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ABSTRACT: The Mandalika Circuit, now one of the icons of Indonesian pride, is located on the south coast
of Lombok Island. The south coast of Lombok Island is an area where the Indo-Australian plate subducts into
the Eurasian plate, known as the subduction zone. Coastal areas dominated by sediment deposits (alluvial) and
adjacent to subduction zones are disaster-prone areas, such as damage from earthquakes and liquefaction. The
objective of this research is centered on the analysis of the potential damage due to geological conditions and
liquefaction caused by the earthquake. This microseismic method with a total of 51 measuring points scattered
around the Mandalika circuit was employed in this research. The microseismic data were measured using a
portable three-component seismograph and processed using the horizontal-to-vertical spectral ratio (HVSR)
method. HVSR analysis results are presented in terms of natural frequency (fo), amplification factor (Ao),
seismic vulnerability index (Kg), shear wave velocity profile at 30m depth (Vss0), and sediment thickness.
Groundwater level data was used to support the potential liquefaction analysis. Based on the Vsso soil type
classification, soft and medium soils dominate the Mandalika International Circuit. Estimates of sediment
thickness range from 5 to 90 meters. The Mandalika Circuit and its surrounding area are vulnerable to
earthquakes and liquefaction hazards that may potentially decrease to the north or away from the coastline.
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1. INTRODUCTION distributed unevenly on older rocks, specifically the
(Baturape-Cindako Volcanic rocks, and have a vast
The Mandalika Circuit is located within the distribution, especially in the area surrounding the
Special Economic Zone (SEZ) of Mandalika, an project site. The rocks present in this location were
area currently being developed within the formed during the Quaternary period and belong to
framework of ecotourism in response to the demand the Alluvium geological group, which encompasses
for  sustainability —and  consideration  of river swamps, and coastal alluvial deposits (Qac).
environmental issues in the tourism industry [1]. By evaluating the physical properties of the
Located in the southern part of Lombok Island, lithology and its location, it can be concluded that
the Komodo Ecotourism Development Area (KEK) the alluvial deposits are the most recent rocks in this
Mandalika is dedicated to promoting sustainable area. Typically, this rock unit is composed of coarse
tourism practices through the development of eco- sand, fine sand, clay, and some marine animal
friendly tourist sites and attractions that prioritize fragments [3, 4].
the preservation of the surrounding environment [2]. Potential hazards such as seawater intrusion,
The location of the study area is presented in Figure. subsidence, and other earthquake-related hazards
1. such as tsunamis and liquefaction are present in
Based on the geological map, the rock most coastal areas dominated by sedimentary rocks
formations found in the Mandalika Tourism Area [5]. The potential disasters associated with seawater
comprise Alluvial Deposits and Penggulung intrusion in the study area have been investigated
Formation. The oldest exposed formation is the using gravity and geoelectric methods [6, 7, 8].
Penggulung Formation, comprising breccias, lava, Using the Microtremor method, this research
and tuff with limestone lenses. The formation is investigates the potential hazards associated with
estimated to be of late Oligocene to early Miocene earthquakes in the Mandalika Circuit and its
age. It intersects with the Kawengan formation, surroundings, which are included in the Mandalika
comprising  alternating  quartz  sandstones, SEZ area. This potential is reflected in the value of
claystones, and breccias. Alluvial deposits are the Seismic Vulnerability Index, which is related to
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the degree of vulnerability of an area to the threat of
earthquakes causing damage. The greater the value
of the Seismic Vulnerability Index, the higher the
risk of damage.

All these potential disasters can be detected by
the Microtremor method. The analysis technique
used is the horizontal-to-vertical spectral ratio
(HVSR) method.

Legend

* Microtremor Measurement Point
[CIMandalika International Circuit
Penggulung Formation
Alluvium and Coastal Deposit

Fig.1 Microtremor seismic measurement points
and Geological map of the study area (modified
from [3]).

One post-earthquake hazard is liquefaction.
When an earthquake strikes, the soil may no longer
be able to withstand the load on it resulting from the
sudden release of the soil's shear strength and an
increase in pore water pressure due to dynamic
loads [9], leading to liquefaction. Two factors that
can increase liquefaction potential are sand density
and earthquake intensity [10]. In addition to the
aforementioned factors, the groundwater level is a
critical factor in liquefaction vulnerability. The
surface area near the groundwater level is
particularly susceptible to liquefaction. This is
because unsaturated soil above the groundwater
level does not undergo liquefaction. [11].

Microtremor measurements are similar to
seismic ones. The signal obtained from the
measurements can provide information, such as
wave source, wave attenuation, and the condition of
the measurement point [12]. For instance,
monitoring unconventional reservoirs, such as shale
gas, requires the microtremor to accurately
characterize the cracks. This information is crucial
in determining the potential for future oil and gas
production wells. [13]. Microtremor studies have
been widely used in assessing earthquake damage.
This technique is highly accurate in estimating the
degree of seismic risk concerning the local
geological conditions [14, 15]. In seismic
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engineering studies, softer lithologies pose a greater
risk of earthquake shaking as they undergo higher
wave amplification than more compact rocks [16].
Meanwhile, microtremor microzonation involves
dividing zones based on characteristic parameters
such as ground vibration, amplification
(strengthening), dominant frequency, and dominant
period. The characteristics of microtremors depend
on the type of soil (sediment) in the study area.
Utilized for identifying earthquake-prone areas,
microzonation determines their potential impact
[17]. Several recommended criteria exist within the
HVSR technique to aid in interpreting each
resulting curve. These include criteria for a reliable
H/V curve and criteria for peak H/V [18]. Several
conducted studies show that a significant H/V
amplitude corresponds to a large impedance
contrast between sediment (soft soil) and bedrock,
whereas a small H/\VV amplitude indicates a small
impedance contrast indicating the presence of thick
soil (hard soil) [19].

The main objective of this study is to present an
earthquake risk map and soil type classification for
the Mandalika SEZ area. Disaster risk consists of
natural frequency, amplification factor,
vulnerability index and assessment of shear wave
velocity at a depth of 30 meters (Vs30).
Microtremor  measurements  for  earthquake
mitigation have been carried out by many previous
researchers. However, the assessment of the
earthquake hazard in the SEZ Mandalika area is still
limited. To obtain comprehensive results, we
compared the microtremor measurement data with
Spontaneous Potential (SP) data, and Normal
Resistivity Logs in the Mandalika SEZ area.

2. RESEARCH SIGNIFICANCE

The specific benefits of this research are
intended for scientific development and the benefit
of stakeholders. The results will serve as reference
material on the geological conditions of the
Mandalika SEZ area for scientific advancement.
Additionally, stakeholders will benefit from the
microzonation of potential disasters. This will allow
for the avoidance of developing residential and
hotel areas in high earthquake vulnerability index
zones.

The significance of this research is to assist the
government in building and developing the
Mandalika SEZ as an ecologically responsible
tourist attraction that prioritizes the preservation of
the surrounding environment and its value to the
community.

3. DATA AND METHOD

The direct measurement of microtremors was
conducted at 50 measurement sites in Mandalika.
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The distribution of measurement sites is presented
in Figure 1. The equipment used in this research was
a portable three-component seismograph. Data
were recorded for approximately 30 minutes at each
site. The measurement procedures followed the
recommendations guidelines in The Site Effects
Assessment using Ambient Excitations operational
standards.

The Horizontal-to-Vertical Spectral Ratio
(HVSR) is a method calculated by comparing the
horizontal and vertical Fourier spectrum
components. This method can investigate the local
response characteristics of certain sites. HVSR
produces dominant frequency and amplification
factor values. The process of analyzing microtremor
data to obtain dominant frequency and
amplification data is performed using the Geopsy
software [20]. Subsequently, to determine the
dynamic characteristics of soil in the research area,
the authors conducted seismic vulnerability index
calculations.

Kg = A%f 1)
Where soil resistance to ground shaking is
represented by Kg, the amplification factor by A,
and the dominant frequency by f.

The shear wave velocity at a depth of 30 meters
is acquired by inverting the HVSR curve using
Geopsy Software's Dinver program. Each
measurement location yields a 1D ground profile.
Furthermore, the categorization of soil types
according to the Vs30 values adheres to the criteria
specified in the Indonesian National Standard SNI
1726:2019 [21].

4. RESULTS AND DISCUSSION

Natural frequency refers to the number of
vibrations or waves occurring per unit of time. This
natural frequency is affected by the average wave
velocity and bedrock thickness [14]. Sedimentary
deposits are commonly linked with low natural
frequency values, while rock sites are associated
with higher natural frequencies.
Geomorphologically, hilly areas have a higher
natural frequency than those transitional areas
between hills and plains, while, the alluvial plains
are characterized by a lower natural frequency.

The horizontal spectral ratio technique obtained
natural frequencies from the ambient microtremor
spectrum. This method produces a curve showing
the natural frequency and amplification. The natural
frequency is determined from the frequency at the
curve peak of the curve. High natural frequencies
indicate the presence of bedrock layers, while low
natural frequencies suggest sediment thickness.

The Mandalika International Circuit area and its
surroundings are dominated by low frequencies
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ranging from 1.0 to 2.5 Hz, marked with red
gradations in Figure 2. Based on the classification
of soil types, the site includes soft soil (Site Class
IV) and medium soil (Site Class IIl) [22]. The
Mandalika SEZ poses a significant earthquake
disaster risk. When an earthquake occurs, the risk of
disaster is high if the natural frequency value is
similar or almost similar to the earthquake wave
frequency, causing frequency resonance. Similar
natural frequencies or close matches to earthquake
wave frequencies create a higher risk of disaster
occurrence due to frequency resonance. The
buildings in that area exhibit a high level of
vulnerability.
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Fig.2 Natural Frequency Distribution Map in
Research Area.

The amplification factor indicates the variation
in rock layers dynamic characteristics upon
receiving earthquake wave propagation. During an
earthquake, the sediment layer undergoes wave
amplification resulting from multiple reflections of
earthquake waves between the bedrock and
sediment layer surface. The amplification factor can
also be caused by the significant impedance contrast
between the sediment layers and the rock layers.
The relationship between the amplification factor
and the impedance contrast is that the higher the
amplification factor value indicates, the higher the
impedance contrast between the sediment and rock
layers.

Based on Figure 3, the amplification factor
values in the study area range from 1 to 9. The
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Mandalika International Circuit has a higher
amplification factor than the surrounding area,
ranging around 7 to 9 magnification of the
earthquake waves. A high amplification factor is
associated with a low natural frequency (see Fig.3).
Improper disaster mitigation results in greater
damage to buildings in areas with an amplification
factor of more than 9.

The seismic vulnerability index (Kg) parameter
relates to the natural frequency and amplification
factor. This parameter can be used as a reference for
micro zonation, namely mapping an area based on
the level of vulnerability. Ky obtained the seismic
vulnerability index by squaring the amplification
factor divided by the natural frequency [23].
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Fig.3 Amplification Factor Distribution Map in
Research Area.

The seismic vulnerability index of the study area
ranges from 1 to 17 (see Fig.4). The southern part
of the study area is dominated by a high seismic
vulnerability index of 7 to 17. This area is a coastal
area composed of alluvial material. In contrast, the
hilly northern region displays a lower seismic
vulnerability index.

This research employed an assessment to
classify soil types by analyzing the shear wave
velocity at a depth of 30 m (Vs30) with HVSR
inversion. The classification of layer types for
bedrock determination based on shear wave
velocity (Vs30) aligns with the guidelines of the
National Standardization Agency SNI 1726:2019
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for earthquake-resistant buildings and non-building
structures.

Generally, the scattering of Vs30 in the
Mandalika International Circuit area varies from
140 m/s to 787 m/s. The distribution of Vs30 reveals
that the circuit is primarily composed of stiff soil
layers, with Vs30 values ranging between 175-350
m/s (indicated by orange to light green colors).
However, the southern part of the Mandalika
International Circuit is characterized by a soft soil
layer with a Vs30 value lower than 175 m/s
(indicated by the red color). The distribution of
Vs30 in the study area is presented in Figure 5.
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Fig.4 Seismic Vulnerability Index Distribution Map
in Research Area.

The h/v curve inversion method is used to obtain
cross-sectional information on the subsurface Vs of
the study area. The h/v curve inversion method
begins by inputting the amplification and natural
frequency data obtained from the h/v curve. This is
then combined with other model parameters such as
P-wave velocity, S-wave velocity, Poisson ratio,
and density. The modeling process is performed by
iteration method. The iteration process is employed
to determine a model space founded on Monte Carlo
to minimize the misfit function. This method results
in a shear wave velocity model at each measurement
point. The application of this method at all
measurement points produces a ground profile as
shown in Figure 6.

The result of h/v curve inversion indicates a
variation in Vs down to a depth of 150 meters.
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Specifically, the Vs value at point G49 located in
the southwestern part of the Mandalika Circuit
suggests the presence of a sediment layer with a
thickness of approximately 90 meters. The results
of Vs inversion of the depth at the G55 station in the
Penggulung formation confirmed that the G55 point
area had a sedimentation thickness ~18 meters
thinner than the G49 point.

‘ Soil Type Classification Based On Vs30 Map
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Fig.5 Classification of Soil Type based on Vs30
Map in Research Area.

To enhance the certainty of the results of the
inversion level, the authors compare the results at
the G18 point to the Spontaneous Potential (SP)
data, as well as the Long and Short Normal
Resistivity Log in the Sekarkuning area, which is
around 1 kilometer away from the G18 point
(Fig.7). Based on the findings at a depth of
approximately 5 meters, there has been an upward
trend in SP values and resistivity, indicating that
rocks at the same depth have a decreased level of
porosity. These conclusionsis is are drawn from
inversion results of the G18 point revealing a rise in
Vs values between depths of 4 to 6 meters. An
increase in resistivity values was observed at depths
ranging from about 8 to 12 meters, which
corresponded to an increase in the Vs values
between 400 and 650 km/s. Additionally,
permeable zones were found at a depth of around 36
meters from the SP results, which were linked to
structures with Vs values of around 800 meters.
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Fig.6 (a) Map of the location of observation points
G49 and G55; (b) Ground profile results of the
ellipticity method in G49; and (c) G55.

The results of the cross-section on the A-A'
trajectory through points G8, G10, G25, and G21 in
the western part of the study area showed that the
trajectory was associated with sedimentation with a
thickness of 20 to 40 m (Fig.8). The sedimentation
layer was identified as a rock associated with a low
Vs (<700 m/s). The past location is in the
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transitional zone between alluvium geological
formations and scavengers. Trajectories passing
through points G62 and G63 in the Pengulung
formation, despite a relatively thick sediment layer,
revealed structures with higher Vs values (>1200
km/s) at a shallower depth of around 100 meters.
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Fig. 7 Comparison between Log SP, Resistivity
(Top), and Vs G18 (bottom) measurements.

Cross-section findings on the B-B track located
in the Peng formation reveal sedimentation layers
with thicknesses ranging from approximately 10 to
40 meters (see Figure 8). Rocks with high Vs are
are located at relatively shallower depths of around
80 meters along trajectories in the Pengulung
formation. At the end of the southern track, situated
east of the Mandalika circuit area, this structure
with a high Vs value occurs at a deeper depth of
around 125 meters.

The trajectory of C-C’ passes through points
G41, G49, G63, G62, and G75 (see Fig.8). Notably,
GA41 lies in the coastal area, while G49 lies in the
Mandalika  circuit area  characterized by
sedimentation layers measuring around ~20 to 40
meters. Trajectories passing through the spooling
formation reveal structures with high Vs values at a
shallower depth compared to those trajectories
passing through the Alluvium formation. Along this
track, sedimentation on the Mandalika circuit has a
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thickness of around ~20 to 25 meters.
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5. CONCLUSION

The results of the spatial distribution of natural
frequencies and Vs30 values in the study area
indicate that the natural frequency values range
from 1 to 17 Hz, and Vs30 ranges from 140 m/s to
780 m/s. Low natural frequency and Vs30 values
are observed in The Mandalika International Circuit
area, specifically between 1 - 7 Hz and 140 - 350
m/s. These results suggest that The Mandalika
International Circuit is situated above soft to
medium soil layers.

Based on the inversion of the h/v curve, the
sediment thickness in the study area varies between
5 and 90 meters, with an estimated sediment
thickness in The Mandalika International Circuit
area ranging from 20 to 25 meters. These results
show a pattern similarity with the SP and Log
resistivity data. The Mandalika International Circuit
area and its surroundings are vulnerable to
earthquake and liquefaction hazards that may
potentially decrease to the north or away from the
coastline, as indicated by the relatively thick
sediment layer and a high seismic vulnerability
index.
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