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Abstract 
The Selebar District, a developing area in Bengkulu City, has been the site 
of at least two significant earthquakes with a magnitude of Mw 7.0 in the 
past two decades. This study, which presents a seismic hazard assessment 
for the central area of the Selebar District, is of paramount importance. The 
study commences with field investigations at three strategically chosen 
points in the central area of Selebar District, Bengkulu City, including the 
airport, educational center, and toll road. The analysis, which involves the 
propagation of seismic waves, aims to comprehend the seismic behavior 
during an earthquake. The potential impact of seismic waves on structures 
and the environment is a serious concern. Seismic response analyses, a critical 
component of this study, were constructed based on a one-dimensional 
wave propagation model using a non-linear method. These analyses offer 
valuable insights into the potential impact of seismic waves on structures 
and the environment, a matter of serious concern. The results of the field 
investigations were also examined for seismic response analysis. The PGA, 
spectral response acceleration, and amplification factors are presented in 
this study and analyzed to determine the seismic hazard. Based on the PGA 
values, two earthquake sources can cause very high damage to buildings, 
and one earthquake source has a high potential. The generated spectral 
acceleration has exceeded the design spectral acceleration, especially at short 
periods. Therefore, using local spectra in building structure design can be a 
recommendation for local engineers to consider the impact of earthquakes 
on the central area of Selebar District, Bengkulu City.
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1. Introduction
Bengkulu city is located on the west coast of Sumatra Island. It is the capital city of Bengkulu 
province, categorized as a developing city in Indonesia (Mase, 2022). Bengkulu City has 
been reported to be highly vulnerable to earthquakes related to several tectonic activities, 
such as the Sumatra Subduction, Sumatra Fault, and Mentawai Fault, which surround the 
area (Mase, 2020). The seismotectonic conditions in Bengkulu City can be seen in Figure 1. 
In 2000, the Mw 7.9 earthquake occurred in Bengkulu Province, Indonesia. The earthquake 
caused extensive damage, including the collapse of buildings, loss of life, and injuries. The 
earthquake also triggered other disaster hazards, such as landslides and liquefaction in the 
mountainous and coastal areas of Bengkulu. Seven years later, another major earthquake 
with a magnitude of MW 8.6 hit the area (Mase, 2017a). These earthquakes also resulted in 
structural damage and other geotechnical phenomena, such as subsidence and liquefaction. 
On both occasions, Bengkulu City suffered more severe impacts than other cities and 
regencies in Bengkulu Province, as the energy released by the earthquakes in 2000 and 
2007 was enormous (Mase, 2017a). 

Figure 1. Seismotectonic conditions in Bengkulu City.

Selebar is one of the districts in Bengkulu City with an area of 43.35 km2 and a population 
of 79,498. This developing area is planned as a sub-city service II with functions as a district 
government center, public services, trade and service centers, industrial centers, health and 
sports centers, and national-scale transportation nodes. Farid and Mase (2020) said the 
Selebar district will be used as a trade area, settlement, green open space, and industrial 
area. Critical facilities in the Selebar district include Fatmawati Soekarno Airport, Fatmawati 
Soekarno State Islamic University, Bengkulu-Taba Penanjung toll road, and government and 
private office buildings.
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The earthquakes that occurred in the past triggered massive structural damage, indicating 
an urgent need to evaluate the seismic design codes in Indonesia. In addition, earthquakes 
can trigger liquefaction (Mase et al., 2021). In Indonesia, seismic resistance design should 
be prioritised before construction (Mase and Keawsawasvong, 2022). In response to these 
earthquake events, the Indonesian government revised the previous seismic design code 
(SNI 03-1726-2012) into a new code (SNI 03-1726-2019). This updated seismic design 
code, incorporating the latest research and best practices in earthquake engineering, is 
now a reference for construction design for local engineers in Indonesia. The SNI 03-1726-
2019 is particularly relevant to this study as it forms the basis for the seismic response 
analyses presented here. It should be considered a design practice for buildings across 
Indonesia, underlining this research’s immediate relevance and importance. The seismic 
response analyses in this study are conducted by the guidelines and parameters set by the 
SNI 03-1726-2019, ensuring the reliability and applicability of the findings to real-world 
construction practices.

In this study, seismic response analyses due to earthquakes are presented. This research 
aims to test the reliability of the updated seismic design code (SNI 03-1726-2019) 
against earthquakes in the central area of Selebar, Bengkulu City. The central location is 
economically and socially significant, including airports, universities, toll roads, and office 
districts. Ground motion is propagated from the bedrock surface through the subsoil. The 
ground motion is transferred to spectral acceleration curves at the ground surface, which 
are then compared with the updated seismic design code. In addition, the amplification 
factors between the propagated ground motion, the propagated input wave motion, and 
the analyzed surface waves are presented. In general, this research is expected to provide 
a better understanding of seismic response analysis in the Selebar district of Bengkulu 
City and advise local engineers in considering spectral acceleration design for construction 
in the Selebar district of Bengkulu City. These considerations offer potential benefits and 
improvements in earthquake-resistant construction practices, instilling a sense of hope and 
optimism in the face of seismic hazards.

2. Geological Condition of Bengkulu City
The geological condition of Bengkulu City can be seen in Figure 2. In general, Bengkulu City 
is composed of several geological formations. The most dominant geological formation in 
Bengkulu City is alluvium terraces (Qat). This formation is generally found along the coast 
of Bengkulu City. It is important to note that alluvium terraces are susceptible to liquefaction 
during earthquakes, which can significantly increase the seismic hazard in these areas. 
This formation is composed of sand, silt, clay, and gravel. In addition, a small amount of 
Reef Limestone (Ql) formation is also found along the coastline of Bengkulu City. Alluvium 
(Qa) is generally found in the central part of Bengkulu City. These formations comprise 
boulders, gravel, sand, silt, mud, and clay. The northern and eastern parts of Bengkulu City 
are composed of swamp deposits (Qs) of sand, silt, clay, and peat. Andesite (Tpan) and 
bintunan formations (QTb) are also found in Bengkulu City. A polymictic conglomerate 
and igneous rocks dominate these formations (Farid and Mase, 2020). Understanding the 
composition and characteristics of these geological formations is crucial for assessing the 
seismic hazard and designing earthquake-resistant structures in Bengkulu City.
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Figure 2. Geological Condition of Bengkulu City (Modified after Farid and Mase, 2020).

Based on the geological conditions of Bengkulu City, the Selebar district of Bengkulu City has 
considerable earthquake potential. The Selebar area, with its diverse geological formations: 
Qat, Tpan, Qa, and Qs, each with a different response to seismic waves, is at risk. Therefore, 
conducting a seismic response analysis is essential in evaluating the earthquake hazard in the 
Selebar district, Bengkulu City. The potential impact of this hazard on the district cannot be 
overstated, making this study a critical step in understanding and mitigating the seismic risk.

3. Methods
Study Area
The research was conducted at three points in District Selebar, Bengkulu City. Each selected 
point represents a place with essential facilities in the Selebar district of Bengkulu City, such 
as the airport, TOL Road, university, government, and offices. SL-1 is located at Fatmawati 
Soekarno Airport, SL-2 is on the Bengkulu-Taba Penanjung toll road, and SL-3 is at Fatmawati 
Soekarno State Islamic University. The research locations can be seen in Figure 3.
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Figure 3. Research Location.

 Data
The research commenced with meticulous field investigations using microtremor at a chosen 
research location. The results were then rigorously processed to comprehensively describe 
each layer’s soil layers, VS (shear wave velocity), and VP (pressure wave velocity). The soil 
data, a product of this thorough process, can be seen in Figure 4.

Figure 4. Soil Layer Profile SL-1 (a), SL-2 (b), SL-3 (c).
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VS30 can determine soil site class; soils with VS30 in the range of 175m/s - 350m/s are 
classified as medium soils, 350m/s - 750m/s are classified as hard soils (SNI 1726-2019, 
2019). Therefore, at points SL-1, SL-2, and SL-3 are classified as hard soil.

In addition to soil data, the secondary data used in the study were input motions. The input 
motions used were taken from several sources; this was done to reduce the uncertainty of 
the location under study. This study used three input waves: Kocaeli, Northridge, and the 
2007 Bengkulu-Mentawai earthquake wave obtained from Mase (2017) and Mase (2018). In 
this study, the reason for selecting three earthquake waves, namely the Kocaeli, Northridge, 
and Bengkulu-Mentawai 2007 earthquakes, is based on the fact that they are among the 
major earthquake events that have significant impacts and are recorded in world seismic 
history. These waves represent various characteristics of large-magnitude earthquakes 
occurring in regions with different geological conditions, thus providing a comprehensive 
insight into comparing seismic responses under multiple conditions. The selection of 
three earthquake waves is also made to reduce the uncertainty related to the types of 
earthquakes that may occur, so it is necessary to analyze more than one earthquake wave. 
This selection aims to make the seismic response analyses obtained more representative 
and to cover various potential earthquakes, resulting in a more comprehensive and accurate 
evaluation. By analyzing the responses to these three earthquake waves, it is hoped that a 
better understanding of the effects of earthquake characteristics on building structures and 
the environment can be gained. The input motions can be seen in Figure 5.
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Figure 5. (a) Input Motion Kocaeli, (b) Northridge, (c) Bengkulu-Mentawai 2007.
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One-Dimensional Earthquake Wave Propagation Analysis: Non-Linear Meth-
od and Modified Mercalli Intensity (MMI).
One-dimensional seismic ground response analysis is conducted to observe soil behavior 
during earthquakes. Seismic response analysis involves the one-dimensional transmission 
of seismic waves through horizontal soil layers (Mase and Likitlersuang, 2021). In this study, 
the non-linear Pressure Dependent Hyperbolic (PDH) model was developed by Hashash 
et al. (2016). This model emphasizes implementing hyperbolic functions to simulate the 
nonlinear behavior of soil under dynamic loading. Pender et al. (2016) and Mase et al. 
(2017) stated that the results of the numerical simulation of this modeling are generally in 
line with the results of the response analysis on the ground during an earthquake event. 
This study’s one-dimensional seismic wave modeling stages used the finite element method.

The physical and engineering parameters used in the analysis include soil thickness (h), 
volume weight (γ), and VS profile. This information can be obtained from field investigations. 
For dynamic parameters, the shear modulus (G/Gmax) and damping ratio (ξ) curves are 
determined based on the soil type. For cohesive soils, the G/Gmax curves of Vucetic and Dobry 
(Mase, 2017b) were used with a PI (plasticity index) range of 15-30, which is suitable for 
the study site (Figure 6), while the G/Gmax curve of Seed and Idriss (Mase, 2017b) is used 
for granular soils with average boundaries (Figure 7). The PI value is obtained using the 
correlation formula VP.

PI=-16,491lnVp+121,95                     (1)

Figure 6. G/Gmax curve and damping ratio for cohesive soils (Modified after Mase, 2017b).

Figure 7. G/Gmax curve and damping ratio for granular soils (Modified after Mase, 2017b).
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A one-dimensional seismic response analysis is formed by applying an input motion to the 
bedrock. The modeling in Figure 8 illustrates a one-dimensional seismic response analysis, 
where the soil layer is modeled as a soil column that is vibrated horizontally by the input 
motion. The results of the one-dimensional seismic ground response analysis include PGA 
(peak ground acceleration), spectral acceleration, and amplification factor.

From the PGA values at the surface, the level of damage intensity can be predicted based 
on the MMI (Modified Mercalli intensity). The correlation between MMI and PGA can be 
estimated as suggested by Mase et al. (2023), using the equation:

Log(PGA)=                      (2)

Figure 8. 1D earthquake wave propagation scheme (Modified after Sari et al., 2024).

4. Results and Discussion
Peak Ground Acceleration and Amplification Factor
The PGA value is used to determine the level of earthquake risk. Fathani et al. (2008) 
mentioned that the PGA value of 0.3 g- 0.4 g is included in the high risk, and the PGA value 
> 0.4g is included in the very high risk. The Kocaeli and Northridge input waves can cause a 
very high level of risk because they produce surface PGAs of 0.44g - 0.47g and 0.46g - 0.50g. 
Meanwhile, the 2007 Bengkulu-mentawai earthquake waves were classified as high, with 
surface PGA values ranging from 0.34g to 0.37g. The PGA at each soil layer can be seen in 
Figure 9.
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The Selebar district is dominated by alluvium terraces (Qat), and there are other geological 
formations such as andesite (Tpan), alluvium (Qa), and swamp deposits (Qs). These 
formations also comprise sand, silt, clay, gravel, andesite, boulders, and metamorphic 
rocks. The Qat Formation has a high seismic vulnerability index, making it susceptible to 
earthquake shaking and liquefaction (Sugianto et al., 2021). In addition, the Qat geological 
formation has elastoplastic dynamic properties that have the potential to cause fractures 
covering 32.84% of the Bengkulu city area. During the two major earthquakes that occurred 
in 2000 and 2007, ground damage was not found to be significant in this zone. However, 
structural damage was found to be considerable in this area. This is because this zone is 
composed of low-density materials at shallow depths. Therefore, amplification can occur 
during an earthquake. The complex geological conditions in this zone confirm why the PGA 
at the ground surface tends to be more significant.
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Figure 9. (a) PGAmax at each soil layer SL-1, (b) SL-2, and (c) SL-3.
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The MMI level can be predicted from PGA at the ground surface, calculated by Eq. 3. Based 
on the calculation, the MMI for the investigated sites is IX and X. The calculation results can 
be seen in Table 1. MMI of IX indicates “Moderate-heavy damage to construction buildings, 
solid, shifting foundations, there is fracturing at ground level, and MMI of X indicates “Most 
stone buildings, columns, and foundations were destroyed, and wide cracks in the surface 
of landslides on slopes, severe damage”. A large-magnitude earthquake and the geological 
conditions could significantly damage an area (Somantri et al., 2022).

Table 1. MMI Level

Research Point Kocaeli Northridge Bengkulu- Mentawai 2007 
SL-1 X X IX
SL-2 X X IX
SL-3 X X IX

The amplification factor is obtained by dividing the PGAmax at the surface by the input 
PGAmax. The input waves were generally amplified by 1.14 - 1.31 times (Figure 10). The 
Northridge earthquake waves produced the most significant amplification factors at all 
points, and the 2007 Bengkulu-mentawai earthquake waves produced the smallest ones. 
Point SL-2 produced the most excellent amplification for all earthquake sources.

The Selebar district is dominated by alluvium, which is composed of unconsolidated 
sedimentary material.  Therefore, AF is relatively higher in this zone. The shallow depth of 
the bedrock is also the cause of the significant amplification. The depth of the bedrock affects 
the damping of the input wave as it travels to the surface layer. The shallower the bedrock, 
the smaller the damping that occurs (Misliniyati et al., 2019). Soil resistance also affects 
amplification; soils with little resistance can cause wave enlargement during earthquake 
wave propagation (Misliniyati, 2022). Soil resistance can be seen from VS. At the depth of 
the base; it can be seen that each location is composed of a relatively thick layer of sand 
with considerable resistance until, at a depth of five meters, the soil is dominated by a layer 
of clay with low resistance, this is why amplification occurs when earthquake waves reach 
the surface.
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Figure 11. Comparison of spectra acceleration Kocaeli (a), Northridge (b), and Bengkulu-Mentawai 

2007 (c).
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Spectral Acceleration
A comparison of the design spectra and analyzed spectra at the surface layer can be seen 
in Figure 11. For the Kocaeli earthquake wave, the ground surface of Selebar district, 
Bengkulu City, is found to have an SA range at a period of 0.2 seconds of 1.61g to 1.65g. The 
Northridge earthquake wave generated SA variations of 1.87g to 1.99g. Meanwhile, for the 
2007 Bengkulu - Mentawai earthquake waves, the spectra of earthquake acceleration at the 
surface in the seconds were found to be 1.23g to 1.40g. The resulting acceleration spectra 
generally exceeded the design spectra for the second. Low-rise buildings tend to experience 
more significant impacts during large earthquakes. According to Mase (2020), acceleration 
spectra at 0.2 s may reflect the response of low-rise buildings. This seems realistic as massive 
damage was found in this area, especially during the Bengkulu-Mentawai Earthquake in 
2007 and the Bengkulu-Enggano Earthquake in 2000 (Mase, 2018b). Alluvium, swamp 
deposits, andesite, and alluvium rocks dominate the geological conditions in the Selebar 
district of Bengkulu City. These constituent materials are underlain by shallow bedrock, so 
the spectral acceleration tends to be greater at short periods. Shallower bedrock results 
in greater spectral acceleration at short periods. The constituent materials are also still 
categorized as uncompacted materials, which allows for a more significant response during 
seismic wave propagation.

For the SA period of 1.0 seconds, the 2007 Bengkulu-Mentawai earthquake waves produced 
the highest spectral acceleration with a range of 0.20g to 0.21g. This could be caused by the 
duration of the 2007 Bengkulu-Mentawai earthquake waves. The longer duration content 
of the earthquake waves is predicted to cause the resulting acceleration response values 
to be more variable, especially at long periods (Misliniyati, 2022). According to Irsyam et 
al. (2015), the acceleration value at 1.0 s spectral period is used to reflect the response of 
high-rise buildings.

The results show that the design spectra published by SNI 1726-2019 can still be used as a 
reference, especially in the extended period. However, in the short period, the acceleration 
spectra generated by the three earthquake sources have exceeded the design spectra. 
Therefore, local governments must be careful when granting building permits, especially 
for buildings that do not consider local earthquake loads in the design.

5. Conclusions
The following are some of the conclusions that can be drawn from this research.

1. The PGA values at the surface layer resulting from the Kocaeli and Northridge earth-
quake waves of 0.44g - 0.47g and 0.46g - 0.50g have the potential to cause damage 
impacts with a very high risk, while the 2007 Bengkulu-Mentawai earthquake waves 
with PGA values of 0.34g - 0.37g have the potential to cause damage with a high 
risk. From these PGA values, MMI level X is obtained for the Kocaeli and Northridge 
waves and IX for the 2007 Bengkulu-Mentawai earthquake waves. This considerable 
PGA value is due to the Selebar district of Bengkulu City, comprising unconsolidated 
materials. The shallow depth of the bedrock and the minor resistance of the soil at the 
surface also caused an amplification of 1.22 - 1.31, causing wave enlargements during 
the propagation of earthquake waves. 

2. Based on the one-dimensional seismic response analysis, the design spectral accelera-
tion can still cover the resulting spectral acceleration at long periods. However, the 
analyzed spectral acceleration quickly exceeded the design spectral acceleration. The 
proposed design tends to be insufficient to meet the spectral acceleration in the short 
period. Therefore, using local spectra in building structure design can be a recommen-
dation for local engineers to consider the impact of earthquakes on the central area of 
Selebar District, Bengkulu City.

3. This research was only conducted at three points in the central area of the District of 
Selebar, Bengkulu City, representing essential locations in the area. This research also 
only evaluates earthquake hazards based on the seismic response parameters gener-
ated; in the future, it is necessary to conduct research with a larger number of points 
and conduct research on the interaction between soil and buildings to determine the 
impact if an earthquake occurs in District Selebar, Bengkulu City.
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