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ABSTRACT: Microseismic measurements are popularly applied to investigate local seismic responses based on
the dominant frequency and amplification factor. Understanding the resonance frequency of heritage sites and their
buildings is essential in spatial and regional planning in Kota Lama Semarang. The problem to be solved in this
research is that there are no subsurface data available, especially the vulnerability index. The method that is applied
to solve the problem is the HVSR method and the data obtained are Kg (vulnerability index), PGA (peak ground
acceleration), and GSS (ground shear strain). This study aims to describe the subsurface structure in Kota Lama
in 2 dimensions based on Kg, PGA, and GSS data. Data analysis of microtremors showed that the predominant
frequency (f,) values range from 5.36-17.86 Hz, the amplification (A,) values range from 0.25-0.87, the Kg values
range from 0.62-5.8 x 102 cm/s?, the PGA values range from 3.9-7.5 x 102 gal, and the GSS values range from
0.6-12.58 x 10°6. The subsurface structure was assessed using the Vs value, which was determined by a 2D profile
consisting of 5 slices at a depth of 100 m depth. Slice 1 has Vs values ranging from 100-1300 m/s, slice 2 has
values ranging from 100-1600 m/s, slice 3 has values ranging from 100-800 m/s, slice 4 has values ranging from
100-800 m/s, and slice 5 has values ranging from 100-1200 m/s. According to the values of Vs > 1500 m/s, the
subsurface area of Kota Lama Semarang is dominated by soft rocks.
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1. INTRODUCTION reported the use of the HVSR method to identify
resonance frequencies, describe the bedrock depth,
Over the last three decades, microtremor and assess seismic susceptibility. Moreover,
measurements have been popularly used to identify microtremor measurements can also be applied for
local seismic responses [1]. Measuring microtremors monitoring  volcanic  activities,  supporting
is classified as a passive geophysical method. A geothermal exploration, supporting microzonation,
microtremor is defined as a low-amplitude and studying geophysical and geotechnical
continuous ground vibration due to human-made processes [9]. This method is suitable for application
factors, e.g.,, manufacturing activities, traffic, in urban areas due to its low cost and simple data
mining, etc., as well as natural factors, e.g., rain and collection without any drilling or active seismic
wind [2]. One of the methods used for processing surveys [10].
microtremors is horizontal to the vertical spectral Kota Lama Semarang is a preserved colonial city
ratio (HVSR), which was introduced by Nogoshi and that used to be a central economy, military, and
Igarashi in 1970 [3] and then popularized by government. This heritage area is located in northern
Nakamura in 1989 [4]. The HVSR works by Semarang city, Central Java, Indonesia, and consists
comparing the horizontal and vertical component of 50 ancient sturdy buildings with typical 1700s
spectra of the microtremor wave [5] to obtain the European ornament [11]. There are several Dutch
dynamic parameters (predominant frequency and colonial heritage buildings in Kota Lama Semarang,
amplification). Microtremor measurements and including the Blenduk church, MARBA building,
HVSR techniques are commonly used for site effect Jiwasraya insurance building, Mandiri bank office
studies, deal with wave amplification mechanisms in (Fig. 1), and many others. The beauty of ancient
shallow geological layers and determine the ornate European buildings supports Kota Lama
thickness of the sediment layer [6]. Understanding Semarang as a fascinating tourist destination. The
the resonance frequencies of heritage sites and their arrangement and revitalization of Kota Lama
buildings is essential in spatial and regional planning Semarang attract both local and foreign tourists. In
to prevent the resonant effect of the soil structure, 2019, the Central Java Provincial Tourism Office
which can affect the amplification of seismic waves reported that approximately 61000 foreign tourists
with identical frequencies [7]. Kang et al. [8] and 2.6 million local tourists visited the Kota Lama
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Semarang, making it one of the top three tourist
destinations in Central Java.

7

Fig. 1. Old buildings in Kota Lama Semarang: (a)
Blenduk church, (b) MARBA building, (c) Mandiri
bank, and (d) Jiwa Raya insurance building

In 2018, the Mayor of Semarang declared Kota
Lama Semarang a cultural heritage area. The cultural
heritage status is planned to be upgraded to a national
cultural heritage so that it can be proposed to
UNESCO as a world heritage site [12]. This decision
requires supporting data related to the ancient
buildings located in this area and the subsurface
conditions where the buildings stand.

Research on the Kota Lama Semarang thus far
has focused only on social, cultural, and economic
aspects, such as the analysis of the tourism carrying
capacity of the Kota Loma Semarang for the
development of cultural tourism [13-15], the
mapping of the economic potential in the old city of
Semarang to support sustainability [16] and studies
on the problem of changing the function of cultural
heritage buildings [17]. In general, research related
to subsurface structures is often carried out in the
scope of Semarang city, which does not specifically
cover Kota Lama Semarang, such as the
determination of soft lithology causing land
subsidence in coastal Semarang city by resistivity
methods [18] and 3D inversion of gravity data
modeling using the chi fact algorithm for revealing
the subsurface structure in Semarang city [19].
Subsurface structures can be identified by using
geophysical methods, such as geoelectricity and
gravity. The geoelectric method is related to the
differences in the resistivity of the rock layers, and
gravity is related to the density difference between
the formation layers. They cannot be used to
describe soil vulnerability.

This study describes the subsurface structure in
Kota Lama in 2 dimensions based on Kg, PGA, and
GSS data by measuring microtremors using the
HVSR method. This method was chosen because it
has been used for various purposes worldwide,
including monitoring the hydrocarbon productivity
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of the Nauquen basin in Argentina [20], estimating
site effects in the southern part of Marsa Alam city,
Egypt [21], estimating earthquake amplification
[22], analyzing rock slides based on seismic data on
earth surfaces [23], estimating the thickness of basalt
profiles [24], assessing the seismic site effect in the
Ngipik landfill in Gresik Indonesia [25], detecting
sediment thickness in the karst delta of China's Pearl
River [26], utilizing microtremors for surveys in the
Hakkari region of eastern Turkey [27], and studying
groundwater [28].

2. METHOD

The basic concept of the HVSR method is the
similarity between the horizontal to vertical spectra
ratio and the transfer of waves from the bedrock to
the surface [4]. Nakamura stated that the dominant
period and peak value of the ratio spectra (H/V) have
similarities with the natural period and amplification
factor of the soil layer, and the H/V value is obtained
from the comparison between the Fourier amplitude
spectrum of the horizontal wave component and the
vertical wave.

The measurement of the dominant period of the
soil is carried out using ambient vibrations by
reducing the tremors vyielded by humans and
machines or other unwanted tremor sources; thus,
the seismometer records vibrations generated only
by ground movement. For optimum results, research
was preferably conducted at night and away from
human activities.

The passive seismic survey started from the
discovery of an interesting phenomenon, namely, the
presence of a microseismic signal detected above a
hydrocarbon reservoir and not detected on the
surface of a medium that does not contain
hydrocarbons. This phenomenon was first
discovered in 1997, wen at the top of an oil reservoir,
a sharp natural earth noise spectrum was found at
frequencies within 2-6 Hz. This phenomenon has
been found in several different locations, in different
reservoirs, and, in different countries with different
geological and environmental conditions. Based on
these findings, a technology was developed to detect
hydrocarbons directly that can be wused in
exploration, field development, and monitoring of
hydrocarbon fields.

Nakamura [29] reported that the value of the
amplification factor in a certain area could be
estimated from the peak height of the HVSR curve
spectrum from microtremor measurements. The
value of the dominant frequency of the HVSR curve
correlates with the thickness of the sediment layer.
Several stages of the microseismic survey using
microtremor measurements are described as follows.



International Journal of GEOMATE, Sept. 2022, Vol.23, Issue 97, pp.211-219

2.1 Data Acquisition

This research was conducted at the heritage site
of Kota Lama Semarang. Measurement points were
placed at 40 stations at a distance of 100 m, as shown
in Fig. 2. We used a sampling frequency of 250 Hz
for + 30 minutes as suggested by SESAME (2004).
Further processing of microseismic data and
interpretation of the results were carried out at the
Physics Laboratory of Universitas Negeri Semarang.

Kota Lama
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Fig. 2. Map of the research area in Kota Lama
Semarang

The HVSR method uses three components of
ambient seismic noise in the horizontal direction of
the west-east, north-south, and vertical directions
consisting of long-term microtremors generated by
natural activities, such as wind, sea waves, and rain,
with periods of greater than 2 seconds; short-term
microtremors produced by human activities, such as
traffic and machinery; and other tremor sources with
periods of less than 2 seconds [30]. This microtremor
method is a passive seismic method with a single
measurement station. Microtremor measurement-
produced data are in the form of wave propagation
time with a recording duration of 30 minutes.

The recorded data were then processed using
Geopsy software to transform the time function into
a frequency function. Windowing was then
conducted to eliminate the noise signal to obtain the
expected frequency. We used the output sampling
frequency of Geopsy software ranging from 4.5-20
Hz with a Konno-Ohmaci frequency filter. The
results are H/V curves, as shown in Fig. 3. The peak
of the curve shows the dominant frequency value
(fo) and the amplification value (4,) [31], and these
two parameters could be used to determine the
values of Kg, PGA, and GSS [32].
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Fig. 3. Example of the HVSR curve resulting from
microtremor data processing at the research location

2.2 Analysis of microtremor data

The dominant frequency is the peak frequency on
the H/V curve, which is assumed to be the resonant
frequency of a site [33]. The dominant frequency
shows a simple sedimentary structure [34].
According to Arifin [35], the dominant frequency is
defined as the frequency value that mostly appears
under a rock layer and therefore indicates the type
and characteristics of the rock. Previous studies have
been reported regarding the estimation of sediment

layer thickness using dominant frequency
parameters [6, 8, 36].
Amplification can be interpreted as an

amplification of waves from the bedrock to the soil
surface due to the differences in the shear wave
velocity Vs [37]. According to Tanjung [38], the
amplification of earthquake waves can occur when a
wave propagates to the ground surface where the
dominant frequency of the land has the same
frequency as the frequency of the incoming
earthquake. The amplification value is related to the
crude index of impedance between the soil and
bedrock layers [21].

The vulnerability index (Kg) is calculated based
on the value of the dominant frequency (f,) and
amplification (A,), which are obtained from the
HVSR curve. Nakamura [29] formulated the Kg
value as expressed by Eqg. (1).

A2
K=L
g fo

()

Kg values with higher numbers are usually found
in areas with low f;, values in thick sediment layers
[39]. A thick sediment layer accompanied by a high
Ao value results in a high Kg value [40]. The higher
the Kg is, the more vulnerable the area is to the
impact of shocks or vibrations [41].

Peak ground acceleration (PGA) is a record of
the highest value of ground vibration acceleration
that occurs in a certain area due to an earthquake.
The PGA value describes the level of danger and risk
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of an area or building to an earthquake [39]. The
PGA value can be formulated mathematically, as in

Eqg. (2).

3,6 1,87
5 10(0,61M)—(1,66+7)logR+(0,16—T)

Nirs

@)

amax

where M is the earthquake magnitude (SR), the
hypocenter radius of the earthquake (km), and T, is
the dominant period.

The ground shear strain (GSS) value describes
the ability of the soil material to stretch and shift
during ground vibrations, such as earthquakes. A
high GSS value indicates an area with a high risk of
deformation when vibration occurs [31]. The
calculation of y requires the values of Kg and a4,
which have a mathematical relationship, as shown in

Eqg. (3).
r="2 ®)

H

where A, is the amplification factor, H is the
thickness of the soil layer, and § is the deformation
of the soil surface layer shown in Eq. (4).

5 = Ky (Gmess)

According to Equation (3), a higher value of Kg
is aligned with a higher value of y [42].

(4)

2.3 Analysis of the subsurface structure based on
shear wave velocity (Vs)

Microtremor signal processing was analyzed
using the Dinver program in the Sesarray Geopsy
software with the ellipticity curve method. The
results of this processing are ground profiles of shear
wave velocity (Vs) with various models and misfit
values. The model with the lowest misfit value
(O<misfit<1) is considered the best model criterion
[43]. The results of the analysis using the Dinver
program are shown in Figure 4. The value of Vs and
its depth in each layer became input data in
processing 3D solid modeling and stratigraphic
modeling using Rockworks 15 software, and a slice
(cross-section) was also constructed to simplify the
reading of the depth of the sediment layers and their
values of Vs.

3. RESULTS AND DISCUSSION

The dominant frequency determined the
distribution of the dominant frequency value in the
study area. We used the dominant frequency to
assess the thickness of the sediment layer at each
point, as shown in Fig. 5. The dominant frequency
described the physical conditions of the soil on the
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surface or below the soil surface, in which a lower
predominant frequency value indicated a thick layer
of sediment in the area and vice versa.
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Fig. 4 Ground profile Vs with the finest misfit value
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Fig. 5. Map of the predominant frequency
distribution

According to Fig. 5, the distribution of the
dominant frequency values is quite varied, ranging
from 5.36 Hz — 17.86 Hz. The lowest frequency
value is 5.36 Hz, located at point 37, indicating that
the area has the thickest sediment layer depth, while
the highest frequency value is 17.86 Hz, located at
point 15, indicating the thinnest sediment layer
depth. The area with a low dominant frequency (as
at point 37) has a high vulnerability to the danger of
earthquakes.

The amplification value described the
magnification of the seismic wave that occurred due
to the difference in the density of the layers traversed
by the seismic wave. In this study, the dominant
amplification value was then processed using Surfer
software to obtain the amplification value
distribution, as shown in Fig. 6. Based on Fig. 6, the
distribution of amplification values varies between
0.25 and 0.87. The lowest amplification value of
0.25 is at point 4, while the highest amplification
value of 0.87 is at point 9. According to the
classification table of amplification values, the study
area is included in the small classification (4, <9),
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where the area is classified as not vulnerable to
earthquakes.
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Fig. 6. Map of the amplification value distribution

The earthquake vulnerability index shows the
level of soil surface layer vulnerability to
deformation during an earthquake; therefore, this
index can be used to determine the level of potential
damage to an area due to an earthquake. In this study,
the results of data processing were then plotted using
Surfer software to obtain the distribution of the
earthquake vulnerability index (Kg) values, as
shown in Fig. 7.
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Fig. 7. Map of Kg value distribution.

According to Figure 7, the lowest Kg value is
0,62 (x 1072) cm/s?, shown by a purple color scale
located at point 40, while the highest Kg value is 5.8
(x 1072) cm/s?, shown by a red color scale located at
point 10. In Kota Lama Semarang, the average Kg
value is not excessively high, except at points 9, 10,
and 14, which have the highest values compared to
the others. These point areas are especially
vulnerable to earthquakes. According to Chieffo &
Formisano [44], a high Kg value in an area is due to
significant differences in the geological composition
structure and causes a high amplification value at the
site, affecting the level of subsurface shaking.

Peak ground acceleration, also known as
maximum vibration acceleration, is a parameter used
to determine the value of the shaking intensity due to
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an earthquake. The results of the PGA calculation
using the Kanai Method in the Kota Lama Semarang
area due to the 2006 Yogyakarta earthquake range
from 3.9 to 7.5 (x 1072) gal, as shown in Fig. 8.
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Fig. 8. Map of the PGA value distribution

Fig. 8 shows that the highest PGA value is at
point 10 and is 7.5 (x 1072) g, which is located in
the field of the former city park of Kota Lama
Semarang. The smallest PGA value is located at
point 37 and is 3.9 (x 1072) gal. Generally, the PGA
value in Kota Lama Semarang due to the 2006
Yogyakarta earthquake is classified as MMI I-II,
where the vibration effect can be felt without any
damage. The PGA value is affected by the
magnitude of the earthquake, the distance from the
hypocenter to the measurement point, and the
dominant frequency of the soil.

Ground shear strain (GSS) is the ability to stretch
and shift a soil or rock layer structure due to an
earthquake. The results of the GSS calculation of
Kota Lama Semarang range from 0.6 to 12.58
(x 107%), own in Fig. 9.
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Fig. 9. Map of the GSS value distribution

Areas with high GSS values have a greater risk
of ground movement due to earthquakes, such as
land subsidence and liquefaction. Fig. 9 shows that
the area with the largest GSS value of 12.58 (x 107%)
is at point 10. Moreover, the area with the smallest
GSS value of 0.6 (x107%) is at point 40. These
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results indicate that the area at point 10 has a high
level of vulnerability to damage due to earthquakes.

According to the geological map of the
Magelang-Semarang sheet, Kota Lama Semarang is
an alluvial formation that is composed of clay and
sand with a thickness of more than 50 m. The
composition of the subsurface structure can be
estimated by the value of Vs. The value of Vs can
reveal the type of soil. The 2D slice based on the
value of Vs can be used to analyze the distribution of
soil sediment. In this study, we made 5 slices based
on the value of Vs.
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Fig. 10. 2D slice based on Vs values at points 1-5

Fig. 10 shows a 2D slice at points 1-5 based on
the value of Vs. The A-A' cross-section has a track
length of 400 m with a depth of 100 m. The results
of the interpretation showed that the A-A’ slice has
Vs values ranging from 100-11300 m/s with a lower
distribution, and the Vs values increase. Overall,
slice 1 is composed of sedimentary rock. This
composition is indicated by the Vs value at the slice
<1500 m/s. The highest Vs value is located around
point A', which is approximately 1300 m/s. The
distribution of the sediment layer seems to become
thicker from point A' to point A.
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Fig. 11. 2D slice based on the Vs values of points 6—
10
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Fig. 11 shows a 2D slice at points 6-10 based on
the Vs value. The second slice of B-B' has a track
length of 400 m with a depth of 100 m. The results
of the interpretation showed that the B-B’ slice has
Vs values ranging from 100-1600 m/s with a lower
distribution, and the Vs values increase. In slice 2,
the hard rock layer is located around point B' or point
10 indicated by red, which has values of Vs > 1500
m/s. Overall, the closer to the east, the harder the
rock layers and the thinner the sedimentary layers.

Fig. 12 shows a 2D slice at points 11-16 based
on the Vs value. The 2D C-C' has a track length of
400 m with a depth of 100 m. The results of the
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interpretation showed that the C-C’ slice has a Vs
value ranging from 100-800 m/s, which means that
the rock composition is a soft layer. The highest Vs
is located around point C’ or point 15, as indicated
by light green. Overall, the rock constituent layers
become harder and the sediment layers become
thinner closer to the east.
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Fig. 12. 2D slice based on Vs values at points 11-15.
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Fig. 13 shows a 2D slice at points 16-20 based on
the Vs value. The length of the 2D D-D' slice is
approximately 400 m at a depth of 100 m. The
interpretation results show that the D-D' slice has Vs
values ranging from 100-800 m/s, which indicates
that the rock composition is a soft layer. Overall, the
2D incisions at points 16-20 have a thick and even
sediment layer thickness.
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Fig. 14. 2D slice based on Vs values at points 21-25

Fig. 14 shows a 2D slice at points 21-25 based on
the Vs value. The length of the 2D E-E' slice is
approximately 400 m at a depth of 100 m. The
interpretation results showed that the E-E' slice has
Vs values ranging from 100-1200 m/s, where the
highest Vs value, i.e., 1200 m/s, is in the middle of
the slice indicated by green. In the east, at point 25
or E', the highest Vs values range from 400-500 m/s,
which indicates that the rock constituents are soft
rocks. In the west at point 20 or E, the highest Vs
values range from 700 to 800 m/s, which indicates
that the rock composition in the area is soft rock.
Overall, at points 21-25 at a depth of 100 m, the rock
structure is still a soft layer.

According to slices 10-14, all measurement
points showed soft rock layers at a depth of 100 m.
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This soft layer is thick at the west point and shifts to
thin at the east point. The hard layer is visible in the
second slice of B-B' at point 10, indicated by the
value of Vs > 1500 m/s. This value is aligned with
the geological map of the Magelang-Semarang
sheet, where the subsurface structure of Kota Lama
Semarang is a layer of clay and sand sediment with
a thickness of more than 50 m.

The results of this study support the previous
research conducted by Nurse in Sari [45] regarding
the development of Kota Lama Semarang, which is
described in five areas, namely, roads, districts,
regional edges, landmarks, and activity centers.
Moreover, this study will hopefully become a part of
the improvement and arrangement of Kota Lama
Semarang as an area with historical value; therefore,
hopefully, it will not become a marginalized
historical site with a quiet atmosphere and tidal wave
inundation.

4. CONCLUSION

The seismic response in the Kota Lama
Semarang area resulted in f; values ranging from
5.36-17.86 Hz, A, values ranging from 0.25-0.87,
Kg values ranging from 0.62-5.8 x 102 cm/s?, PGA
values ranging from 3.9-7.5 x 102 gal, and GSS
value ranging from 0.6-12.58 x 10° These
parameters are used to create a distribution map to
investigate the distribution of seismic responses at
the research site. According to the distribution map,
the higher values of f, Ay, Kg, PGA, and GSS are
investigated in the areas of points 9, 10, 14, and 15,
which indicate the presence of a basic rock structure.
This causes a significant difference in density
between rock layers, which is indicated by the shear
wave velocity.

According to the Vs values ascertained by the 2D
profile consisting of 5 slices at a depth of 100 m,
slice 1 has Vs values ranging from 100-1300 m/s,
slice 2 has values ranging from 100-1600 m/s, slice
3 has values ranging from 100-800 m/s, slice 4 has
values ranging from 100-800 m/s, and slice 5 has
values ranging from 100-1200 m/s; the subsurface
area of Kota Lama Semarang is dominated by soft
rocks with Vs values < 1500 m/s.
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