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Abstract. The megathrust earthquake affiliated with several activities in the Java subduction 
zone is predicted to be the main trigger of the earthquake in Indonesia which is located in 
the world ring of fire. Therefore, this study aims to determine the seismic soil response and 
investigate the seismic liquefaction potential in the specific area in Banten Province. A 
computational simulation was performed to analyze soil response and earthquake data from 
Pacific Earthquake Engineering Research (PEER) database were adjusted based on the 
attenuation model. The results show that the site passes through amplification up to two 
times and the peak of spectral acceleration occurs at a low-medium period, namely 0.3 
seconds. This indicated that the resonance effect can occur in buildings with up to 3 floors. 
Furthermore, the site dominated by sandy soil has the potential to undergo liquefaction, 
especially once peak ground acceleration reaches 0.1g. This investigation shows significant 
progressive results for understanding and practice related to the assessment of seismic site 
response and preliminary soil liquefaction study.  
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1. Introduction 
 
Many cities around the world are severely affected 

economically and socially by earthquakes. The earthquake 
phenomenon often occurs in Indonesia because the 
country is located on the world's ring of fire [1]. 
Earthquakes with a magnitude more than Mw 6 could be 
causing much structural damage. Therefore, it is necessary 
to carry out a comprehensive analysis to determine the 
potential for future damage and appropriate treatment.  

Earthquakes have caused enormous damage to 
several cities. These include the Mw 6.7 Northridge 
Earthquake (USA) in 1994 [2], the Mw 6.9 Kobe 
Earthquake (Japan) in 1995 [3], the Mw 6.2 Yogyakarta 
Earthquake (Indonesia) in 2006 [4], the Mw 8.6 Bengkulu-
Mentawai Earthquake (Indonesia) in 2007 [5], and recently 
the Mw 7.4 Palu Earthquake (Indonesia) in 2018 [6].  In 
Indonesia, near the capital city, there is an active tectonic 
zone, namely the Java Megathrust. It is an active plate 
boundary that can converge between the Australian and 
Southeast Asian plates at a rate of 68mm/year as shown 
in Fig. 1. This subduction zone is characterized by the 
presence of large megathrust earthquakes (magnitudes 
more than Mw 8) [7]. Meanwhile, two major events have 
been recorded during the instrument period, namely the 
Mw 7.9 earthquake in 1994 and the Mw 7.8 Pangandaran 
earthquake in 2006 [8]. Models and sequences of these 
phenomena show that extensional mechanisms followed 
the main fracture. These two earthquakes generated a 
devastating tsunami on the island of Java [9]. 

Previous studies have shown that the damage caused 
by these earthquakes is increased by the influence of local 
geological conditions [11, 12, 13], especially site 
characteristics. It was also reported that seismic waves are 

significantly affected by ground conditions on shallow 
surfaces [14]. Geological materials with low resistivity in 
the soil, indicated by small shear wave velocities (Vs) at 
shallow depths, play an essential role in amplifying motion 
[15]. The influence of these local conditions significantly 
on seismic main factors such as amplitude, frequency, and 
duration has also been identified [16]. 

The earthquake causes liquefaction according to soil 
damage and its impact on the structure's foundation [17]. 
Liquefaction relates to geological conditions and tectonic 
settings [18]. During an earthquake, pore water pressure in 
saturated sandy soils increases and reduces soil effective 
stress. The effective stress is a bearing capacity parameter 
that supports overburden pressure and external loads. 
Therefore, once the effective stress reaches zero, the 
bearing capacity disappears, and soil mass behaves as 
liquid material.  

The liquefaction potential in an area is highly 
dependent on soil penetration and geological condition. 
The soil strength is presented in Vs [19]. It was also 
discovered that a site with Vs less than 180 m/s and 
dominated by saturated sandy soil can be very vulnerable 
to liquefaction [18]. Furthermore, a site with a low value 
of time-averaged of shear wave velocity for the first 30 m 
depth (Vs30) tends to be more vulnerable to seismic impact, 
which indicates that it can also experience liquefaction [20]. 
A sandy soil site experiencing earthquake shaking with 
peak ground acceleration (PGA) of more than 0.3g could 
undergo liquefaction [21].   

In line with the importance of site investigation and 
the geotechnical impact of earthquakes, there is a need to 
study the ground response effect and liquefaction 
potential. Therefore, this study was carried out to 
investigate ground amplification, spectral acceleration 
(SA), and liquefaction potential in Banten.

 

 
 

Fig. 1. Distribution of earthquake epicenters with magnitude ≥ 4.0. from 2009–2020, black rectangles (A–C) show the 
location of vertical cross sections (modified from [10]). 
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Banten is located in the western part of Java Island, 
which is very close to the Java Megathrust. This area is also 
known as one of the industrial places in Indonesia. 
Therefore, this study aims to observe the site's 
characteristics during the earthquake and the possible 
impact. It was initiated by conducting subsurface 
investigations at the location using the standard 
penetration test (SPT) method. The soil sampling was also 
carried out for laboratory tests. Site response is required in 
this area to establish seismic hazard analysis and minimize 
the future risk associated with ground amplification and 
liquefaction. 

 

2. Seismic Condition in The South Java Area 
 
In South Java, the Jurassic seafloor contains thick 

sediments and subducts beneath the edge of the Sunda 
land Margin in the Java Trench. Historical records of 
earthquakes in the Sunda-Andaman subduction zone 
indicate the possibility of a catastrophic megathrust 
earthquake in the Java subduction zone [1]. Some 
earthquakes with long duration had occurred in this area. 
The earthquake focus is possibly found at both shallow 
and deep depths. One of the events that occurred under 
this scenario is the Mw 7.8 Banyuwangi Earthquake. This 
earthquake is categorized as a normal-faulting event. 
Meanwhile, another earthquake called the Mw 7.7 

Pangandaran Earthquake in 2006 occurred within the area, 
and is categorized as a short-duration event [22]. The 
difference between these two earthquakes is the 
complexity of subduction features such as turbidity and 
obstruction that affect the rupture propagation [23]. In 
this study, three earthquake sources were used, namely the 
5.3 Mw Banten, the 7.7 Mw Pangandaran, and the 7.3 Mw 
Tasikmalaya in 2020, 2006, and 2009, respectively, with 
detailed information shown in Fig. 2. 

 

3. Soil Condition and Shear Wave Velocity 
 
The geological condition of the location consisted of 

some rock formations called Bayah Formation, which is 
divided into Limestone Members (Tebl), Claystone 
Members (Tebm), and Conglomerate Members (Teb) [24]. 
The study area is located in a specific area in Banten 
Province and the soil condition is a product of rock 
weathering.  Figure 3 shows site investigation results in the 
study area. The soil was dominated by silty sand at a depth 
range of 0 to 10. According to the National Earthquake 
Hazard Reduction Program (NEHRP), the soil condition 
in the area is classified as NEHRP into D (stiff soil) with 
Vs30 of 180 to 240 m/s. Moreover, earthquake is related to 
ground amplifications, which can change the stiffness of 
soil at shallow depths, with the most influential factor of 
Vs30. 

 
 

Fig. 2. Research Area. 
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Fig. 3. SPT investigation results (a) NR-1 and (b) NR-2. 

 

4. Deterministic Seismic Hazard Analysis 
 
Seismic hazard analysis is an approach for explaining 

the potential shaking of future earthquakes. The hazard 
analysis can be estimated by a deterministic (DSHA) or 
probabilistic (PSHA) approach. The deterministic 
approach evaluates the amplitude of the intensity 
measurement [24]. DSHA uses the maximum magnitude 
and shortest distance between the source and the site to 
assess seismic intensity in the worst-case scenarios. The 
basic steps include (1) Identifying all possible fault sources 
of earthquakes around a specific location, (2) Defining the 
maximum magnitude and minimum distance of each fault, 
(3) Calculating the seismic intensity based on the 

attenuation relationship, (4) Taking the maximum 
intensity amplitude as the final DSHA estimate. The 
earthquake source model and the seismic motion 
prediction equation (GMPE) are essential inputs to 
DSHA. From Fig. 4, the attenuation model [27] is used for 
a large earthquake. The attenuation model from PEER 
seismic database consists of global primary seismic 
records. Based on the current database version, the most 
comprehensive set of metadata is suitable for remote 
sources and locations [27]. After choosing the decay 
model; time history selection, scaling, and fitting are 
performed. The Mw 6.9 Loma Prieta 1989 earthquake 
provided the basis for the seismic motion to investigate 
the seismic response because of its similar characteristics, 
in terms of Vs30 to the study area. 

 
Fig. 4. Spectral acceleration after adjusting to the attenuation model (Psa). 
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5. Seismic Ground Response  
 
One-dimensional (1D) analysis of site response is 

used to analyze the influence of ground conditions during 
earthquakes under certain assumptions. Firstly, the soil 
response caused by Vs is horizontally polarized and 
propagated vertically upward from the underlying elastic 
soil layer [16]. The second assumption is that the wave 
propagates vertically. Based on a previous report [15], all 
soil sediments are treated as single-degree-of-freedom 
(SDOF) systems during earthquakes. The nonlinear 
method is the time domain for solving the equation to 
estimate SDOF. The equivalent linear analysis is the 
frequency domain, which is caused by the ease of adoption 
and common use. However, the site response is 
significantly influenced by the nonlinear alternative 
approach that a computationally convenient. It is the 
actual nonlinear process and provides results, which are 
similar to the real conditions [28].  

In terms of dynamic analysis, the nonlinear model 
shows essential factors, such as stress-strain of soil. This 
indicates that the shear modulus of the soil changes 
continuously during seismic activity [29]. However, the 
soil stiffness and damping properties are the main factors 
that directly affect soil response [30]. The nonlinear 
method is responsible for the change in shear modulus 
and damping ratio during an earthquake with ground 
hysteresis stresses [31]. 

A computational simulation by the DEEPSOIL 
application is used to determine the response of the soil 
[32]. In this study, 1D soil response analysis was 
performed. The data were obtained from the results of the 
SPT test boring log. DEEPSOIL generates wave 
propagation models for the analysis, namely nonlinear 
analysis. Several calculations that were carried out include 
shear modulus, strain, and stress, as well as vertical 
effective stress, damping ratio, and acceleration in each 
sub-layer. For these analyses, information about the 
earthquakes, soil profiles, and material types is required. 
The parameters that must be taken for soil profile 
properties are shear wave velocity (Vs), initial shear 

modulus (Gmax), unit weight (), and other important 
parameters. For soft clay, medium stiff clay, stiff to very 
stiff clay, and very stiff clay, the shear-ratio modulus 
G/Gmax-ε relationship from [33] was used, while the 
G/Gmax-ε relationship from [34] was used for sand.  

The determination of bedrock assuming half elastic 

space with Vs is 760 m/s [35],  for rock is 22 kN/m3 and 

damping ratio () is 5%. Moreover, a general engineering 
bedrock value of approximately 760 m/s has been 
identified [35]. The value is used as a baseline in several 
investigations [36, 37]. The attenuation model was 
determined to obtain data on earthquake events. This 
study originated from the Loma Prieta earthquake after 

being matched with the attenuation model. The ground 
motion propagation was analyzed using input wave 
motion at the base of each location (rock layer).  
 

6. Results 
 
In this study, 1D nonlinear soil response analysis in 

Banten was carried out using DEEPSOIL software. The 
dynamic parameters obtained from SPT data are used for 
SA and PGA calculations. Seismic parameters based on a 
megathrust earthquake in South Java were used in the soil 
response analysis. From these analyses, the main results 
including amplification and spectral acceleration are 
discussed. The preliminary analysis of liquefaction 
potential is also a part of the discussions in this study.  
 
6.1. Amplification 

 
The results of amplification factors are summarized in 

Fig. 5. During wave propagation, these factors were 
determined based on the comparison of the surface site 
and the input motion PGAs [38]. In general, it was 
discovered that underground conditions can affect the 
amplification factor of wave propagation. Furthermore, 
the NR-1 of the Pangandaran earthquake produced the 
highest factor from all locations investigated, while the 
NR-2 showed the lowest. The soil is classified as medium 
(Class D) with a relatively low Vs30 (200-250 m/s), which 
is important in determining the amplification factor. The 
earthquake acceleration amplified from 1.9 to 2.7 times 
based on the three megathrust earthquakes, with an 
average of approximately 2.8 times. 

 
6.2. Spectral Acceleration 

 
The ground surface spectral acceleration due to 

earthquakes at each location is shown in Fig. 6. The 
acceleration at the ground surface has the highest value, 
especially at the site with the input of the Tasikmalaya and 
Pangandaran earthquakes. Meanwhile, SA at the ground 
surface reaches its maximum in period (T) varying from 
0.3 to 0.6 seconds. It indicates that a resonance effect can 
occur in buildings having 3 to 6 floors in height (estimated 
from T = 0.1n, with n being the number of building 
stories). The results also showed that the designed SA 
released by the Indonesian National Standard [39] can 
accommodate the spectral acceleration of earthquakes. 

The result of spectral acceleration obtained on the 
ground surface is higher than the input motion, which 
indicates that the input motion is amplified. At the shallow 
depth, the study area is dominated by silty sand.  In this 
state, liquefaction due to an earthquake is very possible [40, 
41], therefore, further investigations are recommended to 
perform.
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Fig. 5. Result of input motion and ground surface motion in the study area.

 
6.3. Overview of Liquefaction Potential 

 
The liquefaction potential of the study area was also 

evaluated. From Fig. 7, several sand layers were discovered 
on the site on a shallow surface. Sand layers have shear 
wave velocity (Vs) less than 180 m/s. According to a 
previous study [18, 19], sand layers having Vs of 
approximately 180 m/s tend to be more vulnerable to 
liquefaction. Furthermore, based on seismic ground 

response analysis, PGA from the Tasikmalaya earthquake 
is larger than 0.1g at the ground surface. PGA greater than 
0.1g with a magnitude of earthquake more than Mw 5 can 
trigger liquefaction in sand layers [42]. It means that it is 
important to observe liquefaction potential in the study 
area. Moreover, a detailed explanation related to 
liquefaction potential in the study area will be presented in 
further investigation. 
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Fig. 6. Result of spectral acceleration in the study area. 

 

 
Fig. 7. Profile of peak ground acceleration due to seismic ground response analysis. 

 
 

7. Conclusions 
 
This study used the concept of deterministic seismic 

hazard analysis (DSHA) and analyzed the soil response to 
obtain PGA and SA as a form of soil response at both sites 
NR-1 and NR-2 to Megathrust earthquakes. According to 
seismic history, the earthquake has a return period of 50-
100 years. The soil type is classified as medium soils (site 
classes D) with a relatively low Vs30 (200-250 m/s), which 
is important in determining PGA on bedrock and surface 

to identify the amplification factor at the site. PGA in 
bedrock is observed to enlarge with the variation from 1.9 
to 2.7 times on the surface based on the three-megathrust 
earthquake in South Java Island, with an average of 
approximately 2.8 times. The newly issued seismic code by 
Indonesian National Standard [37] considers the 
probability of exceeding 2% in a return period of 50 years 
or 2500 years. This procedure gave a significantly high SA 
value for medium soils at the study site, which is twice as 
high as the SA calculated from the soil response. The 
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newly issued seismic code can still restrain earthquakes. 
Since there is an existence of sand layers at the shallow 
surface with low soil penetration, liquefaction potential 
needs to be considered. Meanwhile, the elaboration related 
to liquefaction potential in the study area will be presented 
in further study. 
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