m3 Poisson’s ratio (v)
Layer 1 Clay (OH, OL, CL, CH) 0-15 80-300 100-350 1800-2100 0.400-0.495
Layer 2 Clay (OH, OL, CL, CH) 0-15 100-400 125-600 1800-2100 0.400-0.495
Layer 3 Clay (OH, OL, CL, CH) 0-15 150-500 180-625 1800-2100 0.400-0.495
Layer 4 Clay (OH, OL, CL, CH) 0-15 200-600 400-800 1800-2100 0.200-0.400
Layer 5 Sand (SP, SM, SC) 0-15 250-700 425-900 1800-2100 0.200-0.400
Layer 6 Sand (SP, SM, SC) 0-80 300-725 500-940 1800-2100 0.200-0.400
Layer 7 Soft rock 0-150 760-1080 950-1350 2000-2300 0.100-0.200
Layer 8 Medium rock 0-150 1080-2000 1350-2500 2000-2300 0.100-0.200
Layer 9 Hard rock ~ 2000-3000 2500-4000 2000-2300 0.100-0.200

Table 5 General range values of initial parameters for H/V inversion for C4, TS27, TS31, TS28

Layer Soil type (USCS) Thickness (m) V, (m/s) Vv, (m/s) Density (p) kg/m3 Poisson’s ratio (v)
Layer 1 Clay (OH, OL, CL, CH) 0-15 100-300 100-400 1700-2100 0.400-0.495
Layer 2 Clay (OH, OL, CL, CH) 0-15 150-400 200-500 1700-2100 0.400-0.495
Layer 3 Sand (SP, SM, SC) 0-15 200-500 225-600 1800-2100 0.200-0.400
Layer 4 Sand (SP, SM, SC) 0-15 250-600 300-700 1800-2100 0.200-0.400
Layer 5 Sand (SP, SM, SC) 0-30 280-760 325-900 1800-2100 0.200-0.400
Layer 6 Soft rock 0-50 760-1080 950-1350 2000-2300 0.100-0.200
Layer 7 Medium rock 0-50 1080-2000 1350-2500 2000-2300 0.100-0.200
Layer 8 Hard rock ~ 2000-3000 2500-4000 2000-2300 0.100-0.200
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Table 6 General range values of initial parameters for H/V inversion for C5, SS11, and SS21

Layer Soil type (USCS) Thickness (m) V, (m/s) vy (m/s) Density (p) kg/m3 Poisson’s ratio (v)
Layer 1 Clay (OH, OL, CL, CH) 0-10 100400 100-350 1700-2100 0.400-0.495
Layer 2 Clay (OH, OL, CL, CH) 0-10 200425 150-500 1700-2100 0.400-0.495
Layer 3 Clay (OH, OL, CL, CH) 0-10 225450 200-525 1700-2100 0.400-0.495
Layer 4 Sand (SP, SM, SC) 0-10 250-525 250-650 1800-2100 0.200-0.400
Layer 5 Clay (OH, OL, CL, CH) 0-10 275-550 300-675 1700-2100 0.400-0.495
Layer 6 Clay (OH, OL, CL, CH) 0-10 275-600 325-700 1700-2100 0.400-0.495
Layer 7 Sand (SP, SM, SC) 0-10 275-625 350-725 1800-2100 0.200-0.400
Layer 8 Clay (OH, OL, CL, CH) 0-10 300-700 400-750 1700-2100 0.400-0.495
Layer 9 Clay (OH, OL, CL, CH) 0-15 400-725 425-800 1700-2100 0.400-0.495
Layer 10 Clay (OH, OL, CL, CH) 0-15 400-750 500-1000 1700-2100 0.400-0.495
Layer 11 Sand (SP, SM, SC) 0-30 450-760 525-1020 1800-2100 0.200-0.400
Layer 12 Soft rock 0-100 760-1080 950-1350 2000-2300 0.100-0.200
Layer 13 Medium rock 0-120 1080-2000 1350-2500 2000-2300 0.100-0.200
Layer 14 Hard rock ~ 2000-3000 25004000 2000-2300 0.100-0.200

Table 7 General range values of initial parameters for H/V inversion for C6, SS20, SS2, SS12, SS22, SS23, SS19, and SS14

Layer Soil type (USCS) Thickness (m) V, (m/s) v, (m/s) Density (p) kg/m3 Poisson’s ratio (v)
Layer 1 Clay (OH, OL, CL, CH) 0-10 100-400 100-350 1700-2200 0.400-0.495
Layer 2 Clay (OH, OL, CL, CH) 0-10 200-425 150-500 1700-2200 0.400-0.495
Layer 3 Sand (SP, SM, SC) 0-10 225-450 200-525 1800-2200 0.200-0.400
Layer 4 Clay (OH, OL, CL, CH 0-10 250-525 250-650 1700-2200 0.400-0.495
Layer 5 Sand (SP, SM, SC) 0-10 275-550 300-675 1800-2200 0.200-0.400
Layer 6 Clay (OH, OL, CL, CH) 0-10 275-600 325-700 1700-2200 0.400-0.495
Layer 7 Clay (OH, OL, CL, CH) 0-10 275-625 350-725 1700-2200 0.400-0.495
Layer 8 Clay (OH, OL, CL, CH) 0-10 300-700 400-750 1700-2200 0.400-0.495
Layer 9 Sand (SP, SM, SC) 0-15 400-725 425-800 1800-2200 0.200-0.400
Layer 10 Clay (OH, OL, CL, CH 0-15 400-750 500-1000 1700-2300 0.400-0.495
Layer 11 Sand (SP, SM, SC) 0-30 450-760 525-1020 2000-2300 0.200-0.400
Layer 12 Soft rock 0-100 760-1080 950-1350 2000-2300 0.100-0.200
Layer 13 Medium rock 0-130 10802000 1350-2500 2000-2300 0.100-0.200
Layer 14 Hard rock ~ 2000-3000 2500-4000 2000-2300 0.100-0.200

Table 8 General range values of initial parameters for H/V inversion for C7, SS16, SS8, SS5, SS15, SS17, SS18, SS13, SS24, and SS25

Layer Soil type (USCS) Thickness (m) V, (m/s) V, (m/s) Density (p) kg/m* Poisson’s ratio (v)
Layer 1 Clay (OH, OL, CL, CH) 0-15 100-400 100450 1700-2200 0.400-0.495
Layer 2 Clay (OH, OL, CL, CH) 0-15 200-450 300-600 1700-2200 0.400-0.495
Layer 3 Sand (SP, SM, SC) 0-15 250-500 350-625 1800-2200 0.200-0.400
Layer 4 Clay (OH, OL, CL, CH 0-15 275-550 400-700 1700-2200 0.400-0.495
Layer 5 Sand (SP, SM, SC) 0-15 300-600 450-725 1800-2200 0.200-0.400
Layer 6 Clay (OH, OL, CL, CH) 0-15 300-650 500-750 1700-2200 0.400-0.495
Layer 7 Sand (SP, SM, SC) 0-15 425-700 525-775 1800-2200 0.200-0.400
Layer 8 Sand (SP, SM, SC) 0-30 550-760 600-900 2000-2300 0.200-0.400
Layer 9 Soft rock 0-50 760-1080 950-1350 2000-2300 0.100-0.200
Layer 10 Medium rock 0-50 1080-2000 1350-2500 2000-2300 0.100-0.200
Layer 11 Hard rock ~ 2000-3000 2500-4000 2000-2300 0.100-0.200
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Fig.4 Typical boring-log profiles for starting guess model based on Table 2 (a), Table 3 (b), Table 4 (c), Table 5 (d), Table 6 (e), Table 7 (f),
and Table 8 (g)
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Site and bedrock classifications

A parameter called the time-averaged shear wave velocity
for the first 30 m depth (V3,) is applicable to define site
characteristics. The parameter is estimated based on the fol-
lowing equation,

30
Voo = ———

n
>
i=1

u

(6)

i
i

<

where d, is the thickness of each layer, V; is the shear wave
velocity in each layer, and 7 is the number of layers.

According to the National Earthquake Hazard Reduc-
tion Program or NEHRP (1998), site classification can be
divided into six classes, as presented in Table 9. In Table 9,
the site classifications are Class A, Class B, Class C, Class
D, Class E, and Class F. Classes A and B indicate the rock
site, whereas Classes C, D, and E indicate the soil site. The
information on site class is also included as a parameter for
the ground motion prediction equation implemented in Next
Generation Attenuation (NGA) models (Tanapalungkorn
et al. 2020; Ahdi et al. 2022). Class A is for sites with V3,
more than 1500 m/s, whereas Class B is for sites with V3,
ranging from 760 to 1500 m/s, and V3, for Class C ranges
from 360 to 760 m/s; Class D, 180 to 360 m/s; Class E, less
than 180 m/s. Class F is destined for a site requiring specific
treatment, such as a liquefiable layer.

Pinzon et al. (2019) suggested that V| values from geo-
physical measurements can be used to determine the bedrock
depth. Miller et al. (1999) mentioned that V, of 760 can be
used as the minimum criteria for engineering bedrock or
soft rock. Therefore, the minimum V, or 1500 m/s could
be assigned as a medium rock. A minimum V of 2000 m/s
could be used for seismic bedrock or hard rock.

Research framework

The research framework for this study is presented in Fig. 5.
First, this study is initiated by problem definition. The ques-
tion of the depth of engineering bedrock and the need to
understand the depth of engineering bedrock for seismic
ground response analysis is the issue researchers would like
to address in this study. Next, the site investigation is con-
ducted to observe the site condition of the study area. The
microtremor’s ambient noise is measured using a seismom-
eter to generate the H/V curve. The H/V curve is assessed
based on the criteria of reliable peak suggested by SESAME
(2004). Afterwards, the inversion analysis is performed by
referring to the starting guess model shown in Tables 2, 3,
4,5, 6,7 and 8. The inversion analysis is performed until
the H/V curve from inversion is generally consistent with the
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Table 9 Soil classification

based on the value of shear A Hard rock Vs30> 1500

wave velocity at a depth of 30m B Rock 760 < Vg3, < 1500

(Vs30) (NEHRP 1998) C Very dense soil and soft rock 360 < Vg3, <760
D Stiff soil (15 <N <50 or 50 kPa <s, <100 kPa) 180 < Vg3y <360
E Soft soil or any profile with more than 3 m soft clay defiled as soil V3, <180
F

with PI>20, w>40%, and s, <25 kPa

Soils requiring site-specific evaluations

N, SPT (blows/ft); s,, undrained shear strength (kPa); P/, Plasticity index; w, water content (%)

H/V curve from measurement. The inversion method from
Garcia—Jerez et al. (2016) is implemented in this study.

The measurement results, such as amplification and pre-
dominant frequency in each investigated site, are presented
in micro zonation maps. Several representative sites are
presented and discussed in this study. The best model for
matched H/V curve from inversion is then generated. A one-
dimensional V, profile is generated for each investigated site.
In addition, parameters such as V,, and unit weight are also
interpreted in the ground profile. Furthermore, V3, and site
classification based on NEHRP (1998) are analysed. V3, and
Site Class maps are also presented in this study. The inver-
sion analysis is performed to reach the bedrock information.
Therefore, three bedrock depths, i.e. engineering bedrock,
medium rock, and hard rock depths, are also interpreted into
micro zonation maps. In general, the results of this study
could provide information on geophysical characteristics in
the study area. The information on bedrock depth from the
study area could be used for further analysis, such as ground
response analysis.

Results and discussions

Amplification, predominant frequency, seismic
vulnerability distributions

Figure 6 presents the distribution map of amplification (4,)
in the study area. Based on the figure, it can be observed
that there are two dominant amplification ranges in the study
area. The first is amplification less than 3 Hz (purple colour),
and the second is amplification ranging from 3 to 5.5 (green
colour). There are also several ranges of amplification, i.e.
5.5 to 8 (yellow colour), 8 to 10.5 (orange colour), and 8.0 to
12.5 (red colour). The maximum amplification (red colour)
is generally concentrated in the western part of the study
area. The minimum amplification (purple colour) is gener-
ally concentrated in the middle of the study area. In the west-
ern part, Gosar (2017) suggested that a larger impedance
contrast between rock and sediment could happen in the site
having a large amplification. A large amplification simply
indicates that bedrock is harder and less fractured (Baise

@ Springer

et al. 2016). As shown in Fig. 5, It can be observed that the
further west, the greater the amplification value. Therefore,
the bedrock in the western study area could be harder and
located at a shallow depth.

Figure 7 presents the distribution map of predominant
frequency (f;) in the study area. As presented in Fig. 7, it can
be observed that there are also two main dominant ranges of
Jpin the study area. The first one is f, ranging from O to 3 Hz,
and the second is f, ranging from 3 to 7 Hz. The small parts
for frequencies ranging from 7 to 11 Hz and 11 to 16 Hz are
also found in the eastern part of the study area. The small
part with a high frequency located in the eastern part area
indicates the thin sediment thickness. The amplification in
this small part zone is also relatively small. It means that
the impedance contrast between rock and sediment is rela-
tively low. It could be caused by the soil layers in this zone
tend to have a high soil resistance. According to a study
conducted by Mase et al. (2021b), the soil resistance in this
zone is high. Based on the liquefaction site response analysis
conducted by Mase et al. (2021b), the liquefaction potential
and earthquake damage are relatively low. It indicates that
geophysical and geotechnical characteristics in this zone are
quite different from other neighbouring sites. In the west-
ern part of the study area, the further west, the greater the
predominant frequency value. Mase et al. (2021a) and Putti
and Satyam (2020) mentioned that an area with a lower pre-
dominant frequency indicates a thicker sediment thickness.
Otherwise, Stanko and Markusi¢ (2020) suggested that a
site with high predominant frequency indicates a thin sedi-
ment thickness over the bedrock. It also indicates the shallow
bedrock depth.

In line with the amplification and predominant frequency
presented in Figs. 6 and 7, the seismic vulnerability based
on those parameters can be depicted. Figure 8 presents the
distribution map of the study area’s seismic vulnerability
index or K,. In general, the study area tends to have a low
seismic vulnerability level, especially in the middle part of
the study area. Moderate seismic vulnerability level is gen-
erally found in the western and eastern parts of the study
area. Akkaya (2020) suggested that combining significant
amplification and low predominant frequency values could
indicate high seismic vulnerability. Significant amplification
and low predominant frequency are generally found in the
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Fig.6 Distribution map of amplification (A4,) in the study area

western and northern parts of the study area. The high to
very high seismic vulnerability level is generally concen-
trated in the eastern and western parts of the study area. A
study on seismic damage during the major earthquakes in
Bengkulu City has been performed. Mase et al. (2023c) sug-
gested that during the M,, 8.6 Bengkulu-Mentawai Earth-
quake in 2007, the damage intensity level in the study area is
about Scale VIII to IX in MMI. The damage intensity level
could reach Scale IX in MMI for the western, eastern, and
northern parts. Therefore, in line with the findings in this
study, it can be predicted that seismic damage could be more
significant in these areas.

The velocity profiles

Figure 9 compares the H/V curves obtained from meas-
urement and inversion. In Fig. 8, four sites are selected
as representative sites. SS1 represents the estuary area of
Muara Bangkahulu River (Fig. 8a), SS20 represents the
trading market area (Fig. 8b), SS24 represents the housing
area (Fig. 8c), and TS35 represents the coastal tourist area
(Fig. 8d). In general, it can be observed that A, values for
representative sites range from 2.64 to 5.42. For the fre-
quency, the values range from 2.29 to 5.38 Hz. These values
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are generally consistent with amplification and frequency
maps in Figs. 5 and 6. In terms of the inversion analysis, it
can be observed that the inversion curve is generally consist-
ent with the measurement curve. It indicates that the ground
profile model from inversion analysis is relatively in line
with the actual condition in the study area.

The inversion analysis can generate the best model of the
ground profile. Figure 10 presents the velocity and ground
profile models obtained from the inversion analysis. For SS1
(Fig. 10a), it can be observed that sandy soils generally dom-
inate soil layers. V;,1in SS1 is about 293.78 m/s. According
to NEHRP (1998), SS1 has been categorised as Site Class
D. The depth of engineering bedrock is predicted at 52.3 m,
whereas the medium rock is found at 56.0 m. The surface is
found at a depth of 65.9 m for hard rock.

For SS20 (Fig. 10b), the variation of the soil layer is gen-
erally significant compared to SS1. Clay and sand layers
generally dominate up to 60.3 m below the ground surface.
V30 of SS20 is 325.01 m/s which indicates Site Class D. In
SS20, engineering bedrock, medium rock, and hard rock sur-
faces can be found at depths of 60.3-, 158.4-, and 257.4-m
below ground surface, respectively.

Figure 10c presents the velocity and ground profiles for
SS24. The soil variations for this site are also significant.
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Fig.9 The H/V curve comparisons between measurement and inversion for sites SS1 (a), SS20 (b), SS24 (c), and TS35 (d)

Several thin clay layers are also found on the site, which is
underlain by a sand layer. V3, of SS24 is about 465.53 m/s;
therefore, the site is categorised as Site Class C. The engi-
neering bedrock in SS24 is found at a depth of 19.9 m,
whereas medium rock is found at 42.4 m. Hard rock is found
at a depth of 89.5 m.

Figure 10d presents the velocity and ground profiles in
Site TS35. The site is categorised as Site Class C because
V30 of this site is 453.35 m/s. Sand layers dominate TS35
because the site is located near the coastal area of Bengkulu
City. Based on the inversion analysis, it can be observed that
engineering bedrock is generally found at a depth of 25.4 m,
and medium bedrock is found at a depth of 47.2 m/s. Hard
rock is found at a depth of 96.7 m.

Based on the observation, it can be observed that among
representative sites, TS35, located in the western part of

@ Springer

the study area, tends to have shallower bedrock. In line
with the discussion on A, and f,, which was previously
presented, the site with a larger A, and a smaller f; tends
to have shallower bedrock. This seems reasonable and con-
sistent with each other. Therefore, it could be concluded
that the inversion analysis has approached actual condi-
tions in the study area. In addition, sandy soils are gener-
ally dominant in the study area. Liquefaction could occur
for sandy soils near the ground surface with a shallow
groundwater level, especially for areas with high seismic
vulnerability levels. Studies conducted by Stokoe et al.
(1988) and Andrus et al. (2004) mentioned that sandy lay-
ers with V_ less than 180 m/s could be vulnerable to lique-
faction. Mase et al. (2020), in the observation of liquefied
sites in Northern Thailand, also mentioned that sand layers
having low V are very vulnerable to undergoing liquefac-
tion. Since the study area is located along the downstream
area of the Muara Bangkahulu River, the groundwater
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Fig. 11 Distribution map of V3, in the study area

level is also relatively shallow. Therefore, the concern
about soil damage should be the issue in the future.

V,;, and site class maps

Figure 11 presents a V3, map for the study area. In
Fig. 10, nine classes of V3, are depicted for the study
area. V3, classes are namely 180-240 m/s; 240-300 m/s;
300-360 m/s; 360-420 m/s; 420-480 m/s; 480-540 m/s;
540-600 m/s; 600-660 m/s; and 660-720 m/s. The range is
generally derived from NEHRP (1998). However, to observe
a more detailed range, the V;, from NEHRP is broken down
every 60 m/s. This simplified procedure was adopted by sev-
eral studies, such as Silva et al. (2015), Thompson and Wald
(2012), and Cannon and Dutta (2015). It can be observed
that there are three dominant ranges in the study area. The
first one is V3, of 180 to 240 m/s; the second one is V;, of
420 to 480 m/s; and the third one is V3, of 480 to 540 m/s.
The first dominant range is generally found in the middle of
the study area. The second and third dominant ranges are
generally found in the eastern part of Bengkulu City. Based
on the analysis, a further west, a larger V;,. Therefore,
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regarding soil resistance, sites located in the western part of
Bengkulu City are generally larger.

The V3, distribution generates the site class map, as pre-
sented in Fig. 12. Figure 12 shows that the study area is catego-
rised as Class C and Class D. Class C is generally found in the
middle to eastern parts of the study area and the western part.
Class D is generally found in the middle of the study area’s
northern part. According to site class distribution, the site class
with low V3, tends to have a higher risk of seismic impact.
Wills et al. (2015) and Hollender et al. (2018) mentioned that
those with lower V3, could experience seismic impact due to
the relatively lower soil density. During seismic loadings, such
as earthquakes, the soil resistance is relatively lower than the site
with higher V3. In line with K,,, very high seismic vulnerabil-
ity is generally concentrated in Site Class D. Thitimakorn and
Raenak (2016) also suggested that seismic impact for Site Class
D in Northern Thailand is generally more significant than Site
Class C. In line with this, Site Class D with very high K, could
undergo significant damage. Areas with this condition are gener-
ally located in the trading market area where several shops and
housing exist. Therefore, implementing a seismic design code
considering site conditions should be enforced in the study area.
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Fig. 12 Distribution map of Site Classes in the study area

Bedrock maps
Soft rock (engineering bedrock)

Figure 13 presents the study area's soft rock or engineering
bedrock depth. The engineering bedrock surface is indicated
by the minimum V, of 760 m/s. From the figure, it can be
observed that there are four zones of depth ranges for engi-
neering bedrock in the study area. The ranges are 5-30 m;
30-55 m; 55-80 m; and 80-91 m. In general, the engineer-
ing bedrock depth in the study area is found at a depth of 5
to 33 m depth below the ground surface. This depth range is
generally concentrated in the western part of the study area
and from the middle to the eastern part of the study area.
Another dominant range of engineering bedrock depth in the
study area is the range of 30 to 55 m. This range is generally
concentrated in the central part of the study area. The engi-
neering bedrock depth range of 55 to 80 m is generally found
in several small zones in the central part of the study area.
The deepest engineering bedrock with a range of 80 to 91 m
is generally found in a small part close to the estuary area.
Mase (2018) in the analysis of ground response analy-
sis for the coastal area of Bengkulu City, assumed that the
engineering bedrock surface is at a depth of 30 to 50 m.
The assumption is generally consistent with the findings
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presented in this study. Therefore, the map could be appli-
cable for implementing seismic ground response in the study
area. Several researchers, such as Adampira et al. (2015) and
Qodri et al. (2021), also mentioned that the role of engineer-
ing bedrock could be crucial in seismic ground response
analysis for ensuring the appropriate analysis.

Medium rock

The map of medium rock depth is presented in Fig. 14. In
Fig. 14, it can be observed that there are four range zones for
medium rock, namely 10—60 m; 60-110 m; 110-160 m, and
160-222.2 m. Based on the figure, there are two dominant
ranges for medium rock depth in the study area. Medium
bedrock with a depth of 10-60 m is generally found in the
study area. This range is concentrated in the western part
of the study area, the eastern part of the study area, and the
middle part of the study area. For the 60—110 m range, the
medium bedrock is generally found in the middle to the east-
ern part of the study area. A small zone of medium bedrock
with a depth of 110-160 m is generally found in the middle
of the study area. The deepest medium bedrock in the study
area, with a range of 160-222.2 m, is generally found in the
middle to the northwestern of the study area. In general, a
further west, a shallower medium rock.
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Fig. 13 Soft rock (engineering bedrock) map in the study area

The information on medium bedrock presented in this
study can also be implemented in seismic ground response
analysis. A study conducted by Chandran and Anbazhagan
(2020) suggested the importance of bedrock surface infor-
mation for ground response simulation. Using bedrock for
elastic assumption in seismic ground response analysis is
essential to ensure appropriate results (Likitlersuang et al.
2020. In line with these studies, the information on medium
bedrock can be used for seismic ground response analysis
in the study area.

Hard rock

Figure 15 presents the distribution map of hard rock or seis-
mic bedrock in the study area. Hard rock is also grouped into
four ranges, namely 40—100 m; 100-160 m; 160-220 m; and
220-289.2 m. In general, the seismic bedrock with depths
ranging from 40 to 100 m is generally found in the study
area. This depth range is concentrated in the western part
of the study area, the middle to the eastern part. Another
main depth range, namely 100-160 m, is found in the middle
part of the study area to the eastern part of the study area.
Bedrock depth ranging from 160 to 220 is generally found in
small zones in the middle part of the study area and the base
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of the estuary in the northwestern part. The deepest bedrock
depth, with a range of 220 to 289.2 m, is generally found
in the small zones in the middle part of the study area and
the northwestern part of the study area. Overall, the further
west, the shallower the seismic bedrock in the study area.

In line with engineering bedrock and medium rock, seis-
mic bedrock is also important to understand. According to
Yoshida (2015), seismic bedrock is important regardless of
the structural engineering analysis for earthquake shaking
simulation. For large-scale analysis, the seismic bedrock
information could be helpful for future site response assess-
ments, numerical modelling of seismic-wave propagation,
dynamic ground response analyses, and site-specific seis-
mic hazard evaluation at the basin scale Mascandola et al.
(2023). Therefore, the bedrock maps and geophysical char-
acteristics in the study area presented in this study can be
implemented in further seismic ground response analysis
research.

Consistency of bedrock depth based on previous studies
Studies conducted by Moon et al. (2019) and Manea et al.

(2020) explained that bedrock depth in an area can be
estimated based on empirical correlation related to site
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Fig. 14 Medium rock map in the study area

predominant frequency. Moon et al. (2019) suggested that
the engineering bedrock depth can be estimated based on
the following equation,

D =92.5f71 (7

In line with Moon et al. (2019), Manea et al. (2020) pro-
posed an empirical equation to estimate bedrock depth as
shown by the following equation

log(D) = —1.18log(f) + 5.01 (8)

where D is the depth of engineering bedrock and f'is the
predominant frequency.

In this study, to check the consistency of estimated bed-
rock depths to the proposed estimations from previous stud-
ies, the bedrock depth proposed in this study is examined
to measure the precision. Figures 16, 17 and 18 present the
consistency of engineering bedrock to the empirical correla-
tions from Moon et al. (2019) and Manea et al. (2020). For
engineering bedrock, the consistency of engineering bed-
rock depth between the results and the prediction provided
by Moon et al. (2019) and Manea et al. (2020) is shown in
Figs. 16a and b. From the figures, it can be observed that the
prediction of bedrock based on two approaches is generally
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consistent with each other. The coefficients of determination
(R?) show values of 0.8366 and 0.8224. For medium rock
(Fig. 16), the comparison is taken only based on Manea et al.
(2020), since the formulation is addressed for all bedrock
types. In Fig. 17, it can be observed that each estimated
bedrock is generally consistent with the other. R? for data
presented in Fig. 16 shows a value of 0.9187. In Fig. 18, the
correlation for hard rock is also taken based on Manea et al.
(2020). The comparison also exhibits consistency which is
supported by an R? of 0.9075. In general, the results of this
study are generally consistent with the previous studies. R’
for the comparison is generally more than 0.75 which indi-
cates that the tendency is consistent and the prediction is
reliable. Therefore, based on comparisons, the bedrock depth
based on frequency for this study is acceptable.

Model for bedrock depth prediction

The interpretation of bedrock depth for engineering
practice is important to support other further analyses,
such as seismic ground response analysis. In the future,
geotechnical exploration to dig the subsoil information
should be supported by the bedrock depth prediction. In
this study, models to predict bedrock depth are proposed.
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Fig. 15 Hard rock (seismic bedrock) map in the study area

Figure 19 presents the data analysis of bedrock depth cor-
responding to the predominant frequency for engineering
bedrock (Fig. 19a), medium rock (Fig. 19b), and hard
rock (Fig. 19c). Based on the figure, it can be observed
that R? for the proposed models are generally larger than
0.75. It indicates that both bedrock depth and predomi-
nant frequency have a strong correlation. Based on the
data analysis, the empirical equations for various bedrock
types are proposed in the following equation

D = 52.968f; %%, with R* of 0.8494 for engineering bedrock
)

D = 128.79f;°°7 with R* of 0.8876 for medium rock
(10)

D = 132.58f; % with R* of 0.8824 for hard rock (11)

For practical implementation, Egs. 9, 10 and 11 are
used, and the results are depicted corresponding to pre-
dominant frequency for various depths, as presented in
Fig. 20. Considering the performance and the consist-
ency, the proposed graphs in Fig. 20 can be used for engi-
neering practice, especially for seismic ground response
analysis.
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Model of ground profile

The one-dimensional ground profile obtained from the
analysis generates three-dimensional and two-dimensional
ground profiles, as presented in Fig. 21. In Fig. 21, cross-
sections called Sections A-A (Fig. 21b) and B-B (Fig. 20c)
are presented based on a three-dimensional ground profile
(Fig. 21a). In general, there are six main layers underlain in
the study area. The first is a thin clay layer, the second is a
sand layer, the third is coarse sand and gravel, the fourth is
engineering bedrock, the fifth is medium rock, and the last
is hard rock. Figure 20 also shows that the study area tends
to shape as a basin area, where the eastern and the western
parts tend to have a shallower rock and in middle part tends
to have a thicker sediment thickness. Several studies, as con-
ducted by Korres et al. (2023), Mascandola et al. (2023),
and Tsai et al. (2021), mentioned that the basin effect could
influence the characteristic of seismic response in an area.
Therefore, the role of basin geological conditions should be
carefully understood. The implication on the basin could
relate to seismic hazard assessment and seismic resistance
design in the investigated area.

Nakamura (1989) suggested that soft soil sediment and
the impedance contrast between sediment and bedrock are

@ Springer
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significantly correlated. Ground profiles with a lower f,
can potentially have soft soil sediment thickness (Mase
et al. 2021a). A soil layer with lower frequency (greater
layer thickness) can also produce smaller surface response
spectra, especially at short periods and vice versa (Likitler-
suang et al. 2020; Misliniyati et al. 2019). Anbazhagan
et al. (2013) revealed a higher spectral acceleration and
amplification at short periods for the sites with shallow
bedrock. In general, the ground profile from this study

@ Springer

(b)

can be used to perform a two-dimensional or three-dimen-
sional seismic response analysis in the study area.

Concluding remarks

Several concluding remarks from this study can be drawn in
the following points,
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1. A larger vulnerability level is found in areas having
low V3, and Site Class D, which is very susceptible to
undergoing more significant seismic impact. It is unique
that the basin of the study area is dominated by Site
Class D, whereas the eastern and western parts of the
study area are dominated by Site Class C. The basin
area especially trading market areas and the estuary of
the river tends to have very high seismic vulnerability.
Since there is a variation of land use in the study area,

seismic hazard mitigation should be considered, espe-

cially during construction planning and before construc-
tion. Therefore, the concern of seismic hazard mitiga-
tion should be enforced. The results are also applicable
as preliminary guidelines to update spatial plans in the
study area.

Bedrock maps proposed in this study are very useful for
preliminary information before conducting a site investi-
gation. The bedrock information is also useful for simu-
lating seismic ground response analysis. Therefore, the
maps can be used for further study. Besides, the seismic
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Fig. 20 Proposed graphs to predict bedrock depth in the study area

ground response analysis based on either deterministic
or probabilistic seismic hazard analysis could be used to
develop a seismic hazard map. The information is fur-
ther used as the consideration for construction design in
the study area. The three-dimensional geological model-
ling developed in this study could be implemented for
further study.

The prediction of bedrock depths presented in this study
is generally consistent with previous studies. The bed-
rock depth has a good correlation with the predominant
frequency. Therefore, the prediction of bedrock in this
study is acceptable. The empirical models proposed
in this study are reliable and can be implemented for
another analysis, such as seismic ground response analy-
sis.

The subsoil profile in three-dimensional form shows that
the tendency of the ground profile in the study area is
shaped as a basin. It is shown that shallow bedrock in
the eastern and western parts is relatively shallow. In
line with the seismic vulnerability prediction, the basin
area has a high seismic vulnerability with low soil resist-
ance. The area is also now developed as the market zone
where the most centralised population in the study area
exists. The dense population in high-seismic vulnerabil-
ity zones should be concerned. The characteristics of the
basin and its possible effect on seismic damage should
be also carefully considered. A local seismic design
code for the study area should be proposed. It will be
presented in further study.
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Fig.21 Ground profile of the
downstream area of the Muara
Bangkahulu River:3D subsoil
profile (a), 2D profile for A-A
Section (b), and 2D profile for
B-B Section (c)
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